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ABSTRACT

In the modern clinical and healthcare setting, the electronic collection and
analysis of patient related vital signs and parameters are a fundamental part of
the relevant treatment plan and positive patient response. Modern analytical
techniques combined with readily available computer software today allow for the
near real time analysis of digitally acquired measurements. In the clinical context,
this can directly relate to patient survival rates and treatment success.

The processing of clinical parameters, especially the Electrocardiogram (ECG) in
the critical care setting has changed little in recent years and the analytical
processes have mostly been managed by highly trained and experienced cardiac
specialists. Warning, detection and measurement techniques are focused on the
post processing of events relying heavily on averaging and analogue filtering to
accurately capture waveform morphologies and deviations. This Ph.D. research
investigates an alternative and the possibility to analyse, in the digital domain, bio
signals with a focus on the ECG to determine if the feasibility of bit by bit or near
real time analysis is indeed possible but more so if the data captured has any
significance in the analysis and presentation of the wave patterns in a patient
monitoring environment. The research and experiments have shown the potential
for the development of logical models that address both the detection and short
term predication of possible follow-on events with a focus on Myocardial Ischemic
(MI) and Infraction based deviations. The research has shown that real time
waveform processing compared to traditional graph based analysis, is both
accurate and has the potential to be of benefit to the clinician by detecting
deviations and morphologies in a real time domain. This is a significant step
forward and has the potential to embed years of clinical experience into the
measurement processes of clinical devices, in real terms. Also, providing expert
analytical and identification input electronically at the patient bedside. The global
human population is testing the healthcare systems and care capabilities with the
shortage of clinical and healthcare providers in ever decreasing coverage of
treatment that can be provided. The research is a moderate step in further
realizing this and aiding the caregiver by providing true and relevant information
and data, which assists in the clinical decision process and ultimately improving

the required standard of patient care.
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A CLINICAL PATIENT VITAL SIGNS PARAMETER MEASUREMENT, PROCESSING AND PREDICTIVE ALGORITHM USING ECG

CHAPTER 1 INTRODUCTION

Patient monitors in emergency and intensive care areas in healthcare facilities
have changed little in the past decade with respect to monitoring capability.
Progress with alarm detection and interpretation has greatly improved but in
essence, the functionality and parameters have slipped through the proverbial
cracks; although great strides in technology have been made the emerging
and putting into practice of true SMART systems have eluded the healthcare
industry. The typical ER (Emergency Room) room activity has doubled in the
past 10 years and thus the time a physician can spend with a patient reduced
along the same ratio. Cardiac Infarction (heart attack) patients are among the
most vulnerable “For heart attack patients, even a few minutes of delay in
treatment can literally mean the difference between life and death. Yet, the
average wait time for a heart attack patient increased from eight minutes to 20
minutes over the study period -- a 150 percentage increase...”(Wilper 2008).
Traditionally ECG analysis was done using a graph paper containing various
derivatives or traces recoded by an electrocardiogram, a method still routine
today. The problem with analogue or manual methods is the human factor
for currently no defined standard method exists to teach doctors in training
how to interpret an ECG or assess their competence in the interpretation
(University of Maryland Medical Centre, 2008). The measurements and
calculations can be complex and human derived data error prone. Another
problem lies with the staff required to manage the ever-increasing demand for
clinical practitioners, predominantly due to the increase in patient numbers
suffering from cardiovascular disease (CVD). According to the American
Heart Association CVD claimed 35.3 percentage of all mortalities in 2008 or 1
out of every 2.8 deaths (Cardiovascular Disease Statistics, 2007).

Following the paper graph method the next stage in the evolution of ECG
processing was the introduction of electronic interpretation to recorded data
collected electronically and logically analysed on the medical device. This

greatly enhanced the reliability of clinical assessments and derived data as



CHAPTER 1 INTRODUCTION

well as having a notable effect on the efficiency of patient processing.
Electronic interpretation was also introduced into real-time patient vital signs
monitoring equipment typically found in ER and Intensive Care Units (ICU).
Technology using predictive and dynamic assessment algorithms may during
a monitoring session analyse and report abnormalities, arrhythmias and
cardiac events on a continual basis alleviating pressure on clinical staff but
more importantly provides for a more safe and efficient patient care.
“...cardiac monitoring of patients including noncritical care areas alerts
healthcare providers about patient condition changes, which may avoid further
deterioration of patient conditions and potential cardiac arrests...” (Rosenthal,
2006 p.52)

The proverbial gap in the system lies with the fact that the analytical
processing and computations are mainly executed on a post processing
basis, that is, on data stored or buffered in a timeframe of 15 to 60 second
window periods. The post processing limits the usefulness of the data in terms
of current event indications or visual representations of the monitored
segments and anomaly indicators. “Cardiovascular system actually adjusts to
a new hemodynamic state for every heart beat and that the “slow" or "per-
minute  “concepts of hemodynamics described are fundamentally
flawed...A new and different hemodynamic state (a new pair of MAP & SI
values) is thus formed for every heart beat...” (Sramek, 1995 p.209)

The American Heart Association recently recommended continues QT
measurements for patients treated on potentially pro-arrhythmic drugs; this
however poses many difficulties with the technical complexities associated
with advanced measurements like the QT interval (see Chapter 2 section 2.2,
Helfenbein, 2006). In general the problem described lies with the difficulties in
accurately identifying or detecting the onset of the ECG cycle and P-Wave
and then again with the detection of the end of the cycle namely the T-Wave
end point; post processing in the >15 second window is often referred to as
real time but this is not accurate. The limitations of post processing (see
section 1.4.1) become clear on patient monitoring devices where the ECG
and other waveforms are displayed continually and where the subtle changes

in patterns that occur in the now cannot be visually translated.



CHAPTER 1 INTRODUCTION

With the rapid advance in microprocessor technology and the consequent
availability of near real time processing, complex measurements and
calculation previously only possible with manual measuring methods or
analysis based on recorded time delayed data (parallel processing), now
becomes possible.

In the modern clinical and healthcare setting the electronic collection and
analysis of patient related vital signs and measurements are a fundamental
part of the treatment plan and combined with modern analytical techniques
and readily available computer processing power the near real time analysis
of digitized acquired signals has become reality; in the clinical context, this
can directly relate to patient survival rates and more positive treatment
outcomes.

The major problem researchers are faced with is the inability to integrate new
processes and algorithms with existing medical devices. Equipment vendors
are resistant to “tampering” by third parties and academics where software
driving the devices. This is mainly due to liability and legal responsibility as
well as the accountability the manufacturer has to provide safe and reliable
readings and outputs from their clinical equipment. It is thus difficult to analyse
and test the concept in a live patient based environment, recorded
measurements are the main source for clinical test data. The medical
manufacturing community has implemented standards for equipment
networking like the Digital Imaging and Communication in Medicine (DICOM)
standard, DICOM however focused on medical imaging only (nema.org).
Various standards for ECG has been proposed with the most significant being
the SCP-ECG standard now approved as ISO/DIS 11073-91064; the adoption
of the standard though is optional and as such lacks universal appeal in the
medical informatics manufacturing community (OpenECG, 2007). Medical
Informatics and the electronic collection, storage and processing of clinical
data is pushing the market to adopt and implant open standards and is as
such advancing the information technology science to contribute and in many
cases lead the way under the heading of Medical Informatics.

The term Medical Informatics and the associated fields of study were initially

“

described as “..dealing with the problems associated with information, its
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acquisition, analysis, and dissemination in health care delivery processes..."
(Levy, 1977 p.979). The early aim and drive was mainly instigated by the need
to improve clinical guidelines, formulate standardized medical terminologies
and improve the communication and data sharing amongst clinical and
healthcare practitioners. Although the word analysis was included in the Levy
definition the true potential of computers to assist in clinical decision-making
was not realized; programming techniques were optimized for the processing
of data with a focus on storage and retrieval rather than the ability to dissect,
analyse and ultimately interpret. Today the latter is the core area of focus in
the search to streamline healthcare and to a greater extent assist to eliminate
human error and or oversight (Fennigkoh, 2007).

With the progression of electronics into the digital domain the understanding
of the term Medical Informatics slowly morphed to include the electronic
design, real time acquisition and analysis of clinical vital signs; firmware
programming and application interface development is emerging as the
primary focus for biomedical engineering. The processing and the
presentation of biological clinical data are overtaking the lead in the research
and development arenas compared with the traditional focus on data
acquisition. This merger of the computer, biomedical, clinical and engineering
sciences under the umbrella of Medical Informatics is best described by the
British Medical Informatics Society as "...the name of an academic discipline
developed and pursued over the past decades by a world-wide scientific
community engaged in advancing and teaching knowledge about the
application of information and technologies to healthcare - the place where
health, information and computer sciences, psychology, epidemiology, and
engineering intersect...” (www.bmis.org)

The research presented is an intersection of biomedical and information or
computer technology and as such beautifully fit the grouping of Medical
Informatics. The application of the research would typically be as a toolset for
the healthcare provider, the doctor or nurse caring for a patient in a critical
care environment; the techniques, skillsets and knowledge required to extract
the conclusions and embed the results though is from the biomedical, clinical

and information sciences. Medical informatics is an emergent field of study in
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the information technology world with the focus often being thrown on the
management of the various data constructs required to manage modern
medicine. Image processing and digitization, electronic medical record
storage and remote accessibility, web integration and the “electronic” patient
are some of the core subject areas. Biomedical engineering on the other hand
has its main focus on the electronic and physiological interfacing of medicine
where signal processing in the form of analogue acquisition, filtering and
digitization, the development of electronic diagnostic measurement and
analysis techniques has the upper hand. The two fields of study are however
increasingly being integrated for biomedical engineering require digital
storage and processing, techniques usually developed in the information
technology and clinical informatics disciplines.

The aim of the research is to advance and to develop the body of knowledge
and techniques concerning the organization, management and presentation of
data and information in support of medical research, education and most

rewarding, patient care.

1.1 Problem Statement

Electronic patient monitoring and data analysis is based on the post
processing or trend analysis due to the averaging of measured and monitored
clinical parameters. Averaging is required due to difficulties encountered with
real time ECG segmentation, a process of “cutting” the ECG waveform into its
basic components or sub sections (see section 4.1). Hemodynamic and
biologically generated data in the monitoring domain has little value in
historical terms in the clinical environment where the destabilization of the
vital signs can occur in mere seconds which in cardiology is described as
sudden cardiac arrest (Jameson, 2005). The question has to be raised
whether ECG analysis, segmentation and interpretation in the critical care
setting are possible in the real time domain on a bit-by-bit basis thus
eliminating the need for averaging and the inherent time delay caused by the

averaging of data.
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1.2 Aim and Objectives

1.2.1 Aims

The primary aim of the research is to develop an analysis and processing
algorithm that can be implemented in monitoring equipment for the electronic
processing of primarily the ECG waveform generated by the cardiac system.
Also to find an improved segmentation process that can be deployed on real
time data as to the current techniques of post processing.

A second but equally important aim of the study and development is the
demonstration of alternative ECG waveform data presentations based on the
developed segmentation processes and algorithm. This forms a logical step
and addition to the work for the real time processing that can be demonstrated
in a visual context on live patient bedside data highlighting the anomalies and
waveform morphologies in the patients cardiac rhythm; the segmentation

process and presentation of the real-time data is shown in section 3.2.

1.2.2 Objectives

e To explore through literature review and research a deeper
understanding of the cardiac physiology and current knowledge base
relating to cardiac morphology processing and interpretation in both the
clinical and medical informatics domain.

e The development of an autonomous and universal segmentation
process and algorithm.

e To develop a digital lossless signal acquisition and storage mechanism
for ECG waveforms that will form the research and input datasets.

e The electronic reproduction of the recorded waveforms and research
data as to allow for the signal analysis and segmentation processed to
be evaluated in an experimental format to test the hypothesis of near
real time processing.

e The implementation of the algorithm in a clinical environment as to
compare the electronic derived and traditional measurement

techniques to assist in formulating the conclusions and proof.
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1.3 Scope of the Research

The content of the topic combined with the technical complexities of research
built on electronic IT based clinical signal analysis defines the boundaries of
this study. The study of the cardiac electric conduction system and physiology
of the human heart forms the basis of understanding and is required to
effectively interpret the signal analysis and conduction patterns. The study will
focus on the signal morphologies of patients diagnosed with myocardial
ischemia in order to produce an accurate ECG segmentation process that can
be deployed on real time monitoring systems. ECG segmentation thus forms
the core of the knowledge required together with a clear understanding of
digital information technology techniques for the signal analysis. For the
purpose of the study a clear understanding of bio signal acquisition and
processing in the analogue domain is required as well as a thorough
knowledge of object oriented program design. These topics are briefly
mentioned in dedicated sections in both chapters 3 to 5 but in essence fall out
of the bounds and primary scope of the research and study.

1.4 Outline of Thesis

The study and thesis follow a logical path starting with an analysis of the
cardiac system and electrical signal generation and conduction of the human
heart. Chapter 1 is the introduction and thesis roadmap chapter; Chapter two
examines current analytical and diagnostic techniques including a look at the
anatomical and physiological functions of the cardiac system with an
emphasis on the electrical conductive structures and various approaches
followed and developed to understand the topic. The information is written
and presented in such a way as to help familiarize the reader with the theories
contained in the remainder of the thesis so as to understand the dynamic of
the research. The subtle differences between heart rate and pulse rate are
explored in brief in addition to supplemental vital signs and their measurement
techniques. The reader is introduced to the evaluation and relationship
between the critical markers found within the ECG waveform relative or rather

taken into account for the research and thesis. It is important to note that
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although the markers explored are known to science the combination of the
data are self-derived unless otherwise indicated. The clinical markers and
indicators embedded within the ECG waveform patterns is highlighted as well
as the signal segmentation derivatives isolated for the construction of the
algorithm and modelling phase based on the conclusions. It is important to
note that the clinical aspects mentioned should not be considered as the focal
point but rather the technical analysis and time sequencing that are important
to the modelling and experimental work included in chapter’s three to six.

The reader is drawn into the methodology of ECG analysis in the digital
domain following the initial signal digitization and filtering processes.

Clinically based research is by its nature difficult as the required data to
develop, test and ultimately formulate your hypothesis can be difficult to
secure. The small spectrum of focus is the primary limiting factors followed
closely by the ethical and moral responsibilities of the researcher to both
protect the rights and privacy of the patient. The great leaps and bounds in
progress experienced in the field of clinical simulation together with the
refinement of clinical systemic mathematical modelling provide an additional
option and tool for the researcher. Chapter three introduces the reader to the
simulation environment so as to understand the algorithm design phases and
the acquisition of the datasets. The methodologies followed in designing the
clinical data capturing, storage and reproduction is shown as well as an
introduction to the software components developed for the study.

The hardware walkthrough include the plural data verification and device
predicate short study conducted as to validate the clinical datasets; the basic
construct of the database and storage methodologies and the network or LAN
based architecture employed in order to generate and construct the data
paths and processes required to provide accurate datasets needed for the
modelling phase of the research.

“The holy grail of emergency and critical care medicine lies only but a few
minutes into the future...” (Dunn Mayo, 2005). If we can predict myocardial
infraction with as little as a couple of minutes the impact on survival rates of
sudden cardiac depth in humans would stagger into the millions measured on

a global scale.
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In Chapter 4 an alternative model based on near real time nonlinear ECG
analysis is presented and demonstrated to be an efficient and new taking on
the prominent ECG bio-signal. The analysis is conducted in a pure digital
domain or post analogue signal acquisition and processing stage; the study is
only concerned with the already filtered digitized format and as such does not
discuss in great detail the analogue stages or methods used in the ECG
signal acquisition; it is however included so as to further paint the proverbial
picture of the thesis.

Chapter five explores and shows in a comparative format the electronic
autonomous analysis and classifications acquired as the results from the
computations versus clinical assessments and diagnosis derived from using
the more traditional methods. The latter part of the chapter includes a short
study and results on the impact that the colour-coded signal injection has on
the presentation of the ECG bio signal from the viewpoint of the nursing
observer. As mentioned earlier the spill over of the research allows for an
enhanced ECG data waveform presentation and break from the traditional
mono or one-dimensional format.

Chapter six includes the conclusions drawn from the study and shows the
dramatic implications the work has on the clinical implications associated with
critical care monitoring and the possible paradigm shift that the live analysis
and indicators have in the clinical care environment. The Chapter also
includes the researcher’s views and opinions on the current deficiencies still
to be overcome in the clinical hardware and biomedical engineering market.
The chapter ends with a look at the follow-up work that is planned for the
systems developed during the study as well as possible branching of the

research.

1.5 Methodology and Approach

Well-designed research is based on accurate dependable data collection and
analysis that allows the researcher to draw conclusions and test a proposed
hypothesis. Clinical simulation forms the cornerstone and benchmark input

data stream for the purposes of this research; it allows for a constant, stable
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and reproducible dataset to be obtained that is required for the construction of
the model and algorithms to prove the hypothesis.

Following the validation of the model, real time real world data is the next
requirement to fully understand the domain of the study unlike simulation
where datasets tend to be predictable, the human body is dynamic and a true
test of the researcher’s ideas. Clinical data, due to the nature of the human
condition, has an elevated requirement of accuracy so for the purposes of this
study the data collection was subjected to dual or of predicate approach.
Patient data was collected using two simultaneously connected electronic
critical patient monitors that as output provided digitally stored patient
parameters and vital signs; the two datasets were compared in order to
assure that the digitally stored data provided accurate and dependable input
streams for the developed model and algorithms.

The final analysis and conclusion is achieved by comparing the electronic
output of the model with graph based analogue measurements collected on

traditional ECG graph paper or hardcopy.

1.6 Ethics and Legal aspects - Patient Confidentiality

In essence patient confidentiality refers to the fact that patient related
information should remain confidential and that no potential danger or risk
exist that might harm the patient physically or emotionally by disclosing
information. The evaluation datasets were collected at the SAAD Specialist
Hospital (SSH), Al-Khobar Kingdom of Saudi Arabia and the hospitals charter
states:

“Expect that your health records and all communications about your care will
be treated as confidential. The content of your health records are confidential
and are only released to third parties such as insurance companies,
government agencies, and employers of SSH has written permission to do so.
Information from your health record may be released to other doctors, health
facilities, or professionals concerned with your future care without your
permission, unless you specifically tell us not to release information to

anyone”, SSH Charter.
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To honour the Charter all patient related information and data used and
compiled in the study cannot be released as part of the research publication,
case studies data compilations, or any patient related identification where
patient records are referenced have been encoded with a number reference
system explained in Table 1. If any of the data is required for verification
purposes the reference requests can be sent to hospital administration
(contact details are included in the reference section).

The basic encryption used to reference patient files consist of a legitimate
medical record number (MR) paired with a Random Document Reference
number (DRN) used in the study; by submitting the Document Reference
Number the hospital management will assess the request and respond

accordingly. The example table shows the reference structure that can be

used to request validation datasets:

1 74523 RDRN 01
2 54216 RDRN 02
3 43211 RDRN 03

Table 1: Patient Details Encryption Sample - Synthesized Data

1.7 Conclusion

“Contemporary medicine applies health science, biomedical research,
and medical technology to diagnose and treat injury and disease, typically
through medication, surgery, or some other form of therapy..” (Culliford, 2002)
It is commonly understood that the purpose of medicine is to extend life or
lifespan; this though is not the ultimate goal but rather to improve the quality
of life. The practicing of medicine as per the definition by Culliford and thus

the work presented here extends the body of knowledge and as such, if
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applied add to this noble cause. The research contained in this thesis
contributes to the understanding of digital clinical processing, and shows that
near real time morphological monitoring in the ECG spectrum can be applied
in a clinical environment to improve on the current electronic patient
monitoring capability and data presentation techniques. The patient is the
definitive beneficiary but the impact is aimed at the greater healthcare industry
as well; the clinician is provided with accurate and timely aiding in the clinical
decision process. Nursing staff benefits form and supplemental warning
mechanism that can enhance the detection of patient deterioration limiting
institutional and professional liability.

By examining and understanding the near real time techniques discussed in
this research it is apparent that the approach is considerable different than the
traditional methods that primarily focuses on pattern recognition. As
mentioned further the electronic pattern based format of ECG processing is
fundamentally flawed for it occurs in the post processing domain whereas
hemo dynamics and the cardiac event exist in a pulse to pulse domain; post
processing based on averaging over a fixed time frame has a limited reaction
or response time contrary to the parameter it is measuring, in this case the
cardiac ECG. By focusing on the bit-to-bit data timeframe compared to the
buffer to buffer used in pattern based techniques reaction times to deviations
in the cycle can be detected in what humans perceive as real time.

It is thus clear that if cardiac monitoring techniques can react at the same
pace as the actual biological event the clinical caregiver has access to
information and data that greatly improve the clinical diagnosis consequently
the care that can be provided to the patient. Improved care directly related to
the aim of practicing medicine satisfying both the quality of life as well as the

extension thereof.
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A CLINICAL PATIENT VITAL SIGNS PARAMETER MEASUREMENT, PROCESSING AND PREDICTIVE ALGORITHM USING ECG

CHAPTER 2 LITERATURE REVIEW

In this Chapter current analytical and diagnostic techniques are explored
including a look at the anatomical and physiological functions of the cardiac
system with an emphasis on the electrical conductive structures. The
information contained in this chapter is written and constructed in such a way
to help familiarize the reader with the concepts contained in the remainder of
the thesis and to understand the dynamic of the research.

The exploration of the anatomy, physiology, related signal processing
techniques and classification of the ECG is required as the theoretical
background and grounding for the research and form a key block in the

development of the hypothesis.

2.1 The Normal Electro Cardio Gram (ECG)

“In essence the human heart is but a pump...” Dr. Christiaan Neethling
Barnard, heart transplant pioneer.

This simplified classification of the human heart by one of the world’s most
renowned cardiac specialist outlines the function of the cardiac system
beautifully. As with most systems in the world today the heart is driven by a
complex electrical sub system responsible for the triggering or pacing, signal
distribution and ultimately the stable rhythmic oscillation of the structure. In
short, an ECG is a graphical recording of the electrical activity of the heart.
The cardiac cells and muscles are triggered by electrical impulses that
originate in the two main pacemakers namely the Sinoatrial (SA) and
Atrioventricular (AV) nodes. Figure 2.1 shows the correlation between the
electrical conduction path and the graphical ECG recording generated

expressed in time versus voltage:
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Note: The technical term for cardio electrical stimulation is depolarization and the

return of the muscles to their resting state is referred to as re polarization.

Electrical System of the Heart
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Figure 2.1 : Cardiac Electrical Conduction System (STI, 2003)

The ECG can be further described through twelve derivatives referred to as
ECG Leads (the stretch between two limbs, arms or legs). Willem Einthoven
derived the standard leads (I, Il and Il — see Figure 2.2) in the late 1800s and
most of his original naming conventions are still in use today. The leads in the
Einthoven triangle depict the electrical potential difference between three
virtual planes measured through patient electrodes (forming a triangle) where
the heart constitutes the null point. It is important to note that various clinical
conditions reflect differently on the ECG leads as the leads represent a virtual
conduction slice or plane in the cardiac system (Einthoven, 1912). Along with
the three standard Einthoven leads nine additional derivatives were added by
Dr. Frank N Wilson and his colleagues at the University of Michigan in 1933;
first the three unipolar extremity or augmented unipolar limb leads (aVR, aVL

and aVF on the frontal plane) and later the six unipolar chest leads (V1
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through V6 on the horizontal plane). Today the collection of ECG leads is

commonly referred to as the Standards twelve ECG leads.
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Figure 2.2 : Standard Derived, ECG Leads (Urban, 2002)

The ECG leads are derived as shown below and form an important part of the

construction of any cardiac model (refer to Figure. 2.2):

Lead I = LA - RA (difference in voltage between Left Arm and Right Arm)
Lead Il = LL - RA (difference in voltage between Left Leg and Right Arm)
Lead III = LL - LA (difference in voltage between Left Leg and Left Arm)

We can thus deduct that:

I+l =LL—-RA=1I

Equation 1: Einthoven

Kirchhoff’'s law states that the total potential in a closed circle is zero, this can

be expressed as:

15



CHAPTER 2 LITERATURE REVIEW

Lead I + (—Lead II) + Lead Il = 0

Equation 2: Revised Einthoven

The primary three unipolar leads are related so that the total of their recorded
voltages should always be zero; the sum of the QRS and T-wave voltages is

zero (see Figure 2.2).

aVR + aVL + aVF =0

Equation 3: Kirchhoff

The data derived from applying the derivatives and laws enable snapshots to
be taken of the various stages of the cardiac cycle (Figure 2.3). This data can
be analysed and compared with international benchmarks that will allow the
clinician or in this case the computer, to detect, derive and analyse deviations
and / or waveform pattern morphologies.

The knowledge acquired by a clinician over many years of study and practice
can be made available through technology and implemented where a skilled
healthcare provider might not be present or where an arrhythmia or deviation

might not be consistent, repetitive or easily distinguishable from artefacts.

Note: Please note that for this research the six unipolar chest leads were not be taken into account, this
decision has been made in order to accommodate live ECG monitoring as pertaining to the five LEAD
ECG system used as the primary and default standard in critical care continuous patient monitoring. My
hypothesis covers live or rather continuous near real time monitoring so clinical data and simulations will

only contain data that would under normal conditions be present and available.
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l,aVvL, V5, V6

— STelevation O suspect
lateral wall injury

.

V1,V2

— septum is left
ventricular tissue

injury

Figure 2.3 : Cardiac Abnormalities

2.2 The QT Interval and its QTc and QTd Derivatives

Most modern clinical patient monitors have in some form or another analytical
and detection processes and these are usually based on well-understood and
implemented standards and protocols (IEC60601-2-27:2005).
though is showing huge strides in the understanding of both the physiology as

Medicine

well and the biological management and control system found in the human
body. Emerging parameters that were classified in the past as unimportant or
unattainable in the real-time or live acquisition window, can today not only be
obtained but also processed. An emerging parameter or indicator as an
example that shows great promise in the diagnosis of abnormal cardiac
conditions is the QT interval. This interval is measured from the QRS complex
to the end of the T wave; unfortunately, the clinical significance of this
measurement cannot be fully used due to the level of difficulty in both
identifying and the accurate measurement of the interval. A study conducted
by the American Medical Association (JAMA 2003) showed that only 61% of
respondents (clinicians) could correctly identify the QT interval and a further

36% only could in fact successfully calculate the measurement. As the world
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population ages and hospitals become more crowded clinicians simply cannot
pay attention to all the factors, the QT example is proof of this for the
calculations and measurements are traditionally accomplished with graph

paper (Wong, 2003).
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Figure 2.4 : Shows QT and QTc Intervals

The QTd or QT dispersion indicator has been proposed as an important
marker for ventricular tachyarrhythmia or VT in various clinical settings
including LQTS, post-myocardial infarction and congestive heart failure
(Cohen, 2002). Subtracting the QT minimum value from the QT maximum

value during a set sample interval measurement window derives QTd:

QTcd = QT gy - QTCrmin  QTd = QTgx - QT i

Equation 4: QTcd, QTd Derivatives

The QTd indicator has also been found to be a potentially prominent marker
for risk calculations relating to sudden cardiac death following Myocardial
Infarction or MI. A reasonable conclusion can thus be draw that the variability
in the timing cycles of the cardiac systems directly relates to electrical
instability in the conduction and pacemaker sub systems of the heart (ref
Figure 2.2). The line can further be extended to instabilities of the de- and re-
polarization cycles and Ischemic (oxygen starvation) indicators, re ST-
Depression of the heart and heart muscle. These assumptions were shown to

be correct in a study by Malarvili, 2002 where a sample group of 432 ECGs
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were evaluated and QTd values of more than 50 ms did document an
elevated risk of sudden cardiac death due to an MI. The marginal baseline or
risk indicator of 50 ms QTd thus forms a possible important marker for
electronic derived predictive parameters.

Indicators and electronic derivatives, if correctly applied, may significantly
affect early diagnosis by non-cardiac specialists. Figure 2.4 shows a typical
ECG, RR, and QT interval measurement as would be expected during normal
sinus rhythm; Figure 2.4 indicates two pulses with a varying RR interval due
to arterial fibrillation. The QT interval is calculated by taking the average QT
intervals with the shortest and longest proceeding R to R interval. It is
common practice, as per Figure 2.4, to measure the QT interval from the
beginning of the Q wave or QRS complex to the end of the T wave (refer to
Figure 2.2), this however is not a defined measurement and has not been
standardized. Standardization is made more difficult because of the QT
interval variability in the heart rate with longer periods during slower heart
rates and shortened period at faster rates (Sana, 2003). To bridge and
compensate for this variability, the Bazette formula was derived and is applied
to give the compensated QTc value. Equation 5 shows this formula and states
that(Bazette,1920):

QT
QTc = —
VRR
Equation 5: Bazette QTc Correction
Along with the Bazette correction formula, the Fridericia cube root correction
and Framingham linear regression approach is often used; empirical clinical
data and proof is unfortunately not available to substantiate a claim to the
more accurate approach. The Framingham formula is based on a larger
population sample and has been shown to be a more stable comparative
method (Hnatkova, 1999; Aytemir, 1999). Work presented in this study is
based on mathematical averaging during live monitoring for comparative
methodologies is less effective in near real time computations for the

processing time required to compare a reading with a stored pattern which

defies the real time concept. The QTc value, as discussed and shown is
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calculated using the Bazette (1920) approach over a 3 — 25 averaging cycle

giving the arithmetic mean:

QTc = (QTcl + QTc2 + QTc3 ... QTcn)%

Equation 6: QTc Averaging

Due to the lack of a standardized measuring methodology of the QT interval,
a group of experts on Long QT Syndrome (LQTS) proposed the following
guidelines during a sitting in August 2000 (JAMA 2003):

e QT should preferably be measured manually using a limb lead (ref Figure 2.3)

o  Measurements should be included from the Q point to the end of the T-wave on an average
of 3-5 beats (RR intervals); Q-waves should be included only if merged with the T-wave.

o Measurements should be made during peak plasma concentration if a QT-prolonged
medication is administered.

e QT interval measurements should compensate for heart rate (Bazette, Framingham)

e [farterial fibrillation is detected the measurement should be adjusted to include 10 RR

cycles or beats.

These guidelines are important as they contribute greatly to the
standardization of the QT value and expected values during patient
assessment and evaluation. By understanding and incorporating these
principles in the computations of an algorithm the significance and clinical
value of the indicators are greatly enhanced. The QT and compensated QTc
values are gaining weight as early indicators and markers of possible
ventricular abnormalities in pre-diagnosed patients as is typically found in an
Emergency Room (ER) setting. Electronic derivatives for these values from a
standard ECG monitoring session are mostly discouraged by clinicians due to
the lack of standardization. It is believed that by incorporating these
measurements in live patient monitoring, a validation trend can be shown and
a contribution be made with a significant clinical value lowering the risk of

possible clinical error and oversight.
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The QT interval as a marker should be less than half of the proceeding RR
interval for normal patients (variable with heart rate but compensated using
the QTc derivative), for normal or resting conditions, an expected value of
QTc < 0.4 (400ms) is acceptable. QT prolongation is classified as QTc > 440
ms and can lead to a refractory form of ventricular tachycardia called torsades
de pointes (Goldberger, 1999). The predictive value of QT Long (QTL) with
relation to cardiac death for stroke survivors is shown in Table 1 below (K'Y K
Wong, 2003)

QTc measured from lead V6  QTc measured from lead

12 lead QTc max (area only (area under ROC lll only (area under ROC
under ROC curve=0.71, curve=0.70, SE=0.057; curve=0.71, SE=0.069;
SE=0.054; p=0.003) p=0.005) p=0.004)

Cut off value  Sensitivity ~ Specificity Sensitivity ~ Specificity Sensitivity  Specificity

(=) (ms) (%) (%) (%) (%) (%) (%)

400 100 6 100 23 75 47

410 100 19 85 39 65 62

420 100 31 70 53 55 73

430 90 40 65 64 45 86

480 35 82 10 94 5 98

Table 2: QT Cut off values for Predicting Cardiac Death (Stroke Survivors) (Wong,
2002)

As can be seen from the data in Table 2, a QTc > 430 ms shows a sensitivity
of 65% for predicting cardiac death; if the QTc increase to above 480 ms
predicting cardiac death improved to 94%. Although the study by Wong
focused on stroke survivors, the significance of the QTc derivative cannot be
ignored; the question is raised why the QTc value identifies future cardiac risk
over and above conventional methods. “Current evidence suggests that long QT
dispersion or a long QTc interval is associated with acquired coronary artery
disease, carotid intima-media thickness, left ventricular systolic dysfunction, left
ventricular hypertrophy, and arrhythmias” (Wong, 2003). The centre for
Biologics Evaluation and Research under the FDA gives the baseline for
prolongation of the QT / QTc interval as repeated demonstration of a value
>450 ms (E14, Clinical evaluation of QT / QTc Interval, 2005).
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The data presented in this section is incorporated into the algorithmic model
derived from the study; the experimental results shown in Chapter six proved
to be positive in identifying and expressing a patient’s risk factor. This
indicates that a shift in design methodology is due and that “smart systems”
capable of not only identifying but also the classification of patients must
replace the current passive based data representation where the clinical
specialist has the only and final pathologic right.

QT interval corrected for heart rate
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Figure 2.5: QT Interval Correction (Hosmane, 2006)

2.3 Myocardial Infarction (MI) Classification

“Cardiac ischemia is a situation in which the flow of oxygen-rich blood to the heart
muscle is impeded, resulting in inadequate oxygenation of the heart.” Dr. Abdou
Elhendy, MD.

“Myocardial Infarction (MI) refers to myocardial necrosis (“heart attack), which is
usually caused by severe ischemia.” Dr. Ary L Goldberger MD.

According to the American Heart association up to 30% of myocardial
infractions are classified as silent and have no visible symptoms, these are

formally classified as “silent” infractions (Hnatkova, 1999).
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Figure 2.6 : Myocardial Infarction (Vivaili, 2006)

As can be understood from the definitions above, ischemia classifies the
condition and infraction the result but as with most biological entities
variations are numerous and common. Ischemia literally means, “To hold
back blood”, as with most biological cells, myocardial cells, require oxygen
and other nutrients to function. If the blood and thus “food” supply are
obstructed the cardiac cells cannot re- and de polarize in a normal manner
causing arrhythmias or deviations in the electrical conduction effect of the
cardiac system. These electrical signals and deviations can be detected and
analysed and the affected cardiac muscles deprived of oxygen and nutrients
will show significant deficiencies in workload or the re- and depolarization
processes. By analysing an ECG recording these problems may be detected
by a clinician or competent individual, Ml and Mls abnormalities are visible in
the ST section of the ECG following the main QRS contractions of the
ventricle with deviations shown as ST elevations and depressions. As the
naming convention describe they are deviating from the normal baseline in
either a positive or a negative patterns variation of the electrocardiogram
(ECG):
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Types of ST Depression

Upsloping
> 1 mm (0.08 sec after QRS)
30% to 40% error rate

Horizontal
_ =1 mm (0.08 sec after QRS)

Very low error rate
Downsloping

> 1 mm (0.08 sec after QRS)
5% to 10% error rate

Figure 2.7: Evolution of the Acute MI*

Studying the deviation patterns and the clinical interpretation it soon becomes
apparent that common factors do exist and can thus be used as denominators
in the development of detection techniques. Medical practitioners are well
schooled in analysing, deriving, and then arriving at a diagnosis based on
ECG abnormalities and deviations. Electronic interpretation is by no means
new to cardiology and patient monitoring specialties and most modern patient
monitors can detect and express ST abnormalities in the standard notation
based on voltage or potential differences between two or more comparative
points on the ECG wave form but there are great opportunities for
improvement. The mere calculation and numerical indication of the deviation
should be complimented with a clear indicator as to where the depression,
elevation, or arrhythmia is occurring; the problem lies with the calculation
method and processing time. Patient monitors base calculations on averaging
algorithms applied to a set number of samples; in real terms a past event is
being measured that in clinical terms and usefulness declines with every

passing second.

! Diagram compiled from images Available
http://www.unm.edu/~Ikravitz/EKG/stdepression.html
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Figure 2.8 : Myocardial Infraction ECG Indicators (STI, 2003)

Detection and calculated derivatives with modern processing power is
possible in real time; this has a huge advantage as critical care monitoring to
a greater extent should focus on the now. The trend data and measurements
of past events (< 4 hours) do come into play as an indication of the clinical
state of a patient but complemented by the evaluation of current events and

statistically processing trend graphs, clinical projections are indeed possible.

2.4 ST Segmentation with Relation to Myocardial Infraction

The location of the MI in the heart is a critical factor in the diagnosis of the
cardiac region affected by the MI. Clinically the treatment plan is derived from
accurately finding the affected areas as well as predicting and preventing
possible complications. The localization of Mls is caused by the actual artery
being obstructed and as such restricts the blood flow to a specific area of the
heart or heart wall.

Figure 2.8 shows the main sub divisions of the heart wall as well as the ECG
leads that act as markers on these regional Mls. In section 2.3 the MI process
through occluded or obstructed arteries is discussed but in short the lack of

blood supply and thus oxygen to the mussel result in a regional Ml, the ST
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segment is the main indicator in the analysis and diagnosis of myocardial
infractions. As is shown an anterior Ml will be visible predominantly in leads
V3 and V4 with a well-defined ST elevation together with T-wave inversion
caused by occlusion in the descending artery. A septal Ml will be shown by
leads V1 and V 2 commonly recognizable through the disappearance of the R
wave, a ST segment elevation and inverted T wave; septal wall MiIs are often
accompanied by anterior wall Ml so indicators in V3 and V4 should be
considered and included in the diagnosis. A lateral wall Ml, usually caused by
blockage in the left circumflex artery (Cx) shows characteristic changes in the
left lateral leads V5, V6, | and aVL; Premature Ventricular Contractions
(PVCs) are typical together with anterior and inferior Ml indicators in leads I,
Il and aVF. Inferior Ml patients are at an elevated risk to develop sinus
bradycardia or slow heart rate, sinus arrest, block and PVC rhythms. Posterior
wall Ml is caused by occlusion or blockage in the right and or left coronary
and circumference arteries and causes changes in V1, V2 and the V3 leads.
Typical changes can be seen in the tall R waves, ST segment depression and
upright T waves. As a matter of interest a 12 lead ECG indicating severe or

acute anterior lateral infraction is included below.

ST Segment Elevation in |, avL ST Segment Elevation in V3, V4, V5, V6

Figure 2.9 : Acute Anterior Lateral Infraction
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Kjekshus first identified and illustrated the relationship and correlation
between ST Segment morphologies and Ml in 1972 where he showed that the
ST-segment elevation occurring early after occlusion of the left descending
coronary artery was closely related to coronary flow reduction at later stages.
It was also proved that this correlation was especially prominent if the
infraction was transmural or spanned across sections (Kleberg, 2000). ST
morphologies unfortunately is not bound to coronary flow or ischemia only,
clinical ST segment elevation following a Ml can persist due to damage in the
border zone of the MI combined with the low electrical impedance of scar
tissue (Cinca, 1995). A third possible contributor to ST segment elevation is
in the autonomous nervous system caused by the depletion of noradrenaline
stores observed following coronary occlusion (Wilde, 1988; Schomig, 1987).

Although the factors influencing the various degrees and indications of ST
elevation and depressions as discussed above, the common or contributing
factor point to obstruction or occlusion of the coronary artery flow. This forms
an important observation and justifies the use of ST segmentation morphology
as an indicator for MI related clinical conditions in non-clinical research

modelling.

2.5 ST Vector Magnitude & Quantification of Myocardial
Ischemia

ST Vector Magnitude - The magnitude lead is the summation of the vectors of
the X-Y-Z leads and is a 1-lead representation of the global electric activity of
the heart; the ST-segment vector magnitude (ST-VM) is traditionally
measured at 60 ms after the J point (Francis, 2002.)

This section will continue from the short introduction in section 2.2.2 into ST
deviation patterns focusing on the clinical and prognostic value of ST-segment
deviations and explore how the derivative ST Vector Magnitude (ST-VM) may
be applied and act as an additional marker for the predictive elements in the
ECG waveform. ST-segment deviations are primarily used as a diagnostic
and classification tool in the identification of acute myocardial infarction or AMI

(Lancet, 1994). The significance of the standard ST-segment is further
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enhanced by the addition of the vector cardiogram but the main advantage of
the method is that the acquisition of the vector ECG is achieved over a set
time interval thus allowing data to be formed into mean vector complexes. The
disadvantage for this type of study has a similar root namely timed recoding
and computational delays although the outcome of near-real time analysis has
not been fully validated the advantages are clear. Patient monitors with
effective real time analysis may contribute in streamlining the clinical
diagnostics pathway and may be implemented as a progressive patient

screening utility.

— Reference complex = Ischaemic complex

M A A
o | |
Ax, Ay, Az=[TT] QRS-VD= \/Ax2+Ay?+Az?

| o— X

>
Acquisition module

— Ischaemic complex
t—o02Z X Y Z

ST-VM=\/ Xi2+Yi?+Zi?

A B

Figure 2.10 : Deriving the ST-VM (AEM, 2002)

Figure 8 (Kawahito, 2003) shows the FRANK lead placement, summation,
and normalization of the data to derive the ST-VM. The analysis and
implementation of the ST-VM shows the evolution of the AMI (ref Figure 2.4)
but what is more important is the long term monitoring generated data on the
clinical outcome of treatment. A study conducted by Francis, 2002 (Figure
2.11) with 1722 AMI patients was able to plot a scale based on baseline ST-
VM verses the likelihood Ratio (AMI). By using a standard continuous patient
ECG and generating a derivative of the ST-segment, it should be possible to
correlate current patient deviations with long term controlled plotting.
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Figure 2.11: Positive Likelihood Ratio for AMI Patients (AEM, 2002)

Reports have shown the potential for ST-segment trending during ECG
monitoring to indicate and even allow for early detection myocardial ischemia
(Leung, 1998). The sensitivity and specificity was rated to be less than 75%
overall for the detection of ST changes, a figure too low to be trusted as a
medical parameter in diagnostic cardiology but as a contributing marker in a
structured algorithm the potential of ST trending in the ST-VM format proofs to

be more valuable.

2.6 Medical Oxygen Saturation (SP0O2)

Although SPO2, commonly referred to as “SATS” in the clinical environment
does not directly form part of the cardiac systemic indicators it is a parameter
that is widely associated with cardiac function. In short SPO2 is an expression
of the percentage oxygen in the blood compared to the maximum level
expressed in percentage (%). Haemoglobin carries a maximum of four oxygen
molecules from the lungs throughout the body by way of the arteries and
oxygen poor or deoxygenated blood back to the heart and lungs by way the
veins.

The basic and most common techniqgue used to measure SPO2 takes
advantage of the difference in infrared light absorption in oxygenated and
deoxygenated haemoglobin with oxygen poor haemoglobin molecules

absorbing more infrared light and passing more red light than the oxygen rich
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counterpart. The red light has wavelengths of 600 — 750 nm and infrared 850
— 1000 nm in the light band.
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Figure 2.12 : Red and Infrared Wavelength Light Band (Townsend, 2002)

Figure 2.12 shows the light band targeted and used for saturation monitoring
as well as a typical setup used for the sensor placement. The most common
measurement technique makes use of two Light Emitting Diodes (LEDs) that
shine through a translucent site with adequate blood flow, in adults the finger,
ear lobe and toe are used and in infants the foot and palm usually suffice. A
photo detector is placed opposite the LEDs and after the transmitted R and IR
signals pass through the measurement is taken, the R / IR ratio is calculated.
This ratio is then usually compared to an electronic lookup table based on
calibration curves derived from testing done on healthy individuals. Typically
an R/IR ratio of 0.5 equates to approximately 100% SPO,, a ratio of 1.0 to
approximately 82% SPO,, while a ratio of 2.0 equates to 0% SPO2. Healthy
individuals usually have a SPO2 measurement of 97 to 99% and values below
90% causes hypoxemia and usually trigger the body to respond by increasing
the heart rate in an attempt to improve the oxygen supply (Shelley, 2006).

Using the same measurement technique as is used in the SPO2, additional
data can be extracted from the absorption ratios re Pulse Rate and the photo
plethysmograph (Pleth), a volumetric measurement that shows the change in
volume in the organ or body extremity; a finger as shown in Figure 2.12. The
relation or indication of blood volume as derived from the R / IR absorption

can be directly correlated to the pump action of the heart and the pressure
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generated in the venues systems through the cardiac cycle. It is important to
note that the heart rate measured in the ECG and the Pulse rate measured
thought the SPO2 are not the same indicators and must be considered as
different parameters. The ECG heart rate is generated from the electrical
pacemakers in the cardiac systems whereas the pulse rate derived from the
SPO2 Pulse measurements indicates the mechanical action. This point is
most often overlooked in the clinical monitoring environment for it is assumed
that every electrical impulse in the heart should produce a contraction or
mechanical action, this is not the case. Patients suffering from severe
ischemia will often not have a cardiac contraction following an electrical pulse
due to the sheer de-oxygenation or exhaustion of the cardiac muscles, an

anomaly referred to as a Pause or Pulseless Electrical Activity (PEA).
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Figure 2.13 : SPO2 Pleth, IB Pressure and ECG Correlation (Townsend, 2002)

Above the correlation between the SPO2 Pleth, the IBP pressure and the
ECG graphs can be seen; the Premature Ventricular Contraction (PVC) that is
induced in the heart is reflected in all the measured parameters. This is a
logical indicator for a “fault” in the contraction of the heart will be measurable
in both the pressure generated as well as the subsequent propagation wave
produces in the artery. For the purposes of this study the SPO2 and Pleth are

used as a reference or verification indicator in some of the calculations if the
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parameters were available to include in the process. In Chapter 6, results and
findings, a case study is discussed and the predictive elements of the
algorithm demonstrated using the SPO2 and Pleth in conjunction with the

ECG graph and derivatives.

2.7 Standard Communication Protocol for Computer Assisted
Electrocardiography (SCP-ECG)

The SCP-ECG is an open standard for the storage, annotations and metadata
that specifies the interchange format and messaging procedure for the
communications and data retrieval for ECG based records. The protocol is an
open source format developed and standardized in a joint effort between the
ANSI / AAMI standard (EC71:2001) and the CEN standard (EN 1064:2005).
The standardization of clinical parameter storage is an important step in the
development of universal communications protocols and inter-vendor
computability; although the standard is not compulsory, modern healthcare
medical informatics development is to a greater extent enforcing the standard
through application and integration requirements (ANSI, 1992). The SCP-
ECG standard has further been approved as ISO/DIS 110073-91064 further
drilling into the market as the prime standard required for clinical hardware as
well as software compliance and thus international acceptance.
Standardization in the modern digital healthcare has advantages not only for
the patient but also the clinical service providers in the form that patient
records can now be electronically duplicated and the patient, as well as
clinicians, be given access to the clinical history of the patient. A second
important point is the ever increasing contribution from telemedicine, a rural
general practitioner can now provide, as an example, full cardiological
assessments by simply forwarding digital ECGs to a specialist without the
need for the patient to travel or be examined by a physician other that his

local doctor.

The SCP-ECG Open ECG project thus aims to:
*To raise the level of awareness;

*To organize information days, workshops, and a programming contest;
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*To consolidate expertise, assist integration and support correct
implementations;
*To provide feedback to standardization bodies;

*To prepare the ground for interoperability in other ECG-related examinations.

The digital encoding of the data stream is usually accomplished by either the
Huffman Entropy Encoding or by making use of inter sample corrections

through first or second sample difference computing.

Raw Data

Reference Beat
(Median Cycle)

“ P P P P P P

RAW Data - Reference Beat

Figure 2.14 : Compressions, SCP Standard (AAMI, 1999)

Although the compression ration achieved is high, the storage method does
create additional overhead that must be managed and included in the header
file. If the reference beat deduction technique is used as is shown above,
QRS location pointers as well as beat type metadata is required for the later
reconstruction of the waveform.

The binary data steam consists of both the data samples and zero bits

(representing no data) included into the steam where sample rates or
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character length and type are pre-reserved in the packet and filing address.
The Huffman tables allow for the transmission of the original ECG data in a
losses compression format by a technique referred to as dense packing. Data
is mapped to the Huffman codes according to the frequency of their

reoccurrence and the signal statistics.
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Figure 2.15 : Huffman Coding Tree

The reference beat subtraction and Huffman encoding is but only two of the
techniques required in the SCP-ECG standard and although storage
considerations are implemented in most if not all project types.

2.8 Man Machine Interaction

With the increasing man machine interaction through the graphical user
interface based on personal computer interaction methodologies technologies
that improve the effectiveness of communicating visually with the user is
becoming the primary consideration in design requirement engineering.
Tactic feedback together with colour based attention grabbing feedback or
soft user interaction distinguish the functional verses outstanding design of
modern machines; in the medical environment the concepts are applied and
focused on decision support to the user (Lefter, 2011). In the research by
Lefter speech patterns was analysed at an emergency call centre to grade the
severity of the caller, this data is then used to prioritize calls and alert
operators accordingly. In a live monitoring situation the same methodology

can be applied to alert care givers and as such effectively assist in the
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decision process based on the severity of the clinical ECG morphology as an

example.

2.9 A Critique of the Literature

The analysis and interpretation of bio signals, especially the cardiac cycle
ECG, is rooted in the understanding of the relationships and timing intervals
between the various segments that form the electro cardiogram. The data
presented in this chapter form the basis of this understanding and shows how
the complex calculations are used in the diagnostic processes. The clinical
markers used to identify anomalies and deviations is difficult for the analogue
human brain to measure and calculate, the research is focused on finding
alternative method to accurately calculate and present the relationships
between the ECG segments and as such assist the clinician in the
interpretation of the ECG. The patient is the ultimate beneficiary.

The data and information in an overcrowded setting can be overwhelming and
as such clinical human judgment errors are common as showed in section
2.2.

A study conducted by Rothschild (2005) over a period of 1000 inpatient days
found 120 adverse events in 79 patients (20.2%), including 66 (55%) no
preventable and 54 (45%) preventable adverse events as well as 223 serious.
By automating measurable parameters like the QTd time interval during live
patient monitoring, related medical errors could be minimized. The data
processing methodology based on post processing and parameter averaging
limits the data management and presentation possibilities. Hemodynamics is
as the name suggests is a dynamic systemic system where even in as little as
a fifteen second window various changes in the parameters can be noted.
Current methodologies does not focus on the bit-by-bit analysis of cardiac
data and as such miss the “now” window and the opportunities and data it
presents. In the following chapter a model is presented that shows how real

time bio signal processing in the “now” window can be accomplished.
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The hypothesis of the study is thus to prove the feasibility and accuracy of

near real time bit-by-bit type processing of bio signals and the signal re-
injection of the processed data back into the main data stream.
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CHAPTER 3 CONCEPTUAL METHODOLOGY AND MODELLING

In this Chapter the reader is introduced to the toolsets namely simulation, the
software, hardware and the communications tiers used and developed to
allow for the research. The Chapter is formatted in such a way as to resemble
the process used during the course of the research where much of the
measurement techniques initially studied through simulation which led to the
formulation of the mathematical model implemented through programming
code. Based on Yanowitz (1974), the quantitative analysis of the analogue
verses digital recorded datasets collected for the study form the basis for the
conclusions drawn. By comparing the traditional or analogue datasets and
measurements with the digitally constructed sets and measurements within
the same timeframe the effectiveness of the model can be measures and
tested. In essence the quantitative analysis component of the study the
researcher is interested in the observations of the variables defined in the
model and the expression of the change between the observations.

Following the modelling phase the data collection and analysis completes the
cycle to the point where the hypothesis could be evaluated (see Figure 3.1).
Chapter 2 introduced the various measurement techniques and grounded
work required to understand, dissect and process ECG waveforms and
structures. Datasets consisting of the studied waveform morphologies and
cardiac anomalies are however difficult to capture in a real world environment
and as such simulation is the preferred and selected toolset chosen to provide
the data input in an isolated and controlled environment. This allows the
researcher not only develop but also refine the proposed mathematically
based model used to process and analyse data collected and observed
through field studies (section 3.2). Clinically based research by its nature is
complicated as the required data to develop, test and ultimately formulate the

hypothesis can be difficult to secure or obtain. The small spectrum of focus is

93



CHAPTER 3 CONCEPTUAL METHODOLOGY AND MODELLING

the primary limiting factor (percentage of cardiac patients that display the
required prognosis studied, in this case MlI) followed closely by the ethical and
moral responsibilities of the researcher to both protect the rights and privacy
of the individual and to guard against the inclination to manage the patient as
a test subject. The proposed model depends on accurate and fast ECG
waveform segmentation together with a dependable storage platform where
data can be accumulated for future signal and measurement reproduction, the
experimentation phase of the research (section 3.1). The third component
required together with the input data, storage and reproduction is the actual
measurement of the datasets collected through the field study; this is
achieved through the model expressed in software code and embedded into a
processing application. In order to allow for precise data collection, a
predicate system is used where two measurement devices collect the clinical

measurements in parallel (section 3.4).

With the progress made in the field of clinical simulation as well as the
refinement of clinical systemic mathematical modelling, an additional option
and tool is on offer to the researcher. Clinical simulation is following in the
proverbial path laid by the integration of the simulation processes and training
techniques developed for the aeronautical industry. Patient simulation has
matured to the point where the clinical environment can be recreated with
such accuracy as to add an additional realism tier to both the training and the
clinical certification of healthcare providers. “The American Board of Internal
Medicine (ABIM) will offer Interventional Cardiology Simulations, using
Medical Simulation Corporation's (MSC) SimSuite(R) technology, for credit
toward completion of Maintenance of Certification. This is the first time ABIM
is incorporating medical simulation technology into its programs to evaluate
physician competence...” (MediLexicon, 2008) Simulation provided a well
definable environment together with the prospect of realistic and true data.
Much of the development and systems constructed for this research has its
roots in simulation; this risk free environment is used for experimentation and

forms a good introduction to conditions that can be expected in a real world

38



CHAPTER 3 CONCEPTUAL METHODOLOGY AND MODELLING

environment creating the opportunity to plan and design for the variables that
the field study data collection usually adds to the pot.

Figure 3.1 represents the construct of the study where block one depicts the
grounded theory required to understand the domain of the problem, block two
and three build on the literary review and research performed by others with
simulation providing the input data source required to develop and perfect the
algorithms that collectively form the mathematical model. Block four
represents the field study, experimentation and real world data collection
required to test the model and hypothesis with block five pointing to the actual

data analysis and conclusion.

1. Theoretical Grounding Leading to the
Formulation of the Hypothesis.

v

2. Literature Review

Vv

3. Simulation Leading to the Formulation of
the Model

A4

4. Construction of the Model based on

Simulated Datasets

Vv

5. Real World Data Collection, Storage,

Reconstruction, Analysis and Validation

6. Conclusion

Figure 3.1 : Study Construct
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It is important to note that the technical nature of the research and algorithm
design renders itself prone to a pure quantitative method where a conclusion
can only be drawn thought the analysis of the measured (output of the model)
versus input (simulated or real word data). Data, represented by clinical
measurements, is used as input parameters, processed through the
algorithms and the results compared with the clinical outcome of the patient
whether a simulated or biological patient. The approach can best be

described by:

> Measured Results

Clinical Dataset

Processing &

- Simulation >

> | Projected Results

Analysis

- Biological data

Clinical Outcome

Figure 3.2 : Quantitative Structure

Considering Figure 3.2 the hypothesis can be proved if the measured results,
projected results and the clinical outcome are coherent and logically telling the
same proverbial story.

The remainder of the Chapter is dedicated to the research path followed to
first establish a benchmark dataset through predictive value sets using
simulation, the digitization and storage mechanism that assures accurate
reproduction of measured and recorded data and the structures put in place to
assure that the data is reliable through the deployment of the double
measurement process, accomplished using two monitoring platforms.

Medical Informatics allows us today to view this overwhelming and complex
range of parameters as a unified system and enable the researcher to deploy
the power of modern technology and present data in a non-conventional
manner to the user. This allows for improved observations to be included in
the assessment, diagnosis and ultimate treatment processes; in real terms it
allows for the clinician to get back to the root of practicing medicine, the
patient, by allowing technology to carry some of the diagnostic and monitoring
load.
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In section 3.5 towards the end of the chapter the research methodologies
used to develop this study are discussed; the mixed methodology approach
consisting of simulation and field study is complimentary in that it allows for
the base research components namely modelling and data collection to be
fulfilled. The remainder of the chapter is dedicated and grouped into sections
walking the reader through the research constructs introduced in Figure 3.1
forming the sub components of the conceptual model.

3.1 Breakdown of the Tier Structure

This section represents an overview of the research, experimental setup, data
capturing, storage, retrieval and analysis is discussed so as to provide the
reader with a bird’s eye view of the architecture and processes designed and
built to facilitate the study. The structures forming the outer perimeter of the
work (Figure 3.3), is essential for the data streams required to test and apply
the algorithms and measurement techniques. The core of the research has
shown form the logical centre of the work with the surrounding supporting
systems facilitating the process and study; Figure 3.3 shows that the process
and measurement techniques is applicable to both live and stored data and

can thus be applied on archived records as well as live monitoring sessions:

A T1 - Core Component
| Analysis and Predictive Algorithms
| and Measument Techniques |

T2 - Data Reconstruction \ Capturing Measurment & Data

Data Retrieval & b
Capturing

Analysis

Figure 3.3 : Tier Structures Facilitating the Research

The defining factor of any research is the quality of the data and in the case of
electronic digital storage, the accurate reproduction of the original or raw data
collected; this is crucial especially where biological or natural data sets are
used. As an example: the data used in this study is produced by biological

analogue systems in the human body, any particular instance is produced
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only once, if the capturing, digitization and storage is inaccurate a result and
conclusion will be difficult to formulate. The analysis phase needs to reverse
this process and the datasets need to be retrieved from the storage
mechanisms, streamed and the analogue feed reconstructed to apply as input

for the model based analysis.

Signal Processing Presentation & Results

Communication

O (A/D)
—> — 10010100 —» : — 10010100 —»
Communication )

(LAN) .
Patient / Simulator Reconstruction
(DIA)

Figure 3.4 : Data Capturing and Reproduction

3.2 Simulation - An Introduction to the Test Environment

The research is based on a two-tone or two tier method including the design
of the study and subsequent developed algorithms using extensive simulation
together with the processing and collection of the clinical data through a live
streaming process. It can be argued that the collection of data does not
represent a method as such but the electronic recording and absolute
reconstruction of the sample data for the purpose of analysis forms a

substantial part of this work in conjunction with:

e Understanding the physiology and clinical implementations of the
various diagnostic technigues used in cardiology as the basis and

foundation for this study (grounded theory).

¢ The formidable undertaking to collect and analyse data without bridging

the patient confidentiality and right to privacy agreement.

To successfully address the problem, data needs to be collected in two
separate session blocks; first for the development of the algorithms and
mathematical model (test data) and second for the proof thereof (verification
data).
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The data sets in both instances differ significantly; the developmental data
need to be predicable, accurate and preferably pre-definable; these criteria
points to simulation. By utilizing a simulated environment together with clinical
simulators the data sets acquired can be used to not only develop the model
in a controlled environment but in addition can further be used as a
refinement, calibration and ultimately reference standard for real world
implementation. For the simulated data generation a Human Patient Simulator
or HPS from Medical Educational Technologies (METI) is used “The HPS is
the only patient simulator with the ability to provide respiratory gas exchange,
anaesthesia delivery, and patient monitoring with real physiological clinical
monitors” (METI).

A primary advantage of the simulation environment is that system input is
carefully controlled as well as the fact that the researcher is fully aware of the
expected output parameters. Exact environments can be created and later
recreated eliminating most real world environmental factors that may influence
test results, in short the duplication of the experiments should render near

identical results for the hypothesis to hold any water as a manner of speaking.
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Figure 3.5 : Simulation Centre, Saad Specialist Hospital

Figure 3.5 above shows a typical simulation session with the clinical team
managing a patient in a recreated critical care environment; the controller or
observer is positioned behind one way glass as to not influence the scenario.
Data is generated by the HPS and collected in the control room; it is important
to note that the generated data corresponds to the actions of the participants
and the software model driving the simulators include routines for
incorporating medication administration as well as clinical conditions. These
variables are built into the scenario and as such a specific situation and
patient pathology can be constructed; the actions of the team contribute to the
outcome and the model accepts action inputs such as chest compressions,
airway management and medication; the simulators thus respond in the same
manner as a human patient would.
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Figure 3.6 : Simulation & Data

Figure 3.6 above illustrates an abstracted view of a simulation based
experiment including the processed output generated by the ECG Analyser
process; the components shown above will be discussed in detail in the
following sections. In essence the processing software components
developed during the study forms the basis of the experimental output and
would in industrial terms be seen as the outcome or product. In an academic
context the product is the proof of the hypothesis or otherwise its denial; it is
important to understand that although much focus is placed on the
components of the experiment, they are in fact only the tools used to develop
or extract knowledge and to demonstrate understanding.

Software today plays an ever-increasing role in scientific research and allows
the researcher to model an abstract format of the world around us. The
development of software (programming) and the ability to package the
environment in mathematical terms makes possible a precise reproduction or
duplication of a defined condition or state that enable output to be measured
and documented based on predefined input parameters. In the next section
the reader will be introduced the reader to the structures and composition of
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the software developed and its part in defining the cardiac model developed

through this research.

3.3 Software Walkthrough - An Introduction

The software components were developed using Microsoft Visual Studio 2008
and the C# (www.msdn.microsoft.com) language on the dot Net 3.5 platform
with data storage implemented on a Microsoft SQL Express database. The
implementation includes two main tiers of input data namely direct patient
data acquisition, used to define and test the model and processing algorithms
and a second tier where a standard patient monitor provided the primary
digitization and serialization stages (Figure 3.7). The hypothesis of the study
is to prove the validity of near-real time bio-signal analysis thus demanding
the software processes to be efficient to the point that a near zero delay has
to be maintained so as not to interfere with the vital signs presentation; the
patient monitor is the main clinical long-term monitoring diagnostic toolset in
the critical care environment. This poses an absorbing challenge but also
provides an opportunity to examine the traditional ECG visual signal output; if
real time processing can be accomplished then the output signal can
effectively be improved by injecting colour coding into the presentation stream
showing the detected arrhythmia or trace anomaly calculated by the
algorithm.

The primary modelling interface, designed to show the measurement slice
and timing intervals is built to allow dynamic adjustment to the processing
model; signal analysis and calibration during live monitoring sessions is thus
possible allowing the observer to interact with the model on various levels
facilitating for observation and reference value adjustment. The second
advantage of dynamic adjustment is that feedback loops can be introduced
into the algorithm allowing f the software to dynamically adapt to an
individual's ECG trace. Appendix A shows the Graphical User Interface (GUI)
of the toolset; it is important to note that the GUI and the ECG Analyser
algorithm are logically separated as standalone software components allowing

for a “black box” type integration of the ECG analyser into other systems.
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Figure 3.7 : Data Acquisition, Abstracted Software Model

As part of the study, the analysis algorithms were included and interfaced into

existing commercial patient monitoring systems. The primary communication

protocols on the commercial products were provided by Drager Medical, a

major medical manufacturer; a predicate comparison study conducted over 3

months in 2008 served as the prequel to the clinical trials that followed in

2009. Predicate comparisons with commercial devises form an important part

of the proof and add validity to the clinical and computational claims made in

the study. A detailed description of the hardware systems focusing on the

medical technologies used in the experiment is discussed in the following

section.
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3.4 Hardware Walkthrough and Digital Storage

3.4.1 Data Capturing and Predicate Validation

As mentioned in section 3.3 the computations were developed in a simulated
clinical environment followed by clinical data collection in an ICU type setting
to compile realistic data sets. Data collection may include anomalies and
deviations that can cause misinterpretations and as such it is important to not
infuse false feeds into the experiment; data verification is important for
inaccurate readings will lead to false or misguided conclusions. The
calculation of deviations can be managed by conducting a short comparative
study using simultaneous multi data collection methods and comparing the
output reading; for this study two commercial patient monitoring systems were
connected to participating patients and the data readings were collected at set
intervals over a period of 90 days. Figure 3.8 shows the practical setup of the
predicate study (the predicate or reference device used was a Siemens SC
7000 Series Vital Signs Monitor).

Patient

Device B Device A: Predicate
A 4 A 4
) Siemens
SPM vVital SC7000 Vital
Signs Monitor . .
signs Monitor
A A 4
Data Collection: 15 Data Collection: 15
min Intervals min Intervals

A 4

Data
Comparison

A 4

Calculation of Deviation:
Correction Factor

Figure 3.8 : Predicated / Reference Study

Table 2 below shows a section, ECG Heart Rate, of the comparative study; a
complete set of study documentation is included in Appendix B. The predicate
comparative study acts as a reference point in the interpretation and data

analysis; tolerances allowed in medical equipment must be considered and
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included in equations so as to assure that rogue readings do not cause the
research to stray. The dual feed of data help to manage anomalies caused by
the day to day activities in the critical care units to be documented and can
thus be isolated and disregarded from the data sets and results. Table 2
Appendix B shows deviation caused by the physical placement of the SPO2

probe, calculated mean and averaging is used to substitute erratic readings.

SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
(6-2-2008 to 13-2-2008)

Test Results(Comparitive Patient Parameters)
ECG

Siemend ¥ | SPM-4IE ~ | Siemens ¥ | SPM-4IE ~ ECG-bpm
75 75 68 6B 100
75 75 68 68 30
76 74 72 72 e N h. . _ R __/—/
75 75 65 66 I~ L\ “ I{ e
T 73 20 -] 70 W“V
71 71 B1 81 &0 \\’
83 23 76 76
74 74 79 79 >0 Siemens
75 75 76 76 40 e SPI-AIE
77 77 75 75 30
77 77 75 75 20
Bb 86 B2 B2
72 72 78 7B 10
73 73 79 79 0
72 i i:1] B0 135 7 9111315171921233352729313335373941434547
67 67 g1 g1
3 66 85
63 63 85 B85
cg 5g 25 86 Notes / Conclusions:
83 23 g8 88 )
67 7 1. ECG proved to be stable and consistent. . . ) .
2.HR alarms were fewer on the 5PM due to the inclusion of the FA algorithm (use 2 or
65 B3 more comparative active parameters eliminating false alarms by up to 96%)
65 65
&b 66
54 &4
72 70
67 67

Table 3: Predicate Short Study Results Table

3.4.2 Electronic Storage, Database Schemas and Network

Constructs

The communication tier consists of a LAN based network managed by a
standard Domain Name Server (DNS) connecting the data capture, vital signs
monitors, the web server and SQL based storage sub components;
discussions on the communication protocols used in a standard LAN

environment falls beyond the scope of this study and thesis.
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The database technology is a standard relational database structure built
using the Microsoft SQL Server Express edition. The serialization of the data
and storage mechanism was designed to trace individual monitoring sessions
grouped and packaged under the patient medical reference number as a
primary key. Session numbers are dynamically allocated upon admission or
discharge from the vital signs monitor and enables trending, arrhythmia and
ECG deviations to be queried using the primary key (MR), the session

number and a date / time key.

Table
Patient
1
[
L
-
Table 1 1 Table Table
-k
Trends Sessions Recordings
Patient >
Sessions S1 . S2 > S... =
. R1 R2 R... R1 R2 R... R1 R2 R...
Recordings > > > » B> Bo— —
T1
Trend > LL > LL

Figure 3.9 : Databases - Logical Construct

Figure 3.9 shows the logical construct of the database design; the patient
forms the primary key with every patient being able to have multiple sessions.
Sessions can contain multiple recordings but only one trend for the duration of
the session; a trend in this context consists of a data sample taken every 60
seconds that can be presented in a graph or table format showing the time
relationship of multiple parameters recorder (heart rate, SPO2, Pulse Rate...).
The trend is of vital importance for the evaluation of the clinical state
evaluation of the patient, the correlation as an example between heart rate
and SPO2 can thus be graphically evaluated. If the SPO2 or oxygen
saturation level drops the cardiac system will respond by increasing the heart

rate in order to increase the blood circulation and improve the dissolved
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oxygen percentage in the blood (SPO2). The data storage scheme as
presented makes for accurate data extraction possible as well as enabling
sectional data sessions to be analysed and verified. In the context of the study
the datasets are analysed with real and post event to test the measurement
computations and validate the results. Clinically the storage of digital records
in conjunction with the ability to reconstruct the actual event poses great
opportunities for clinical case analysis and the evaluation of the effectiveness

of treatment plans, this topic is not included in the scope of this study.

Data Management

Database

Observation / Research

Simulation Station

Figure 3.10 : Network Architecture
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Figure 3.11 : Data Packet Storage

Figure 3.11 above is a representation of the data storage mechanism
designed for this study; the efficiency of the electronic storage is not
considered but rather the lossless requirements to more accurately measure
and analyse the collected data. Appendix D shows a complete breakdown of
the package system.

The rapper objects (AKPMDataPackets, see Appendix D) are used for
network based communication as well as storage, the network protocol wraps
individual data packet object in a UDP TCP/IP communication wrappers.

This brief review of the communication and storage mechanisms is included
for the purpose of completeness only but in reality falls outside the scope of
the study. The communication sub systems are required for the data
collection and storage and as such form a considerable part of the software
developed and put in place for the study. Detailed supplemental data is
included in the Appendix showing the network infrastructure and

communication class relations developed.
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In this Chapter, the toolsets, technologies and methods required to collect,
store, reproduce and analyse the data gathered were discussed as well as the
methods constructed and followed to develop the analysis model. Well-
defined research requires good quality data from which information can be
extracted, insights developed, conclusions drawn leading to understanding
and ultimately the addition of knowledge to the global knowledge pool. In
section 5.1 a short case study is presented as a walkthrough to show the
methodology in action. The case study is initialized by defining the parameters
and measurements required as input data to the model discussed in Chapter
4. This is followed by an analogue graph of data used as benchmark
parameters to be used in the comparison tables against the digitally derived
and measured values. The digitization and reconstruction of the data is shown

and briefly discussed along with the comparative results.

3.5 Methodology

In essence a research philosophy is a system and belief about the way in
which data about a phenomenon should be gathered, analysed and used.
The basic process of scientific research can be expressed as the gathering of
knowledge about what we believe the world to be. This is further broken down
into the basic research that tells us something that we did not know before
and applied research that provides an answer to a specific problem as well as
contributing to theory (Lee, 2008).

This research is broken down into two main approaches based on scientific
positivist methodology namely simulation and quantitative analysis of data
collected using field experiments. This section will present the two methods

and explore the reasoning and utilization of the methods.
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3.5.1 Simulation

Computer simulation as a research approach is gaining ground in popularity
for it allows the researcher to define concrete input parameters but at the
same time enable dynamic data input to be utlized in a controlled
environment. Research methods often rely on assumptions and their testing
coupled with observation based on the cause and effect nature of a system or
model. Simulation allows the researcher to step away from the typical
question of “what happened, how and why” and allows answering of the
guestion “what if...” (Dooley, 2002). For the purposes of testing a
mathematically calculation based model the “what if...” question allows for the
input data to be defined and adjusted to cover a full range of eventualities that
can occur in the natural environment of the particular research domain. In
essence simulation allows for the comparison and testing of outputs with
changing input parameters governed by the rules and structures included and
built into the model. Simulation further is used as a substitution for
experimentation using real life data; it allows for the testing of the model in a
controlled environment and for the rule sets and algorithms to be refined and
adjusted to cope with fluctuations usually encountered with the use of real life
data as input. Simulation can thus be expressed as copying the behaviour of
a system where the input can be controlled by the introduction of random

variables.

The research presented in this study is especially vulnerable to input
fluctuations due to the dynamic nature of bio signals produced by analogue
biological structures like the electro cardiac conduction system. A further
advantage of simulations in biomedical based research is that hard to find
signal streams that can be tested against the model. As an example an
uncommon cardiac arrhythmia can be simulated where if real world data is
used as the only input the particular arrhythmia might not be available to be
recorded in the research environment. A popular database of cardiac and
other bio signals are available through the Harvard-MIT Division of Health
Science and Technology MIT-BIH database. The database made available to

researchers through the PhysioNet platform specializes in complex and
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difficult to locate physiological signals stored using the SCP-ECG protocol
discussed in section 2.7.

Simulation allows the researcher to consequently test the logical
approximations made in the mathematical model and derived algorithms used
to process the input data and further to check if these approximations are
reasonable. Developing a model to be implemented through the development
of a compiler application or program runs the risk of delivering unreliable
output due to the programming being subject to bugs (Norman, 2000).
Simulation and the mathematical modelling thus play complimentary roles; if
as an example the heart rate in an ECG data stream has to be calculated the

RR time interval might be used (see section 5.2.1) and expresses as:

— 60 sec
Heart Rate = /RR time interval in ms

Equation 7 : Heart Rate Calculation using the RR Interval

By supplying the application a simulated data input signal with a specified
heart rate the calculation is built into the model and as such the application
can be tested; if an error is detected the mathematical equation can be
corrected. Without simulation this type of error is difficult to detect due to the
dynamic nature of physiological bio signals.

Although the example is simplistic the simulation toolset and environment
used in this study (see section 3.2) was capable not only to provide the base
parameters but also simulate the more advanced and difficult to pen cardiac
related bio signals and waveform morphologies. Simulation as a research
methodology was user to develop, test and implement the mathematical and
conceptual model and measurement techniques developed to test the real
time analytical model. The research however took one further step and
quantified real life bio signal recordings in both analogue and digital formats
and used the results in a quantitative comparison to also validate the model

using real data sets.
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Simulation is becoming a primary tool for modelling of ECG data, “ECG
modelling and simulation is becoming increasingly important due to its
substantial ability for diagnosis of coronary diseases and anomalies...” (Abkai,
2009). Simulation and ECG modelling based analysis has a substantial ability
for diagnosis of coronary diseases and abnormalities, in the Abkai study a
model was proposed for multiple dipole electrocardiography simulation.
Simulation enabled the model to be developed and compared with traditional
single pole approaches used in vector electrocardiography as is described in
section 2.5.

The ECGSIM project is another example of a simulation based model that
explores the difficulties in solving the forward and backward problem of
electrocardiography to deliver a model for describing ECG pathologies and
individual differences by using a double layer approach to calculate the
potentials of the service by assuming a number of local measurement sources
(Shahidi 1994; Ooserom, 2002, 2004). The Abkai model successfully showed
through simulation the fast solution to parameterize the ECG waveform in as
little as five to six cycles to describe the ECG cycle in real data in terms of QT
and QRS time intervals (see section 2.2).

The research and the model presented here builds on this work and aims to
shorten the analysis phase even more by using the bit by bit analysis
approach model developed that allows for the added functionality of the signal
injection technique that greatly enhances the visual presentation of the ECG

signal in a live monitoring domain.

3.5.2 Field Studies and Quantitative Comparison

Mathematical modelling is an attempt to describe a system or process using
mathematical language and concepts (Byl, 2003). Section 3.5.1 discussed the
purpose of simulation as was used in developing the model constructed for
this study. The second part of the methodology used to test the hypothesis
was to conduct field studies for the purpose of gathering data to be used as
input to the model presented in the form of a computer program. Field studies
are in essence non-experimental inquiries occurring in a system where

independent variables cannot be manipulated or controlled (Boudreau, 2001).
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Field studies in general can be sub divided into 3 phases namely the research
formulation and site identification, survey and data collection and finally the
research analysis and conclusion. The sequence of the research followed the

same path with the first two chapters

The survey and data collection for this research was conducted at the Saad
Specialist Hospital, Al-Khobar Saudi Arabia and involved the digital and
analogue recording of ECG data from patients in the cardiac care unit (see
Chapter 5, Results and Findings). The recorded data are pure representations
bio signals of the patient at the time of the recording.

Field studies form an important part of model based research where datasets
have to be tested and results validated. Simulation does not always allow for
random factors and variable to be included in the input data streams due to
the natural rhythms of biological sub systems, field studies fills this gap. As
the definition implied the main focus is to observe and measure but to refrain
from manipulation of the observed and measured data, in essence it is the
collection of a pure and as a manner of speaking unpolluted natural occurring
dataset. The processing of the data into quantitative values is usually
presented in a visual or graph based manner. For the purpose of this study a
comparison of the analogue measured and digitally recoded data was
processed into a set of comparative column charts where the analogue ECG
measurements were used as the benchmark for testing the mathematically
calculated output from the model that was used as input with the digitized
recorded data forming the final phase of the field study.

3.5.3 Quantitative Analysis

In essence quantitative analysis is an attempt to replicate reality
mathematically and to define and study natural phenomena (Straub, 2004).
The research methodology was originally developed in the natural sciences
but is now used and accepted in all social sciences in the form of survey
methods, laboratory experiments, and for numerical methods including

mathematical modelling. It is suggested by many researches that quantitative,
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in combination with qualitative methods, a process referred to triangulation
should be included in what is described as good research (Mingers, 2001).
The research presented here steps away from pure quantitative methods and
combines the approach with what is described as positivist philosophy where
problem solving and the testing of theories such as seen in design research;
where the outcome is more often than not an improved process, a prototype
or model (Vaishnavi, 2004). Quantitative Positivist Research or QPR employs
deduction at the heart of the method where the researcher tests for internal
consistency, distinguishes between the logical basics of a theory and the
testable predictions, compares against exiting theory to show the
advancement of knowledge and finally the negative testing in order to falsify
the theory. “Verification can be found for almost any theory if one can pick and
choose what to look at” (Cook, 1979).

In the following chapter the concepts introduced will be utilized and moulded
into a model intended to test the hypothesis introduced in Chapter one, the

journey into the real time clinical signal analysis continues...
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ECG signals are the most obvious and observable measurable data produced
by the human heart and cardiac system and as such are a well-understood
and studied facet of human physiology. The analysis and interpretation of this
bio signal forms a major part of the human disease map and seen in context
with reference to the pathology and statistical prevalence of cardiac disease,
forms the most significant measurable clinical diagnostic toolset. Automated
ECG signal analysis is prominent and a substantial topic of study in
biomedical engineering with numerous dimensions and proposed best-in-
class algorithms based on different techniques. If myocardial infraction can be
predicted with as little as a couple of minutes the impact on the survival rate of
sudden cardiac depth in humans would be measured in millions on an annual

and global scale.

In this Chapter a substitute or alternative model based on near real time non-
linear ECG analysis is presented and validated to be an efficient and new take
on this prominent bio-signal. The model was developed using the
methodologies discussed in the previous section where simulation was used
as the initial input during the development stage followed by real time patient
data as validation. The analysis is conducted in a purely digital domain or
post signal acquisition and processing stage; the study is only concerned with
the already filtered digitized format and as such does not discuss in great

detail the analogue stages but for completeness an introduction is included.
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4.1 ECG Segmentation

The study of ECG segmentation is a core component for understanding that
cardiology and forms the basis of pattern deviation recognition as well as
being mathematical kick off point for cardiac analysis. As discussed in section
2.1 and shown in Figure 2.1 the ECG waveform is logically subdivided into 6
sub sections each of which represents a specific physiological trigger that
relates directly to phases in the cardiac conduction cycle. Using the segment
start and stop point limits the timing intervals can be derived enabling for the
detection of deviations from normal in the wave morphologies. In the following
subsections the significance of each segment is shown and conclusions

drawn to form the basic markers for the hypothesis.

4.1.1 PR Interval

The PR interval begins with the onset of the P-Wave (section 3.2) and ends
with the QRS complex representing the time interval for the electrical impulse
to travel from the SA Node to the ventricles of the heart; normal values can be
accepted as 0.12 to .020 seconds. Values less than 0.12 sec are termed short
PR intervals and values longer than 0.20 sec may lead to a diagnosis or
classification of a first degree blockage (John, 2006). Various cardiac
abnormalities are associated and can be diagnosed where the PR Interval is
used as the main indicator; examples include the Wolff-Parkinson-White
syndrome (WPW) and the Wenckebach phenomenon, all well-defined and

understood conditions.

4* i JLL.A A}ﬁiij _ ;,;ui-..‘_ﬁ!f 444,45

Figure 4.1 : PR Interval (Shaded)

The PR interval can thus be used as an indicator and marker if the obstacles

to accurate measurement can be bridged. The difficulty in measuring the PR
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interval electronically lies in defining the starting point of the P-Wave (see
section 3.2). In cases with severe blockage or a drifting P-Wave along the x
axes, the PR interval is technically non-existent; this should be taken into
account during the modelling phases of any cardiac cycle algorithm or

measurement technique development.

4.1.2 The PR Segment

The PR segment can be best described as a sub section of the PR interval
and exists in the timeframe between the end of the P-Wave and the onset of
the QRS complex. This segment represents the duration of the conduction
from the AV node, through the bundle of HIS (Figure 2.1) and into the bundle
branches of the ventricular muscles. Considered as isoelectric, this segment
of the ECG represents arterial systole and ventricular diastole but distortion
can be observed under conditions of atrial injury.

| | | | | |
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Figure 4.2 : PR Segment (Shaded)

Studies have indicated that PR segment depression can indicate disease but
it is generally accepted that PR segment elevation is in general considered as
clinically insignificant and seldom measured (Yoshihiro, 2004). For purposes of
this study the PR segment is used as an indicator or reference value due to
the isoelectric characteristic to calculate ST segment depression (section
3.1.3) or deviation from the virtual zero point on the y axes of the graph; a

reference point as such rather than a clinical indicator.

4.1.2 QRS Complex

The QRS represents the climax of the cardiac cycle and the depolarization of

the ventricles, the primary pump action of the heart with duration of 0.080 to
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0.120 sec formed by the combination of the Q-R and S-waves of the ECG
cycle. Clinically the morphology, duration and amplitude of the QRS waves
are of great importance and useful in the diagnosis of -cardiac
arrhythmias, conduction abnormalities, ventricular hypertrophy, myocardial
infarction, electrolyte derangements, and other disease states (Thygesen,
2007). It is important to note and understand that the QRS acts as the start of
the cardiac cycle where monitoring is concerned; this is due to the fact that
the QRS complex has the most prominent shape and amplitude in the ECG
waveform and as such can thus be easily identified electronically; the
deviation from the zero point on the y axes. All other segments of the ECG
waveform are usually defined, with reference to monitoring, in relation to the
QRS; Figures 4.13 depicts this. During the research it was established that
the QRS cannot be used as the start marker in real time analysis for the
derived values and calculations would be the duration of one cardiac
contraction behind. This might seem insignificant but the implications proved
otherwise in the visual segmentation and deviation indicators; the QRS is the
pulse indicator but for diagnostic purposes the accurate detection of the P-
Wave is more significant but also more complex. The model derived from the
research presented a technique that can be applied to accurately measure the
P-Wave start point and as such a more defined and accurate electronic
segmentation process supporting the accurate calculation of the cardiac

timing intervals.

b |_j

Figure 4.3 : ECG Alternative View vs. Clinical Diagnostic View
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4.1.3 ST Segment

The ST Segment is the most important and widely used ECG segment and
can be observed between the end of the S-Wave following the QRS peaks
and the start of the T-Wave with duration of 0.08 to 0.12 seconds. During the
ST Segment the arterial cells are relaxed and the ventricles are contracted
minimizing the visibility of electrical activity; the ST segment is described as
being isoelectric in the same manner as the PR segment (deviation from the
logical or virtual zero point on the y axes).

Looking back at the previous section, QRS, it should now become clear why
the P-Wave detection as the logical start of the cardiac cycle must be
enforced in electronic real time computations. The PR section is used as the
reference point to calculate the ST segment deviation, if the conventional
QRS marker is used then the reference point will follow the measurement
point rendering it absolute. As mentioned earlier buffered data sets and post
processing was the only method deployed imposing tremendous limitations in
the modelling as well as presenting, in reality, old data.

Myocardial ischemia or oxygen starvation of the ventricles is usually indicated
by a depression of the ST-segment, a common indicator for CVD due to
blockage in the coronary arteries (section 2.3). ST-segment elevation on the
other hand indicates recent cardiac injury, ventricular aneurysms or even
Pericarditis (“Pericarditis is a swelling and irritation of the pericardium, the thin

sac-like membrane that surrounds your heart” American Heart Association).

Note: isoelectric indicates no cardiac activity and is show as a flat section on

the baseline of the ECG graph; zero positive or negative deflection.
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Figure 4.4 : ST Segment (Shaded)
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As with other ECG segments the ST segment is difficult to accurately locate
electronically especially during real time processing. The beginning of the
waveform is located traditionally or with conventional techniques by traversing
forwards from the QRS point within a buffered dataset. During extreme
morphology of the ECG waveform the task of isolating the ST segment is
complicated due to the merging or the waveform with the T-wave as well as
prolonged duration of the waveform in conditions resembling extensive ST
depressions. The notch following the ST segment as can be seen in Figure

4.4 is referred to as the T-Wave and represents the re-polarization of the

ventricles.
at rest; HE 88
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Figure 4.5 : ST Segment Depressions®

4.1.5 T and U-Waves

The final component of the ECG waveform is the T-wave indicating the re-
polarization of the ventricles following the QRS complex and ST segment. The
T-wave morphology is complex and can vary in amplitude, can be inverted
and is generally described as being asymmetric with the first half moving or
forming more slowly than the second half.

“U-waves are the only remaining enigma of the ECG, and probably not for
long. The origin of the U wave is still in question...” (Frank, 2003). Although
the U-wave was originally described by Einthoven (Einthoven, 1912) the
leading hypothesis subscribe the U wave to delayed re-polarization of the
His—Purkinje system, the small mass of the specialized conduction system

(Watanabe, 1975). For this study the effects and presence of the U-wave will
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be ignored and the combination of the T- and U wave used to reference the

ECG’s final or end section.
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Figure 4.6 : T- and U-Wave

4.2 Medial ECG Wave Derivative as Measurement Techniques

Electronic measurements techniques are typically based on a virtual
reference lead also referred to as a medial lead. This virtual lead is derived by
the summation of the total ECG lead derivatives being monitored and as such
represents a vector of the cardiac electrical activity. In the previous sections of
the Chapter, ECG waveform segmentation techniques were discussed, it is
however important to show how current buffered electronic techniques are
used to accomplish ECG analysis. For the remainder of the thesis the term
“‘buffered” will refer to the short term storage or random access memory
(RAM); the advantages of using RAM buffered storage is that the measured
signals can be processed and as a manner of speaking be transverse in a
logically windowed measurement plain. Figure 4.7 below show a logical
depiction of the buffered data, transverse iteration and amplitude summation.
Please note that ECG traces do tend to be processed in a synchronized

manner as shown due to the time slicing or sampling of the signal, in reality
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an analogue driven system like the cardiac conductive system cannot produce

one hundred percentage synchronized signals.

Deviation

Window or Instand Value

< > I
S1 5
S2 A 2
S3
A
S4 1
A
ST 6
Time e

Figure 4.7 : Summations of Signals

Srocar = S1 + S2 + S3 + S4
Srotal =5+ 2+ (=2) + 1

Equation 8: Waveform Summation

As shown in Figure 4.7 above we can calculate the summation or median

logical lead:

Analysis Processing Walkthrough:

1.
2.
3.

Store 1 to 15 successive QRS Cycles

Average and sum inter lead values, media values

Establish a window timespan and iterate backwards and forwards
through the data using QRS peak as reference point

Compare deviations to zero reference line using standards segmentation
time span values

Tag segments and calculate basic analytical indicators
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The Signal Total (Stota) €qUates to in a positive deflection of +6 rendering a
logically larger sample magnitude value and as such better computational
resolution and accuracy. By applying the summation technique together with
triangulation (ref section 3.3) the P-Wave and thus onset of the cardiac cycle
can be calculated and the clinical measurements derived based on the time
sequencing rather than the manipulated amplitude.

The summation and buffering methods do have drawbacks in the processing
domain for it is bound to be buffered or “old” data. Clinically a time delay
between the actual event measurement and presentation of the numeric data
of less than 10000 ms does not pose any significant drawbacks but it limits
and nullifies any significant data presentation within the waveform itself. In
cardiology the ECG waveform and the extraction of data from it is the key tool
in the diagnosis and treatment of the patent so the limitations of post
processing is a key proponent of the study and the development of the

algorithm and measurement techniques presented here.

Note:

- Real time processing or rather near real time processing, refers to data
that is processed, computations and feedback, for the purpose of this
study the terminology “real time data” refers to near real time data
timespan (>2 ms). Processing or CPU time will mostly be ignored
unless otherwise indicated.

- Post processing in the thesis refers to data and computations that are
made in parallel with the data stream presentation for example the
ECG wave form or graph. Results are computed over a set averring
period so live feedback cannot be re injected into the data stream.

- The ECG Analyser, as shown in Figure 4.8, processes the data stream
and re injects the calculated signal values back into the stream for real
time presentation in the case of the study the ECG segmentation

showing waveform morphologies
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Figure 4.8 : Real Time vs. Post Processing

To demonstrate the significant shift that real time processing and signal

injection has on the presentation of data a short prequel is shown below:

Figure 4.9 : Standard ECG

For the untrained eye the ECG presented above shows no significant
morphology and as such an individual or non-critical care trained staff would
not be able to classify the trace as a possible high risk. In a congested
emergency room setting the inability to flag a patient with a huge negative up-
sloping ST depression might be a life or death oversight, consider the same

trace below but with real time processing injected into the ECG graph:

68



CHAPTER 4 MODELLING
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Figure 4.10 : ST Depression Highlighted in RED

Figure 4.10 shows clearly in red the deviation from the expected isoelectric
ST segment pattern, even for the untrained eye the problem is clear. Staff is
not required to be able to classify or even understand the morphology but only
to alert the appropriate clinical staff member. Even the housekeeping staff
can now be trained to actively participate in providing a more clinically patient
safe care environment where the extra set of eyes may just prove to be a
lifesaving tool. The example above shows the ST segment only but the same
technique can be applied to most measurable waveform morphologies.

4.3 P-Wave and P-Wave Detection

The P-wave forms the initialization of the ECG or cardiac cycle and is the
normal activation of the arterial depolarization initiated through the SA Node
with duration of 0.08 to 0.1 seconds. Clinically, the significance of the P-wave
is well understood and diagnostic principles related to the P-wave widely
implemented.

From an electro analytical point of view the P-wave poses many problems for
live detection and classification. As with the ST segment the standard method
for detection is linked to traversing backward from the QRS point within a
buffered dataset. This however, in a real world or live processing environment
with un-buffered signal processing renders the indication of the P-wave
difficult too impossible. This research addresses this problem with the
development of the algorithm explained in Chapters five and six.

69



CHAPTER 4 MODELLING

R Point R

| P 4 b
k

Y
Point A Point QS

1M0mm=1mV

Figure 4.11 : P - Wave Triangulation

Figure 4.11 above shows a standard ECG waveform with an embedded
triangle and marked points. Within a buffer, using Point R (QRS complex),
and knowing the average PR and QRS time intervals a point can be
calculated on the linear line where the P-wave should statistically be
positioned. At this point (the distance from point QS to Point A) a
measurement can be taken to determine the deviation from the zero line. If a
deflection were measured the P-wave would thus be present and validated.
The model presented in chapter five takes a completely different approach
and processes the wave form integer values one by one in order to calculate
deviation, this combined with a tagging process that runs in parallel, the exact
segment point can be accurately measured or determined.

4.4 Analogue Acquisition and Digitization of the ECG Signal.

The basic physiological signal acquisition circuit has changed little in the past
few decades; digital semiconductors replaced the older tube based systems
but in essence the technology is almost unchanged. Figure 4.12 shows the
typical diagram and setup employed in most modern biological signal
monitoring systems. The input buffers consist of a combination of subsystems
that included the isolation circuitry as well and the preamplifiers followed by
the filtering and Analogue to Digital (A/D) converters. As stated earlier this
study is not concerned with this stage of the process but rather the data
processing of the packet based data indicated in Figure 4.12 and shown here
as the Data Input / Output (I/O).
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Figure 4.12 : Basic ECG Acquisition Diagram

The data offered by the system used in the experimentation is in a continuous
data stream by way of serial, asynchronous communication at 115200 baud, 8
data bits, even parity bit and one stop bit subdivided into packets according to
Table 3 below. In short the data includes 8 graphical waveforms
synchronously, a pulse value, a respiration value and several status bytes; the

data transmission is processed in blocks or packets.

The integrity of the blocks is secured by:
1. An even parity bit in each transmitted byte.

2. A checksum for each data block

The checksum value in this case is the sum of all bits in one byte, including
the parity bit. To reduce the overhead for the waveform transmission the wave
block uses an additional checksum algorithm to the status and value blocks.
The LEADS that are transmitted are:

I, Einthoven Lead

Il, Einthoven Lead

[ll, Einthoven Lead
AVR, Goldberger Lead
AVL, Goldberger Lead

a s D
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6. AVF, Goldberger Lead
7. C1, one Wilson lead that can be placed freely on the chest of the
patient
8. Respiration curve
Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0
Byte 1 1 1 1 1 1 0 0 0
Sync
Byte 2 Bit 3 Bit 2 Bit 1 Bit 0 Bit 3 Bit 2 Bit 1 Bit 0
Ctr/Chk Ctr Ctr Ctr Ctr ChkSum | ChkSum | ChkSum | ChkSum
Byte 3 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit O
Wavel | Wavel | Wavel | Wavel | Wavel | Wavel | Wavel | Wavel | Wave l
Byte 4 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit O
Wave 2 | Wave2 | Wave2 | Wave2 | Wave2 | Wave?2 | Wave2 | Wave 2 | Wave 2
Byte 5 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit O
Wave3 | Wave3 | Wave3 | Wave3 | Wave3 | Wave3 | Wave3 | Wave3 | Wave 3
Byte 6 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit O
Wave4 | Wave4 | Wave4 | Waved | Wave4 | Waved | Wave4 | Wave4d | Wave 4

Table 4: Waveform Data Block

“2+Ctr’ bytes are transmitted in this block; “Ctr” is the number of wave
samples in the block. The checksum is the sum of all bytes in the block
including the sync character modulo 16. The wave samples are limited to a
maximum number of OxF7 (247d), so no error with sync bytes can occur.

The channels are not mapped one to one to the byte position in the block
since the user can freely enable or disable all channels independently. The
transmission sequence is always: |, I, lll, aVR, aVL, aVF, C1 followed by
Respiration; Example 1: the host requests ‘I’, ‘aVF’ and “C1“to be transmitted.
Wave 1 will be ‘I', Wave 2 will be ‘aVF’ and Wave 3 thus ‘C1’, the block being
5 bytes long. Example 2, the host requests “C1“and respiration waveform to
be transmitted. Wave 1 will be ‘C1’, Wave2 will be respiration waveform, the

block being 4 bytes long.
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Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0
Byte 1 Bit 1 Bit 0
1 1 1 1 1
Sync 0 Type Type
Byte 2 0 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit O
Ctr/Chk ChkSum | ChkSum | ChkSum | ChkSum | ChkSum | ChkSum | ChkSum
Byte 3 Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0
Wave 1 Value Value Value Value Value Value Value Value

Table 5: Value Data Block
Bytes transmitted in this block.

Type == 00 -> Not Used
Type == 10 -> Respiration Value
Type == 01 -> Pulse Value
Type == 11 -> Not Used

the sync character, modulo 128.

The checksum consists of the sum of all bytes in the block including

Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0
Byte 1 1 1 1 1 1 1 0 0
Sync
Byte 2 0 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0
Ctr/Chk ChkSum | ChkSum | ChkSum | ChkSum | ChkSum | ChkSum | ChkSum
Byte 3
Wave 1 0 RespWave X Chest RA LA RL LL
Byte 4
Wave 2 0 c1 aVvF avL aVR 1] Il I
Byte 5 X Bit1 Filter| BitO EMG Bit 1 Bit 0 Bit 1 Bit 0
Wave 3 2 Filter 2 AMP Amp Amp Speed Speed
Byte 6 0 X X X Bit 3 Bit 2 Bit 1 Bit 0
Wave 4 Status Status Status Status

Table 6: Status Data Block

Five bytes are transmitted in table 5 blocks. The ‘X’ indicates that the bit is

unused and thus undefined; the checksum is the sum of all bytes in the block,

including the sync character, modulo 128
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Note on Sampling:

The sample rate varies from 100 to 300 Hz and as such delivers sample time

slices at 3 to 10 msec intervals.

Unsigned 8 bit value data packets representing

0 -240 with 127 being zero line

TimeSlice (ms) = ( ) * 1000

samplerate

Equation 9: Time slice Calculation

P ™ I
P /-\
IIIIIIIII = O
P— g
—
240
(11110000b) o
-
- e
-
- - -
127 o - RN
(1111111b) cee o Teesl . ee" %o eeescooccccs
-
0 0.2 04 06 0.8

| 1 1 | | .

Time (sec)

100 to 300 samples / slices per second = 100 to 300 Hz
sample rate of 3 to 10 msec intervals .

0
(00000000b)

Figure 4.13 : ECG Sampling / Time Slicing

Figure 4.13 is a representation of the digitized signal over time with the

amplitude expressed here in an 8-bit value where the waveform varies from 0

to 240 integers; 127 forms the logical “zero” line used as a reference in the

computations. It is important to add that although the human brain interprets

the packet representation as a waveform pattern the actual processing occurs

on a bit by bit basis with little to no buffeting in a logical synchronous format.

Traditionally ECG analysis is executed on buffered data of up to 15 beat or

cardiac cycles in order to establish a comparative deviational pattern; the

algorithm developed for this study though involves a complete and uniquely

different approach by calculating a bit-to-bit derivative value shown in section
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4.2.3. The derivative value in essence eliminates any signal drift as well as
the logically transformation of the signal into a pure positive and negative
deflection presentation.

4.5 ECG Analyser, a Walkthrough

The ECG Analyser is the software component that takes as input values the
time slices, seven cardiac derivative leads in total (see section 2.1), in the
format of a 10 bit array and performs the calculations to accomplish the
analysis. Various software classes are passed values where the sub
components of the ECG feed or data signal stream is processed and the
various deviations targeted identified. Figure 4.14 shows the basic breakdown
or class relation diagram of the component; please note that the ECG
Analyser is the collective name used for the various algorithms and processes
contained in the namespace and forms the core of the algorithm developed
for this study; the data processing technigues developed addresses the

feasibility of real time processing on a bit to bit basis.

ECG_Analyzer_Fin
% 2

“{ EcgAnalyzerfinC

8 (¥ 55

‘1; QrsDetector “4 4 TimeBaseRRPvcCalculations

Y / / -
7 2 37 2 a7 (¥ 9 (¥
43 Anventrib 4 EcgTags “$ Stcalculations “§ PenSet

|

S 0 rs—
3P EcgPoint2
-

Figure 4.14 : ECG Analyser Class Relation Diagram
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4.5.1 The ECG Analyser Component

(Class Label 90, Figure 4.14)

This class forms the basis of the component as well as the data entry point
and processed output interface; a packet is passed to the components
containing data of one time slice of the processed and digitized data feed. No
computations are performed within this object; the data packet is distributed to
the various other objects for processing. The subsequent lower order objects
are hidden from the outside and data within those objects cannot directly be
interacted with, read from or written to. The design is typical Object Oriented
Programming (OOP) design and protects the data and processes within from

any external manipulation or influences.

4.5.2 QRS Detector

(Class Label 8, Figure 4.14)

As the name suggest this class performs the QRS detection function that is
used not as a primary QRS detector but rather as the “time keeper” within the
components. The QRS peak acts as the reset trigger for the computations;
logically a set time-span option would be used but by using the natural rhythm
of the patient’s cardiac cycle the algorithm as a whole is dynamic and as such
adapts to the individual data feed according the natural or rather physiological
pacemaker of the subject data being analysed. In reality the processing cycle
is not performing the computations as is the norm using the QRS as a starting
point; this is an important and notable progression from the standard analysis
technique where the only constantly accurate marker in the rhythm is seen as
the QRS peak. The disadvantages of using the QRS as the start / stop point
in the computational cycle is the limited ability to accurately detect the P-
Wave, the natural starting point of the electrical cardiac cycle. Pathologies
such as cardiac block where the P-Wave drift along the x-axes of the graph is
thus almost impossible to detect without buffering and pattern comparisons.
As a rule pattern comparisons are not an ideal measuring technique for it is

an attempt to mimic the human brain and thought process which is a difficult
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and inaccurate model to reproduce. The equation below is a simplified pseudo

code expression of the logic applied within the QRS detector object:

WaveIntNew = wavelIntValue;
WaveIntAvr = Math.Round (((WaveIntAvr * WaveIntAvrOld - 1) / WaveIntAvroOld)
PacketCounter = packetCounterlIn;

if ((WaveIntNew > WaveIntHigh) && (WaveIntNew < maxPresetValue))

{
WaveIntHigh = WaveIntNew;

}
if ((WaveIntHigh > QRSValueCompare)) && (packetCounter > minPresetValue))
{
QrsDetected = true;
WaveIntHigh = zero;
}
else
QrsDetected = false;

Equation 10: QRS Detector, Pseudo Code

4.5.3 Pulse Calculator

(Class Label 31, Figure 4.14)

The PuleCalculator class computes the main indicator used in the analysis
process namely the differential value (DiffValue, df) as well as the average
integer time slice value (see note), the high and low integer values and the
positive and negative values used to draw the derived waveforms according
to Figure 4.15:

A B C
2 5 n A = Waveform Deflections
Positive Deflection | I: f B = Plotting (Data Packets)
- | { - Il o~ (| PR C = Differentiator Curve Plotting
A Y 13 il 7y h I\ the Segments
— =L AN (1 — e — arrow showing deflections
& i v 7
RED Arrow Showing Check Curve
[ Negative Deflection |
Jl |
] '
I ‘- ¥
i 1 ol
1 1 i
S | i jgp S

Figure 4.15 : Standard ECG and Derived Waveforms
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Note: although a set scan frequency is used, section 4.4, the measured time
slice is used as a check value and pulse calculation.

The waveforms above show a standard ECG graph as well as the derived
graph or trace computed by subtracting the sequential data integer values and
summing the positive and negative values respectively. A positive value refers
to an upward curve of deflection and a negative a downward curve; no

reference to the 127 null line is made in calculating the upwards and

downwards slopes of the curve.
df = ABS| n—(n+1)]
df = Derivative Value

ABS = Absolute Value

Equation 11: Differential Value (df) Calculation

The derivative value allows for the elimination of any drift as well as allowing
for the deflection values of the integer or wave packet feeds to be more easily

isolated and detected.
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Figure 4.16 : The Differentiator in Action
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Figure 4.16 shows two rows of integer data namely row “A” presenting the raw
unprocessed integer waveform data as supplied directly from the acquisition
output (Figure 4.16) and row “B” the processed data or differentiator output.
Analysing the two data sets the advantage of the differentiator is clear,
waveform deflections are easily distinguishable as the rate of change is much
higher than in the standard sequential feed; zero and one values show little
change where higher values indicate deflection or deviation from the x axes.
The technique is effective even if baseline drift (Figure 4.17) is present in the
waveform as the reference value used, namely the previous bit, is dynamic
and not a pre-set static zero point thus naturally adapting and compensating
for any drift offsets. The impact and value that the df number has on the ECG
analysis process is show in the next challenge associated with ECG modelling

namely ECG tagging or wave pattern segmentation (see Section 4.1).
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Figure 4.17 : ECG Baseline Drift caused by a Pulmonary Embolism
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4.5.4 ECG Tagging

(Class Label 37, Figure 4.14)

The various identifiers or markers discussed in Chapter 4 are all required to
effectively quantify the clinical parameters to be extracted from the ECG wave
pattern. The timing intervals such as the PR, ST and QT (Figure 4.13)
markers can only be calculated if the start / stop sections of the segments can
be pinned. The challenge lies in the near real time processing of these
parameters without relying on buffered and averaging information that not
only results in delayed parameters but limits the possibilities and visual
warnings that can be built into the output parameters (signal injection). The
main components of the tagging algorithm designed for this study consist of
an enumeration defining the tags combined with the beat-to-beat storage of
the cyclical current tag value. Figure 4.18 shows an abstracted view of the
tagging logic as well as the enumeration used to tag and store the ECG
segment identifiers. The tagging or segment identification process, along with
the df threshold check method also includes a secondary check to eliminating
false positive results. For this purpose, a packet counter variable is used that
keeps track of the waveform packet quantities measured from QRS to QRS
cycle (RR Interval, see Figure 5.3); the packet counter resets on the RR
interval or natural dynamic heart rate of the patient in contrast to the constant
the sampling rates on the ECG acquisition hardware (100 — 300 samples per
second, user adjustable). Considering the average timing intervals and
pacemaker of the human heart (Figure 2.1), the packet counter ratio can thus

be incorporated into the calculation process shown in Figure 4.18.
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Figure 4.18 : ECG Tagging Process

Considering Figure 4.18 a table or rule set can be compiled for standard or

normal heart rate timing intervals based on the sample frequency and packet

magnitude:
Parameter Duration Sample Rate Expected Packets
P-Wave 90 - 120 msec 100 Hz -> 10 msec 9 -12
QRS Complex 60 - 100 msec 100 Hz -> 10 msec 60 - 100
PR Interval 120 - 200 msec 100 Hz -> 10 msec 12-20
T-Wave 190 - 210 msec 100 Hz -> 10 msec 20-22
QT Interval 320 - 480 msec 100 Hz -> 10 msec 32-48

Table 7: Packer Counter / Quantity Rule set
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4.5.5 Process Summery
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Figure 4.19 : Process Summery

Figure 4.19 shows the typical application of the ECG Analyser algorithm;
block number 5 forms the core of this implementation where the mathematical
timing model is implemented as well as the detection and colour output
calculated. Figure 4.20 shows a logical breakdown of the object structure as
well as an abstract of the basic functionality and calculations built into the
shown objects. It is important to note that the core of the mapping,
processing and analytical calculations is based on the df value and in the
manner in which this indicator is used to isolate waveform morphology. The
second point that classifies the approach as unique is the injection of the
colour component back into the draw steam with little to no time lap; this
enables the colour coding to be presented in what the user will perceive as
real time showing the selected focus area or clinical deviation from normal

trace values.
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Figure 4.20 : ECG Analyser Class Layouts

4.6 Real-time Mapping and the Visual Elements

Building and achieving a stable near-real time analysis system can address
some of the many challenges faced in the medical monitoring domain today.
Technology groups in commercial environments are indeed separated by the
effectiveness by which data and information can be displayed and
manipulated; consider the mobile platform wars between Apple Mackintosh,
Microsoft and the Google Android platforms. In the medical field the challenge
is magnified due to the sheer amount of complex data that has to be
presented, monitored and interpreted accurately by the ever time poor clinical
caregiver.

The challenge is clear, how to present a traditional clinical parameter in such
a way that the user can almost effortlessly extract and understand the
unspoken data in the presentation.

The common ECG trace is by no means exempted and without effective
techniques focusing on real time processing and manipulation, the hidden

data within the bio-signals are often overlooked.
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Please allow for a comment on real time processing to avoid confusion; all
patient monitors display real-time data traces along with traditional mapping
and segmentation techniques that are available. As stated earlier the
processing is usually achieved with buffered data sets eliminating many
indicators and visual enhancement options and possibilities. The human
body’s hemodynamic functions are as the name indicates dynamic by nature,
a value calculated over as little as 5 beats in the past is dead and out-of-date
data compared with the now value.

Figure 4.21 shows some of the feeds that are derived through this study made
possible by using the data processing components developed and highlights
some of the visual possibilities through presentation signal injection:
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Figure 4.21 : The Algorithm in Action

As can be seen from the Figure 4.21 above, the trace where the ECG
Analyser is applied to an abnormality is identifiable with no or little
understanding of electro cardiac pathology by simply observing the colour

indicators.

4.7 SPO2 Pulse as Secondary Validator

The monitoring of real time data poses many obstacles for the data

processing and analysis processes, false positive QRS detections and the
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derived heart rate can cause inaccurate readings. Unstable or inconsistent
alarm detection in a real world situation often leads to the desensitization in
the response of clinical staff to electronic alerts; it has been estimated that
ICU type false positive alarms can be as high as 86% (Clifford, 2006). To
assure accurate detection of the heart rate QRS peaks, the FA algorithm
developed at MIT was adapted to reference the SPO pulse rate as to the
proposed IBP heart rate derivative. This is as the secondary validator and
included within the processing cycle as an indicator to flag false positive
detections. In addition to the SPO2 Pulse value the saturation or Pleth graph
can be used to validate arrhythmia or irregular rhythms as shown in section
2.5; the attributes as mentioned and used within the analysis cycle in essence
functions as feedback loops within the process to produce internal validation
and assist in the stabilization of the algorithm as a whole.

The second validator is not required for the algorithm to be successful but as
is the case with most critical care patient monitoring sessions, multi
parameters are the norm; the algorithm automatically adapts to include a

second pulse validator if the values are available.
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Figure 4.22 : Algorithm in Action (Modified FA)

As can be observed from the block diagram above the referenced or second

pulse indicator is used to suppress false positive QRS peaks and not as an

absolute indicator.

‘;;p@ False ORS

Himea

Figure 4. 23 : False Positive QRS

The false QRS values as shown will not be detected by a SPO2 components

for the electrical pulse on the ECG will not manifest as a mechanical cardiac

contraction as what is measured and indicated on the SPO2 Plethmograph

(ref section 2.5).
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4.8 Partial Sum as Signal Filter

The stability of the ECG waveform can be influenced by many factors
including EMG or muscle contractions mainly caused by the patient moving or
coughing, electrode placement, secondary equipment used like dialysis units
or simply natural unstable electrical activity in the cardiac cycle. It is important
for waveform or sample rejection to be built into the system and the algorithm
in order to eliminate false readings and drifting averages; Figure 4.23 is an
excellent example of an ECG waveform where random PVCs are shown. If
the PVC values are included in the measurement the variations in the signal
will cause inaccurate calculations and as such markers and ultimately
arrhythmia calcification.

In order to eliminate artificial or external artefacts to be included in the
calculations the partial sum of the positive and negative df value graph is
calculated (middle graph shown in Figure 4.24):

k
Sk = at
t—1
Where S;=a;, S;=a; +a,, Sz=a; +a, + as._,

Equation 12: Partial Sum Calculation

FE SezmentElongated, = 220mseec

Feote that the df generated
weave form diltters rom thy
ECL The df patiern
spbube the deflectio
and climinzstes the slop
harscterist

Figure 4. 24 : Partial Sum Waveform
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4.9 The Modelling Elements and Examples

The successful segmentation and classification of the ECG waveform opens
the book on several clinical possibilities; by studying the morphology of known
cardiac arrhythmias it becomes apparent that patterns based on the
segmentation timing intervals correlate as early warning indicators.

For the purposes of this study the more common cardiac arrhythmic
myocardial ischemia forms the focal point of the experimentation and by
compiling and allocating weighted values to the identifiable anomalies a
predictive index can be derived that may act as an early warning system for
cardiac arrest. Table 7 shows the primary indicators, their associated
pathology and weighted value allocations. Please note that the weight
allocations are used as part of the overall algorithm and do not necessarily
reflect or indicate any clinical significance. As an example please consider the

code section below:

public void StDepElv(int[] stStartValue) / —> if (StDepDetected)
{ {
if (PrSTTemp > StDetBorder) if (PrSTTemp < 8) && (PrSTTemp > 3))
{
STDetectorCounter++; _ST_Clasification = "Mild";
_ST_Lenth = 15;
if (STDetectorCounter > 3) }
{ if (PrSTTemp < 12) && (PrSTTemp > 7))
STDetectorCounter = 3; {
StDepDetected = true; _ST_Clasification = "Moderate";
} _ST_Lenth =19;
} }
else if (PrSTTemp > 14)
{
STDetectorCounter--; _ST_Clasification = "Severe";
if (STDetectorCounter < (-1)) _ST_Lenth = 20;
{ }
STDetectorCounter = -1; }
StDepDetected = false; else
} {
} _ST_Lenth =5;
_ST_Clasification = "None";

o« 1

Figure 4.25 : ST Classification Sample Code

The method is passed an array of ST Segment Start Values derived from the
standard 5 LEAD ECG Pattern (ref section 2.1). These values are compared
with various other ECG segment points and the weighted values logically

assessed as allocated in Table 7; the right side in the example shows the
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classification and probability of progression for the ST segment morphology.
By applying the same technique but limiting the measurement window to the
P and QR segment start positions, an accurate time interval can be calculated
and used to express P-Wave drift on the x- axes of the plotted ECG
waveform. This indicates a clear Atrioventricular or AV Block; the accurate
measurement is made possible by the accuracy of the segmentation process
developed combined with the first derivative df value (see Section 6.1).

No | Element | Measurement Scope (Weight|Associated Pathology| Check Parameter Output
1 |STI +- 2mm above/below 2 |Myocardial Ischemia |- ST Segments - Mild
2 |sT1 +-2mm - Heart Rate (RR) - Moderate
above/below 3 - QT - Severe
3 [sTm | +-2mm ) "Qre
above/below - ST Duration (ms)
4 [ STaVR [ +-1mm 0
above/below
5 | ST avL +-2mm 1
above/below
6 | ST aVvF +-2mm 1
above/below
7 | STC +-2mm ’
above/below
8 |RR 500 - 1350 msec Brady, Tachycardia
9 |QT Normal =1/ 2RR 1-3
10 |QTc See Table Ref 1 - 3 |Long QTc Syndrome
11 |pPvC Bool - Present Yes / 1.3
No
12 |P-Wave A [Bool - Present Yes / 1.3 AV Block, 1, 2", 3rd
No
1 | P-Wave | Drift on X Axes 13
3 1|8B
Table Ref - Normal QTc Interval
No |QTc (msec) Male Female
1| Normal <430 < 450
2 |Borderline| 431 -450 [450 - 470
3 | Prolonged > 450 > 470

Table 8: Measurable Elements used in the Computations

89



4.10 Summary

CHAPTER 4

MODELLING

The model developed is atypical of the standard understanding of the term,

there is no one correct way to express and classify in computational terms a

process that is without its flaws and gaps. The segmentation differentiator

combination as is shown in the following chapter has been proven to be stable

and accurate but currently focused to Ml type processing only. This however

can be expanded in further work for the techniques developed in this study

can also be applied in a template format:

Differential (df)

Value Calculation
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Record
Comparisons

Time Base
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Figure 4.26 : Modelling and Data Analysis

Part of Figure 4.26 depicts the various aspects and their contributions in the

development of the algorithm and its sub components, the modelling process
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and sequence followed in developing the ECG Analyser. Included in the
diagram is the data analysis phase presented in the following Chapter where
results achieved in a clinical and experimental setting is presented and
discussed.

Medical Informatics as the umbrella for the research focus on the
advancement of knowledge through the application of information technology,
computer science, engineering and medicine; a proverbial crossroads of the
fields of study where the disciplines can complement one other. The model
discussed and shown embodies this ideal as a culmination of the mentioned
disciplines. An aim of the research as stated earlier is to provide the
developer with a concept that can be incorporated into clinical technology
development and be provided as a clinical toolset. Ultimately the field
emerging as Medical Informatics assists the healthcare industry and caregiver
to better the patient outcome; this can be in the format of improved
recordkeeping and patient data management, inter disciplinary
communication but also as shows in this study as clinical guides,

measurement tools, analysers and indicators in the frontline of patient care.

The future of healthcare lies in the advancement of digital care and the further
development of the digital tools used by the clinician in the direct diagnosis,
assessment and treatment of the patient. In order to achieve this, the
researcher is bound to prove that his hypothesis is based on sound science
and that the modelling techniques employed deliver accurate and dependable
results. It is thus imperative that Medical Informatics where deployed in direct
patient care can never be seen as “a voodoo box” or “bag of tricks” but rather
the pure application of tools and methods used in information technology,
engineering and mathematics.

Today it is commonly accepted that the airline industry primarily utilizes
automation in the cockpit and that the pilot is almost merely present as a
safety catch; this paradigm shift is slowly being made in the practice of
medicine as the clinician’s trust in technology and Medical Informatics is
realized and brought to the frontline. The human mind cannot be

replaced...as yet... and it is an on-going debate if technology will ever be able
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to render our brains void and absolute. Medicine can be seen as one of the
final frontiers where the acceptance of automated analysis has to be
implemented and widely accepted; the research presented here strives to
contribute to this shift by providing proof of the overall potential of Medical

Informatics.
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CHAPTER 5 EXPERIMENTATION, RESULTS AND FINDINGS

In this Chapter the comparative data of the research is shown; as an
introduction a short case study is discussed highlighting the data collection
and measurement methods used. The aim being to demonstrate the analogue
predicate measurement method compared to the real time monitoring
approach. Following the case study a result table is presented with twenty-
four selected patients primarily diagnosed with myocardial ischemia ranging in
classification from mild to severe. For every case the calculated rating and
indicators are shown, results from the algorithmic calculations as well as the
clinical diagnosis and treatment outcome according to measurement
techniques employed. Comments on the impact and accuracy of the live
signal injection into the waveform patterns and highlighted morphologies are
also presented in comparison with a traditional 12 lead ECG.

Please note that the ages of the test patients were not taken into account
because the algorithm and measurement techniques were designed to be
universal and self-adaptive, statistical deviations and corrective measures
brought on by age related biological deterioration were nor added to any of

the computational methods.

Note: Patient confidentiality is applied through alias names and record

numbers as mentioned in section 1.4.
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5.1 A Short Case Study and Measurements

In order to build a standardized and constant dataset for the study the data

was collected and processed systematically using the following method:

1. All cases presented are from patients who suffered cardiac arrest
(CODE BLUE) as hospital in-patients
2. Following the code a recovery period of one to three hours was allowed
based on patient access so as to not interfere with the clinical
treatment; this “rest” period allowed the patient to stabilize and
biological reactions to drugs to normalize.
3. Measurements were taken in two formats
- A standardized 12 lead ECG, specifications included in
Appendix C
- A 120 second electronic recoding using a standard critical care
monitor, specifications included in Appendix C
4. The electronic recording was “replayed” or reviewed using a software
tool developed that included the ECG Analyser component.

5. Results were then recording, analysed and compared.

It is important to note that the ECG analyser is modelled and developed to
present the same measurement results as is shown on the standard 12 lead
ECG but as live data as to the post processed data traditionally used in both
monitoring and standard 12 lead ECG graphs. The ECG analyser component
and measurement techniques developed are meant to form part, or to be
included as a software component, in a critical care patient monitoring system
thus eliminating the need for the standard analogue 12 lead ECG usually
deployed to accurately measure the advanced ECG related parameters as
discussed in Chapter 2. Effective ECG segmentation in the real time domain
lies at the heart of the research and as such the readings, measurements and
calculations must be reasonably comparable to the traditional analogue
measurement outcomes. The segmentation and logical sub sections of the
electro cardio cycle represent the various physiological phases of the

mechanical function of the heart and together with the timing derivatives such
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as the QT and QTd intervals forms the basis references used in clinical
diagnostic morphological deviation.

The following case study is presented to familiarize the reader with the logical
approach taken to prove the accuracy and effectiveness of the digital real time
model, the focus is not on the clinical content but on the measurement and

results methodology deployed.

5.1.1 Case Study

Figure 5.1 below shows the 12 lead ECG of an 85-year-old male patient
suffering from coronary artery disease admitted to the hospital emergency
room on the 9™ of May 2008 complaining from shortness of breath and chest
pain extending to the left arm, a typical indication of myocardial infraction. The
initial rhythm was classified as sinus bradycardia with moderate ST
depressions.

Rate 60 . SINUS RHYTHM. veeve....normal P axis, V-rate 50- 99
PR 156 . 8T DIPRISSXON (IYNSXDIR XSCIIIHKA DXmSI . ST <-0.10mV, ant/lat/inf
QRSD 66 1Ds

or 388
Qre 388
“AXIS~~
P 43
QRS 51 ABNORMAL ECG
T 7n Unconfirmed Diagnosis
Non-standard lead gain
s AVR ca | <4
..,L\___JJ\_’/L_-_.—J\-Jt/’ L-—-—V.-, T e e T ,|_ b_.\..“....,. ir Al »\.!‘_/\ ........... '\-JL/'\ ........... ,Jl
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Figure 5.1 : Myocardial Infraction
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Measurements taken using analogue methods on the diagnostic ECG graph

as is shown if Figure 5.1 and summarized below:

Heart Rate

ST on lead Il

QT interval

PR Interval

PVC Count, if any
QRSD Interval

: 61 (ref section 5.2.1)
: -0.2mV  (ref section 5.2.2)
: 388 msec (ref section 5.2.3)
: 156 msec (ref section 5.2.5)
: Not Applicable in this case

. 66 msec (ref section 5.2.6)

Table 9 shows the results of the 120 sec electronic recording for the patient

with the same data parameters, as those measured in the 12 lead ECG

graph, noted in the following format:
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Date of Code Blue May 9, 2008
MR# /ID 24 3/31
Gender M
Year of Birth 1926
Time of Arrest 03:43 PM
Time of Recording
Location ER
Initial Rhythm Sinus Bradycardia
Defibrillation Attempt No
Ventilation Yes
Intubation Intubation
Measurements ECG AN 12 Lead
Heart Rate (bpm) 59.88 61
ST on Lead I (mV) N 0.21 N 0.2
QT (msec) 378 388
QTc (msec) 378 388
QTc AVR (msec) _
PR (msec) 147 156
PVC 0 0
QRSD (msec) 72 66
Outcome Survival
Documentation Yes
ACLS Protocol Yes
Pathology Aspiration
Code Called By RN

Table 9: Recorded Data - Summary
As discussed in section 3.1 the defining factor of any research lays within the

guality of the data, the storage of that data and the eventual reconstruction of

the datasets to accurately represent the original measurements and readings.
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The electronic data processing was achieved by digitization, storage and

reconstruction as is shown in Figure 5.2 below:

Signal Processing
O (A/D) Communication

(s s ot
—> — 10010100 —» : — 10010100 —»
Communication - )

(LAN) .
Patient / Simulator Reconstruction
(DIA)

Presentation & Results

Figure 5.2 : Data Capturing and Reproduction

As can be seen in the DIFF column (Table 9) the electronic live monitoring
values differ little from the manually measured parameter values and as such
prove the accuracy of the real time processing; it is important to note that, with
the average sampling rate of 100 Hz, a 10 msec slice constitutes one byte of
data and as such is negligible in clinical terms and thus an acceptable

tolerance (see section 4.4).

The clinically important parameters in the study are the data markers used to
prove the hypothesis that a live monitoring and signal injection indicator is
possible, accurate and in many respects superior to the current toolsets used
based on buffered post processing techniques and methodologies. The
results and findings especially that of the signal colour injection, have a
profound effect on emergency and critical cardiac care allowing for the non-
specialist to observe and identify technical cardiac deviations; an early
warning indicator as. The latter concept however fell somewhat outside the
bounds of the study but is wide open though for the subject to be further
explored.

5.2 Results and Findings

In this section numerical data is presented showing the manually measured
versus electronic derived values. It is important to note that the significance of
the electronic method lies with the fact that the data is calculated on a byte-

by-byte and beat-to-beat basis and is thus available to the user in the real

98



CHAPTER 5 EXPERIMENTATION, RESULTS AND FINDINGS

time domain. The data shows the effectiveness of the ECG segmentation and
measurement techniques in comparison to the analogue measured values
derived from the ECG graph in a side-by-side tabular format, values

presented include (ref chapter 2):

Heart Rate measured in beats per minute (bpm)
Absolute ST value measured in mV on LEAD I

QT interval in msec

Calculated QTc measured in msec (ref Chapter 2 & 3)

PR Interval measured in msec

o a0k~ w NP

QRSD interval measured in msec

Note: Data, graphs and electronic measurement referenced are presented in

Appendix C.

5.2.1 Heart Rate

The beat-to-beat contraction cardiac cycle or heart rate is the primary
measurement or parameter used in patient monitoring and indicates a
distressed condition (high rate) or an ineffective, inadequate pumping action
observed as bradycardia or low heart rate (<55). Patients suffering from MIS
where coronary arteries are obstructed limiting oxygen supply to the cardiac
muscle usually manifest a Brady rhythm with complaints of shortage of breath.
Heart rate is usually expressed in beats-per-minute but for measurement
purposes the timing interval between successive QRS peaks are measured in
msec and expressed as the RR rate as is shown in Figure 5.3:

A
N/
A
N

RR 1 RR 2
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Figure 5.3 : RR Interval
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The heart rate is electronically derived from the RR value measured in
msec; as indicated on the Graph 1 the manual and electronic values differ
little indicating that QRS detection is accurate.

The beat-to-beat calculation of the heart rate based on RR value proved
to be responsive and changes in heart rate were detected in much shorter
time spans. The drawback of this method though, from a clinical point of
view, is that the RR rate is not consistent from beat-to-beat and without
employing averaging the readout can be confusing if the heart rate is not
constant or consistent over short intervals. This however has little
significance because the purpose of the measurement technique is to
achieve accurate beat-to-beat segmentation and secondary cardiac

values difficult to measure.

120 -
m ECG Analyzer

100 ~

m12 Lead

Figure 5.4 : Heart Rate, bpm per Patient

5.2.2 ST Segment — Absolute

ST segmentation is the definitive measurement and parameter used to
diagnose myocardial ischemia usually caused by the obstruction of
oxygenated blood to the heart muscles manifested as a depression in the ST
segment following the QRS peak (Antman, 1999). An ST depression of at
least 1mm indicated revisable ischemia with a depression of greater than
2mm usually depicting an irreversible ischemic condition (Yap, 2005). The
depression shows a deviation in the repolarization or recovery phase of the
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heart and ECG cycle thus limiting the effectiveness of the cardiac output as is

shown in Figure 5.5 below:
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Figure 5.5 : ST Segmentation Depression

For purposes of this data presentation the absolute ST value is plotted as to
the expected negative values usually seen in Ml type cases and patients. The
segmentation is proved accurate as the end of the ST segment, with the onset
of the T-wave, is measured to be well within expected medical tolerances of
plus minus 10% compared to the graph measurement. P6, P7 and P8 show
the accuracy of the electronic measurement with values of 0.05 and 0.04; the
small deviation could not be measured on the ECG paper plotted graph

0.7 7 m ECG Analyzer
0.6 1 m12 Lead
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Figure 5.6 : Absolute ST Segment measured in mVolt
5.2.3 QT Interval

The QT interval as a base parameter is used to express various cardiac
derived measurements (ref section 2.2) and as such is an important
measurement to analyse. QT dispersion as a clinical marker is used to
indicate post-myocardial infarction and congestive heart failure and basically
shows an unstable rhythm brought on by damage that occurred in the natural
pacemaker nodes and conductive system in the heart; it can also be caused
by hypothyroidism or low function of the thyroid gland or acute hypercalcemia

(elevated calcium level in the blood stream), (Wesson, 2009).
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The accuracy of the ECG analyser measurement techniques is most
prominently displayed in the QT measurement results; transition point from
the end of the T wave to the resting phase on the ECG is at times difficult to
accurately plot especially in post Ml patients where the T wave can be

inverted.

450 - B ECGAnalyzer —
400 W12 Tead
350
300
250
200
150
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Figure 5.7 : QT Interval, measured in msec

The QT interval as presented in graph 5.7 is measured between the end of
the PR interval and the end of the T-Wave. The accepted tolerance in the
manual verses electronic measurement values indicate that the end of the P-
wave and following PR segment, expressed as the Q-point, is correctly
calculated and measured. The transition from T-wave that indicates the end of
the depolarization of the ECG cycle, and the rest phase is measured

accurately.

5.2.4 QTc Value

The compensated QT or QTc value is gaining weight as an early indicator or
warning marker for patients suffering from possible ventricular abnormalities
and is especially effective in pre-diagnosed environments like the emergency
room setting. Although the QTc is a calculated parameter in this research
setting it is a supplemental indicator showing the accuracy of the real time
measurement techniques. The QTc or corrected QT value is calculated using
the Bazette formula (Bazette, 1920, ref section 2.2) and is the only non-

explicity measured value presented. The data though validates the correct
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calculation and measurement of the QT and RR values, the two variables
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Table Ref - Normal QTc Interval Values
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Figure 5.8 : QTc Value, measured in msec
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Figure 5.9 : PR Segment
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The PR Interval that is measured from the onset of the P-Wave to the Q-
Wave shows that the P-Wave detection is accurate and that the logical ECG
waveform is segmented as per the natural pattern of the cardiac cycle (P-
wave to end of T-Wave) as to the more conventional QRS point used in the
post processing and analogue measurement techniques. Of the twenty-four
test cases studied two patients showed P-Wave morphology; P06 showed an
inverted P-wave prominent on LEAD Il and LEAD IIlI pointing to possible
inferior injury and probable early acute infraction. The ECG of patient P8
manifested prolonged PR and QRS intervals pointing to right bundle branch
block (RBBB) and/or Left Posterior fascicular Block (LPFB) diagnosis. A
prolonged PR segment is in addition a good indicator for both pericarditis and
arterial ischemia if measured relative to the baseline formed by the T-P
segment (Jim, 2006).

In both cases however the segmentation was accurate indicating that dynamic
auto adjustment is effective and the segmentation measurements and

calculations consistent.

5.2.6 QRSD Interval
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Figure 5.10 : QRSD Segment, measured in msec
The final graph shows the QRSD measurements and calculated values from

the Q-Wave to the start of the ST segment representing the ventricular

depolarization and intraventricular conduction time. The QRSD time interval is
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a significant predicator for sudden cardiac death as an indicator for anterior
myocardial infraction and as such is a vital parameter to be measured
accurately (MacKenzie, 2005). On standard cardiac monitors the QRSD time
is not often measured due to the sheer difficulty in accurately measuring the
short time frame, QRSD in a normal cardiac rhythm is 0.4 to 0.6 msec
(Yanowitz, 2010). As can be seen on the graph the QRSD measurements are
considerably longer in patients diagnosed with myocardial ischemia; in the
cases studied the segmentation technique proved to be accurate compared to

the manual 12 LEAD measurements.

5.3 Observation Process

Clinical based research in an active healthcare environment has various
streak holders or participants all contributing to the research whether active or
inactive. The patient flow process followed for this research primarily
depended on the cooperation between the healthcare providers namely the
physicians, and nursing staff and the researcher. Patient screening and
classification depended on the physician, diagnosis and prognosis, the main
subject group selected for this study was myocardial ischemic patients with
ECG and ST segmentation patterns typical to this condition. The main toolset
in the diagnosis of cardiac conditions is the electrocardiogram and was used
as the primary screening tool; ECG recordings or tests are conducted by
nursing staff and results evaluated by the clinician. If a valid candidate for the
study is identified the researcher would be informed and a second set of
recordings made following a rest period to allow for the patient to stylize and
or adjust to medication and treatment. This second set of recording did not
involve any clinical intervention from physicians with the only contributor at
this stage being the nurse, responsible for recording the analogue ECG and
the researcher duplicating the recording on the electronic patient monitoring

platform together with the digital storage (Section 3.1 & 3.4).
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5.4 Discussion

The human body is a dynamic analogue system with substantial inter-subject
variability rendering a single formula based derivative for any specific
measurement and relationship difficult to virtually imposable (Malik, 2002).
The study by Dr. Malik into the relationship between the RR and QT intervals
found that the two parameters are highly individual amongst test subjects.
Malik showed that no mathematical formula can be found to describe the
QT/RR relationship correctly and accurately in every person; a QT/RR
relationship that is valid in one individual is not necessarily valid in another
and that over and under correction in the QT interval and thus formula based
derived QTc, to be unobtainable across subjects.

Malik’s conclusion that no optimum heart rate formula permits accurate QTc
comparison based measurements compliments the hypothesis of this study in
that real time measurement combined with dynamic adjustable measurement
techniques, to not only be accurate but clinically of more value, for the
relationship measurements can be applied to the individual patient and not
solely based on buffered averaged and comparative derived measurements.
It is important to highlight that due to the bit-to-bit based design of the
measurement techniques discussed in this study and the implementation and
application of the df value (section 4.5.3), the algorithm dynamically responds
and adjusts to the signal and as such bridges the restrictions of the formula
based set implementations mentioned by Malik.

The measurement comparisons from section 5.2 clearly show that the real
time electronic segmentation and measurements performs remarkably well
with the manually measured graph based parameters used as benchmarks —
analogue graph based measurements are not process driven but manually
calculated for every individual patient or case. The accuracy of the waveform
segmentation allows for the segmented data to be re-injected back into the

presentation stream as is shown in Figure 5.11:
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Figure 5.11 : Signal Injection

The signal injection back into the main data stream allows for the ECG
segmentation to be visually presented in a unique manner hence allowing the
clinician to identify difficult to detect arrhythmia morphologies especially in the
presence of acute myocardial infraction as discussed in section 2.3 and 2.4.
The relationship between patients with an elevated ST segment of greater
than 1mm manifests a prolonged QTc interval in 100% of the test cases but
the T-Wave morphologies, ST elevation and ST depression can only be
visually identified in 7%, 15%, and 7% respectively with traditional methods
(Kenigsberg, 2007). This is a significant finding when taken into context with
the research presented here where the segmentation and signal reinjection
was shown to be accurate even during clinical ST morphologies of up to an
absolute value of 8mm deviation from the baseline. It is thus logical to
conclude that the accuracy of the ECG segmentation technique developed
and thus visual presentation through the signal injection method can greatly
assist in the identification of visually complicated trace graphs. The signal
injection allows for the ECG parameter waveform to visually show the

segments as well as indicate morphologies in the waveform pattern. Figure
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5.12 illustrate an ECG trace and associated derivatives generated by the
analyser component of a detected prolonged PR segment typical of patients
diagnosed with 1% degree block.
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Figure 5. 12 : PR Segment Highlighting through Signal Injection

The segmentation and signal injection is dynamic and not patient and or age
dependent as is typically expected and shown in section 2.2. Datasets and
live recordings of 450 random patients was made as part of the study and
analysed for the research validation; of the 450 cases evaluated 413 showed
that segmentation and visualization techniques proved accurate, a 92%
positive result.

Autonomic dysfunction as is typically seen in RR and QT interval variations
can be associated with an increased risk of primary cardiac arrest among
patients without clinically diagnosed heart disease (Whitsel, 2001). Results
from the Whitsel study showed that the accurate measurement of an elevated
heart rate, inverted T-waves, ST segment depression and Q waves combined
with possible diabetes, elevated plasma glucose levels and a current smoking
habit, form excellent markers or indicators for Ml in non-clinically diseased
hearts. The typical patient that might benefit from the inclusion of such
markers in electronic measurement technologies and techniques is the patient
that visits the hospital for non-cardiac, non-trauma related emergencies.
With accurate segmentation on live monitors the mentioned markers can be

detected and highlighted and thus brought to the attention of cardiac
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specialists; these cases can typically be missed in standard ER diagnosis
protocols. The traditional 12 lead ECG based on a 4 second measurements,
the standard ECG device in the ER, does not provide adequate information to
flag, in most cases, RR and QT variations (Whitsel, 2001). The predictive or
warning flags that can be generated with the measurement techniques
developed in this study can assist in addressing these shortcomings by
providing the clinician with accurate and real time data.

The model proved to be effective in detecting abnormal rhythms where
multiple PVC peaks or QRS pauses are present. This can be attributed to the
derived waveform construct from the isolated positive and negative summed

values (sections 4.2):
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Figure 5.13 : Waveform Morphology Detection

It can thus be concluded from the case studies and presented data that the
techniques developed are accurate and consistent within the study
framework. The df calculated value and subsequent derived wave patterns
show great promise as supplemental ECG data and has proved to be more
clear and definitive in detecting and visually highlighting waveform
morphologies compared traditionally applied methods (ref section 4.5.2).

Great strides are being made with the electronic modelling and analysis of the

cardiac cycle and associated pathologies. A visual or rather virtual reality
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toolkit developed at the Trinity College in collaboration with St James’ Hospital
approached the ECG diagnostic, presentation and segmentation or tagging, in
a similar manner as is presented in this study. The focus of the Dublin study
and toolkit developed was to present the cardiac activity in a volumetric based
model and as a 3D output. The research has greatly contributed to especially
the visualization component in a teaching capacity; the drawback as
expressed by the researchers is that the 3D modelling is complex and real-
time integration would be difficult (Rayan, 2004); this issue would be
addressed however in future developments with the inclusion of analysis
components that should add more clinical application to the system.

The work presented describe a new model for the analysis and interpretation
of electrocardiography and clearly shows that the bit-by-bit analysis approach
is both accurate and effective in measuring the various time intervals of the
electro cardiac cycles, shows great potential as a segmentation modelling
toolset and in the expression of cardiac anomalies and morphologies. The
comparison between the analogue manual measurement and electronic
measurements taken as output from the model validates the effectiveness of

the real time approach and as such the model as it was developed.
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Figure 5. 14 : Model Validation

The hypothesis that real time ECG analysis, processing and anomaly
detection is indeed possible was proved positive as presented in this Chapter.
The research has shown that the model can be applied to real time data and
has scope for application in a real world clinical application. The real time

analysis model is not perfect but it is a step in the right direction of
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streamlining the analysis processes and measurement methodologies as is
specifically used in the critical care patient monitoring domain by excluding
the dependency on short term historical averaging.

5.3.1 Shortcomings and Deficiencies

The major waveform morphology that negatively influences monitoring is an
arterial flutter that occurs in the atria of the heart, the flutter which is
associated with tachycardia is shown in the ECG strip below as the multiple
positive sinus waves in between the QRS peaks. As can be seen for Figure
5.14 a clear P-Wave cannot be isolated resulting in the algorithm rejecting the
data as a clear ECG start point cannot be pinned.

»MMW“WMMW

Figure 5.15 : Arterial Flutter

A second deficiency in the algorithm was noted for patients with a RR interval
of less than 550 msec (heart rate greater than 110 beats per minute)
classified as clinical tachycardia. This can be attributed due to the 100Hz time
slice or 10 msec window of the data packets; the data serialization and thus
short segment measurement intervals proved inadequate for accurate
segmentation and thus measurements. This however does not negatively
affect the study group which was focused on myocardial ischemia where heart
rates of more than 95 beats per minute are rarely seen due to the oxygen
starvation to the cardiac muscle caused by restricted coronary perfusion (ref
section 2.3). Deficiencies rooted in hardware capabilities can however be

bridged by using higher frequency scanning and sampling devises.
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5.4 Summary

The research presented has from the onset focused on clinical application
and the improvement of current monitoring techniqgues and methods. Real
time bit-to-bit and beat-to-beat analysis has been shown not only to be
possible but also to be effective, accurate and adaptive to the individual
patient. In section 5.1.1 a short case study was presented comparing in Table
9 the analogue or manual graph based measurements with the real time
measurements calculated using the model developed. It is clear that the
results are well within tolerances and as such the electronically calculated
values clinically meaningful. The advantages of using the automatic real time
segmentation techniques within the model is first of all the elimination of
possible human error, secondly the availability of the toolset to provide expert
and specialist ECG derivatives and thirdly the elimination of time consuming
manual calculations. The graph based ECG recording required additional
clinical equipment and competency to actually setup and measure the ECG
where if the toolset developed is embedded within standard monitoring
devices the output is automatically available for clinical processing. In Chapter
one, the introduction, the time critical treatment or delay is expressed by
Wilber where the difference between life and death for cardiac cases is
expressed in minutes. The relevance and contribution to the quality of care
that the techniques and segmentation measurements present becomes clear
when measured against the possible survival of the patient in an emergency
or cardiac arrest treatment setting.
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CHAPTER 6 CONCLUSION AND FUTURE WORK

This research has investigated the ECG signal processing in the real time
domain and the development of measurement and analysis algorithms based
on bit-by-bit processing of ECGs in the clinical environment. The research
included in the introduction is an overview of the current ECG processing
methodologies focusing on the shortcomings of post-processing, buffering
and averaging based techniques in live critical and emergency room patient
monitoring environments.

Chapter two explored the anatomical and physiological principles describing
the electro cardiac system including a study of ECG signal analysis with an
emphasis on the QT interval, corrected QT measurement and typical
morphologies associated with coronary artery disease. The journey continued
into chapter three with and overview of modern patient simulation and the
technologies and methods required for the successful measurement, digital
recording, storage and reconstruction of human bio signals. The signal
measurement and recording story continued with discussions on ECG
hardware, predicate validation requirements, communication and data
constructs in both the logical and physical domain. In Chapter three the
conceptual model was presented together with the mixed methodology
consisting of simulation and field study approach followed to link the solution
to real time ECG segmentation.

At the heart of ECG analysis, interpretation and ultimately understanding lies
signal and waveform segmentation and for the purposes of the study a digital
non-linear approach was designed and presented in Chapter four of the
thesis. A new take on the logical presentation of the ECG waveform in the
digital domain was shown and the importance of successful P-wave detection
was discussed required to correctly monitor the AV and SA node activity that
form the onset of the cardiac depolarization cycle. The modelling discussion

continued with a look at data packaging construct and the signal sampling or
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rather slicing techniques deployed in the waveform digitization process that
sits at the core of the algorithm together with the calculation of the differential
(df) value and derived waveform values. The segmentation process continued
with the detailed examination of the ECG waveform tagging methodology and
the role and breakthrough contribution of the df value. The latter part of the
chapter pulled the elements together into real time mapping, the partial sum
waveform and finally a presentation of the model and measurement summary.
Chapter five focused on a comparative data analysis and presentation
showing the effectiveness of the processes and algorithm developed for the
research to graph based analogue measurements of corresponding data
samples. The Chapter concluded with a discussion on the relevance of the
research, the data segmentation technigques and proverbial gap that the work

presented has addressed.

In chapter one the objectives and proposed outcomes of the research were
presented; the literature review in chapter two showed the current
understanding of ECG analysis, segmentation and the embedded parameters
within the ECG waveform like the QT and derived QDT parameters. This
formed the grounded theory and basis required to understand and define the
deficiencies in the current used techniques. The conceptual model and
toolsets required to achieve the research objectives were presented and
shown to be viable, accurate and capable to be used as a universal real time
segmentation model to accurately measure and process bit-by-bit waveform
datasets in the clinical measurement domain. Extensive simulation and field
work introduced proved that the storage and reproduction of measurements
and ECG waveforms are measurable and comparable with the traditional
analogue graph based measurement technologies and techniques. The case
study and subsequent detailed analysis and comparison of the manual versus
the digital autonomous calculation methods concluded with the advantages
that the model developed during the research are not only comparable but in
many aspects superior when considering the time critical and skill set
substitution capabilities of the real-time algorithm based processes. The real

world impact of the research and measurement techniques are further
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validated in section 6.1 where the current mind set and practice is further

compared to the developed model based measurements.

6.1 How can the Research Impact the Real World?

The graph below shows an ECG of a 44-year-old male patient taken in the ER
department, the patient complained of mild chest pain. The diagnosis was a
viral illness and his ECG was considered to be within normal limits, he was
allowed to go home but died later that day. A post-mortem examination
revealed myocardial infarction which was probability a few hours old and that

corresponded with his ER visit.

Figure 6.1 : Non Specific ST Morphology

The patient in question was not connected to a patient monitor with the
argument that the 12 lead ECG was sufficient but as his case has shown, a
judgment error led to his demise. If the algorithm developed during this
research was deployed the signal injection feedback would have clearly
highlighted the mild ST deviation and the T-Wave inversion seen on leads lll,
VR and VF. The highlighted morphology would have alerted the attending
physician and the case would have been referred to a cardiologist before
discharge. The argument that post analysis is much more conclusive is

certainly relevant but the fact of the matter is that in the modern ER setting
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where overcrowding and the sheer workload lead to clinical production line
type treatment, technology should and must be put in place to assist the
healthcare provider as to help limit medical errors; “the average wait time for a
heart attack patient increased from eight minutes to 20 minutes over the study
period -- a 150 present increase...” (Wilper, 2008). Automated monitoring
does not require the full attention of the clinician but a visual warning as
shown in Figure 6.1 has the potential of attracting that split second attention
that can make all the difference between life and death. With Sudden Cardiac
Death being the leading cause of death in the US with 330000 confirmed
cases annually (FDA, 2006), a radical paradigm shift is required in especially

the emergency care environment where technology is not always fully utilized.

No claim is made that the work included here is the next proverbial “Holy
Grail”, which in the medical setting simply does not exist. The focus and goal
should be to encourage the establishment to reconsider traditional lines of
thought and to further drive the development of “out-of-the-box” ideas and

processes.

With the introduction of the Automated External Defibrillator (AED) the liability
considerations led to the amendment of the Good Samaritan Law (National
conference of State Legislation, State Laws on Cardiac Arrest &
Defibrillators, 2008) which protects individuals from liability for damages
that may occur from their use of the AED to save someone’s life at the
immediate scene unless...damages are caused by gross negligence.
Considering that the first AED enabled devices were launched in 1979 the
establishment took the best part of three decades to fully adopt this new
concept and lifesaving technology. The point being that technology, especially
in a clinical setting should be more open to theories that look at problems from
the other end of the proverbial map; many young designers avoid the medical
technology environment due to sheer resistance from industry and fear of the

personal liability law practitioner

The aim of AED technology was, and is not to replace the human mind and
instinct but rather to assist in a circumstance where the required skill set is not

available. The technologies developed during this research in many aspects
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have the same aim, to assist and not to dictate, to be an aid and not a rule. It
is our ability to evaluate data that drives the world; well informed decisions

based on good information can only be based on well-structured data.

6.2 Contribution of this Research to Knowledge

The research presented in this study stepped away from the modern
monitoring platform and asked the difficult questions about the possibility to
accurately do live clinical data analysis without surrendering accuracy and
precision. The colour feedback and signal injection based on the ECG
segmentation algorithm developed, demonstrated the great potential the
technique has in assisting the clinical process and contributes to a less error
prone system. ECG tagging as a technique has been implemented in
commercial systems for some time now but due to the post-processing

limitations the true value of the technology could not be realized in full.

The techniques developed during the research have been adapted and
implemented in commercial systems in Saudi Arabia where the research was
conducted. A “black box” component that include the df based signal
processing approach is currently being used to derive supplemental ECG data
in a critical care setting as part of a wider clinical trial of the techniques with
the aim of offering the technology to commercial monitoring manufactures.
The impact of the system is noticeable in the reactive times of nursing staff as

well as in the decline of false positive arrhythmia reports.

The system wave colour alert indicator alerts nursing staff that changes in
trends have started, the waveform changes colour automatically and alerts
those monitoring the screen that attention needs to be provided. These trends
may settle and the patient may resume a normal output, however, if an
increase of colour change occurs this is a clear indicator of a possible
upcoming event and further action can be taken quickly, without being
concern that it might be a false alarm. The patient thus benefits from a virtual

digital cardiac specialist that in real terms is on duty, right there at the bedside
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lowering the risk of undetected clinical ECG morphologies and ultimately

increasing the level of patient care and positive care outcome.

A fresh perspective on ECG presentation and signal indicators is the way
forward and now that real time ECG tagging has been proven to be viable and
consistent the refinement of the technique and methods should be the logical

next step

6.3 Future Work and Further Development

Identified gaps in the processing of the various ECG morphologies do exist
and future work will include improved detection in the presence of arterial
flutters where the P-Wave start point is more difficult to detect due to the
similarities between the flutter shape and that produced through the SA and
AV nodes (P - Wave) as mentioned in section 5.3.1. The differentiator
technique can be further refined into 2™ and 3™ order derivatives that in
combination with the tagging methods can further define and classify cardiac

abnormalities and wave pattern morphologies.

In addition to the 2" and 3" order derivatives the relationship between the bit
count in the space between the T-End and the beginning of the P-Wave
waveforms must be further studied and can be applied to accurately detect
flutter wave pattern, 2" and 3™ degree block of abnormal and pre mature P-
Wave morphologies indicating anomalies in the SA and AV pacemaker nodes

as described in section 2.1 and Figure 6.2 below.
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Figure 6.2 : T-Wave and P-Wave Flutter Detection

Digital waveform analysis together with real time segmentation has the
potential to electronically and autonomously unlock information embedded
within the ECG waveform that with traditional methods is a skill set that is only
developed with years of clinical study; the positive results achieved in this

study showed the potential of the work.
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“...the world is moving so fast these days that the
man who says that it can’t be done is generally
interrupted by someone doing it...”

Elbert Hubbard
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Appendix B — Predicate Monitor Short Study

Data collection may include anomalies and deviations that can cause
misinterpretations and as such it is important to not infuse false feeds into the
experiment; data verification is important for inaccurate readings will lead to
false or misguided conclusions. The calculation of deviations can be managed
by conducting a short comparative study using simultaneous multi data
collection methods and comparing the output reading; for this study two
commercial patient monitoring systems were connected to participating
patients and the data readings were collected at set intervals over a period of
90 days. The table below is a specification comparison as to show that the
two predicate devises used in the experimentation are comparatively equal.

No Attributes and Parameters SPM-21-19 Infinity Delta XL

1 Product Code MHX MHX

2 Class 2 2

3 Device Description Equivalent Equivalent

4 Indications for Use/Intended Use Equivalent Equivalent

5 Warnings/Cautions/Contra-indications Equivalent Equivalent

6 Separate Transport Monitors Required? No No

7 Stand Alone Device Yes Yes

8 Connects to wired, wireless, and DirectNet networks? Yes Yes

9 Intended for Adults, Pediatric, Neonatal Yes Yes

ECG Available leads include I, II, I, aVR, aVF, aVL,

10 v Yes Yes
11 ECG Accuracy +/-2 bpm or +/-1% +/-2 bpm or +/-1%
12 ECG Heart Rate Measuring Range 30-250 bpm 15-300 bpm
13 ECG Display Frequency Range (Filter off) 0.05-40Hz 0.05-40Hz
14 ECG Display Frequency Range (Monitoring Filter) 0.5-40Hz 0.5-40Hz
15 ECG Display Frequency Range (ESU Filter) 0.5-16Hz 0.5-16Hz
16 ECG Printer Frequency Range 0.05-125Hz 0.05-125Hz
17 QRS Detection Range Amplitude 0.5-5mV 0.5-5mVv
18 QRS Detection Range Duration (Adult/Pediatric) 70-120 msec 70-120 msec
19 QRS Detection Range Duration (Neonatal) 40-120 msec 40-120 msec
20 QRS Detection Alarm Upper/Lower Limits User selectable User selectable
21 Pacer Detection Amplitude (Leads I, I, 1) +/-2 - +/-70 mV +/-2 - +/-70 mV
22 Pacer Detection Width (Leads I, II, 111) 0.1-2.0 msec 0.2-2.0 msec
23 Electrode Accessory Sets 3, or 5 leads 3, 5, 6 leads or 12 pod
24 ST Available Leads (not intended for Neonates) Any3upto7 Any 3 upto 12
25 ST Complex Length 892 msec 892 msec
26 ST Complex Length from Fiducial Point -300 to +600 msec -300 to +600 msec
27 ST Sample Rate 225 per sec 225 per sec
28 ST Frequency Response 0.05-40Hz 0.05-40Hz
29 Isoelectric Measurement Point Measuring Range Start gf dEuSiC;CFE)(;?ﬁtIeX 0 Stir; ?; di(gslcg(;?rﬂlex
30 Isoelectric Measurement Point Default QRS onset-28 msec QRS onset-28 msec
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. . Fiducial point to end of Fiducial point to end
31 ST Measurement Point Adjustment Range ECG complex of ECG complex
32 ST Measurement Point Default QRS offset +80 msec QRS offset +80 msec
33 ST Measurement Point Interval 15 sec, 1 beat 15 sec, 1 beat
34 ST Measurement Point Resolution +/-0.1 mm +/-0.1 mm
ST Measurement Point Trends Graphlcgl,_tabular, graph Graphlca_l,_tabular,
35 mini-trends graph mini-trends
36 ST Measurement Point INOP Alarm Yes Yes
ST Measurement Upper and Lower ST Alarms +/-15, +/-0.1mm +/-15, +/-0.1mm
37 increments increments
38 ST Measurement Event Alarm Duration 0, 15, 30, 45, 60 sec 0, 15, 30, 45, 60 sec
39 Arrhythmia Detection for Adults/Pediatric? Yes Yes
40 Arrhythmia Detection for Neonatal? No No
. . . Off, basic, or
a Arrhythmia Detection ARR Mode Off, basic, or advanced advanced
Asystole, ventricular
Asystole, ventricular fibrillation,
Arrhythmia Detection Basic ARR fibrillation, ventricular ventricular
tachycardia and artifact tachycardia and
42 artefact
Ventricular run,
Ventricular run, accelerated
accelerated idioventricular
idioventricular rhythm, rhythm, supra-
supra-ventricular ventricular
Arrhythmia Detection Advanced ARR t_achy_cardla, couple_t, tachycgrdla,_ couplet,
bigeminy, tachycardia, bigeminy,
bradycardia, pause, tachycardia,
PVC/min parameter bradycardia, pause,
output, neonatal low PVC/min parameter
heart rate alarm. output, neonatal low
43 heart rate alarm.
44 Respiration Sensing Leads I, 1l I, 1
Respiration Measuring Method Impedance Impedance
45 pneumography pneumography
46 Respiration Auxiliary Current </=80pA </=10pA
47 Respiration Detection Threshold Manual Mode 0.15-40Q 0.15-40Q
48 Respiration Detection Threshold Automatic Mode 0.2-1.5Q 0.2-1.5Q
49 Respiration Measuring Range 0-99 breaths/min 0-155 breaths/min
50 Respiration Accuracy +/-1 breath/min or 2% | +/-1 breath/min or 2%
Respiration Alarms User selects upper and User selects upper
51 lower limits and lower limits
52 SpO, Pulse Oximetry Algorithm Nellcor, OxiMax Nellcor, OxiMax
53 SpO, Pulse Oximetry Connection Direct port w/ext cable MultiMed Pod port
54 SpO; Pulse Oximetry Displayed Parameters Saturation and pulse Saturation and pulse
. . Transmission Transmission
55 SO Pulse Oximetry Measuring Method Spectrophotometery Spectrophotometery
56 SpO, Pulse Oximetry Measuring Range (SpO.) 30-100% 1-100%
57 SpO; Pulse Oximetry Measuring Range (Pulse) 30-250 bpm 30-250 bpm
58 (90-100%) +/-1%
59 SpO, Pulse Oximetry Accuracy (Sp0O,) (80-89%) +/-2% (70-100%) +/-2%
60 (70-79%) +/-3%
61 SpO, Pulse Oximetry Accuracy (Pulse) +/-1% +/-3%
SpO, Pulse Oximetry Alarms (SpO, and Pulse Rate) User selects upper and User selects upper
62 lower limits and lower limits
. Life threatening Life threatening
63 SpO, Pulse Oximetry Alarms (Neonatal) desaturation desaturation
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NBP Non-invasive Blood Pressure Displayed

Systolic, diastolic, mean,

Systolic, diastolic,

64 Parameters pulse rate mean,
NBP Non-invasive Blood Pressure Measuring Oscillometric utilizing Oscillometric
65 Method deflation utilizing deflation
NBP Non-invasive Blood Pressure Mode of l\/_lanual-sm_gle, I\/_Ianual-sm_gle,
. continuos-5 min, and continuos-5 min, and
Operation . .
66 interval interval
1,2,25, 3,5, 10, 15,
NBP Non-invasive Blood Pressure Interval Times 1 22’52'2’03’42’ ég 12620’ 20, 25, 30, 45, 60,
67 U 120, 240
68 | NBP Non-invasive Blood Pressure Heart Rate Range 30-240 bpm 30-240 bpm
. Systolic: 30-
69 . . Systolic: 25-280mmHg 250mmHg
70 NBP Non-invasive Blc;{(;?];;essure Adult Pressure Mean: 10-220mmHg Mean: 20-230mmHg
. . Diastolic: 10-
- Diastolic: 15-260mmHg 210mmHg
. Systolic: 30-
72 _ _ N Systolic: 25-280mmHg 170mmHg
73 NBP Non-invasive Blood Pressure Paediatric Mean: 10-220mmHg Mean: 20-150mmHg
Pressure Range Diastolic: 10
- Diastolic: 15-260mmHg 130mmHg
. Systolic: 30-
75 . . Systolic: 20-155mmHg 130mmHg
76 NBP Non-invasive BIooRd Preessure Neonatal Pressure Mean: 5-110mmHg Mean: 20-110mmHg
ang - -
. . Diastolic: 10-
77 Diastolic: 10-130mmHg 100mmHg
78 Cuff Pressure: Default Adult Inflation Pressure 160 +/-10mmHg 160 +/-10mmHg
79 | Cuff Pressure: Default Paediatric Inflation Pressure 120 +/-10mmHg 120 +/-10mmHg
80 Cuff Pressure: Default Neonatal Inflation Pressure 110 +/-10mmHg 110 +/-10mmHg
Cuff Pressure: Adult Inflation Pressure after Last systolic + 25mmHg Last systolic +
81 measurement +/-10mmHg 25mmHg +/-10mmHg
Cuff Pressure: Paediatric Inflation Pressure after Last systolic + 25mmHg Last systolic +
82 measurement +/-10mmHg 25mmHg +/-10mmHg
Cuff Pressure: Neonatal Inflation Pressure after Last systolic + 30mmHg Last systolic +
83 measurement +/-5mmHg 30mmHg +/-5mmHg
84 Cuff Pressure: Maximum Adult Inflation Pressure 290 +/-5mmHg 265 +/-5mmHg
Cuff Pressure: Maximum Paediatric Inflation 180 +/-10mmHg 180 +/-10mmHg
85 Pressure
86 | Cuff Pressure: Maximum Neonatal Inflation Pressure 150 +/-10mmHg 142 +/-10mmHg
87 Cuff Pressure: Minimum Adult Inflation Pressure 110 +/-10mmHg 110 +/-10mmHg
88 | Cuff Pressure: Minimum Paediatric Inflation Pressure 90 +/-10mmHg 90 +/-10mmHg
89 | Cuff Pressure: Minimum Neonatal Inflation Pressure 70 +/-10mmHg 70 +/-10mmHg
Cuff Pressure Connector chk-rel_ease wisingle Qu_lck-rel_ease
90 airway w/single airway
Invasive Blood Press_ure Maximum Number of Upto4 Upto8
91 Displays
. . Resistivestrain Resistivestrain
Invasive Blood Pressure Measuring Method
92 gaugetransducer gaugetransducer
93 Invasive Blood Pressure Display Resolution 1mmHg 1mmHg
94 Invasive Blood Pressure Measuring Range -99 to 310mmHg -50 to 400mmHg
Invasive Blood Pressure Frequency Range DC-8Hz, DC-16Hz, DC- | DC-8Hz, DC-16Hz,
95 quency Rang 28Hz DC-32Hz
96 Invasive Blood Pressure Zero Balance +/-70mmHg +/-200mmHg
Resistance 200-
Resistance 200-3000€2, 30009, pressure
Invasive Blood Pressure Transducer Specifications pressure sensitivity sensitivity
SuV/V/mmHg +/-10% SuV/V/mmHg +/-
97 10%

132




98 Invasive Blood Pressure Accuracy +/-1mmHg or +/-3% +/-1mmHg or +/-3%
Invasive Blood Pressure IBP Alarms (Systolic) User selects upper and User selects upper
99 lower limits and lower limits
Invasive Blood Pressure IBP Alarms (Mean) User selects upper and User selects upper
100 lower limits and lower limits
Invasive Blood Pressure IBP Alarms (Diastolic) User selects upper and User selects upper
101 lower limits and lower limits
102 Invasive Blood Pressure Accessories Pressure transducers Pressure transducers
Thin film transistor-LCD | Thin film transistor-
Display Specification Type active matrix (TFT- LCD active matrix
103 colour LCD) (TFT-LCD)
Display Specification Size 482.6mm (19in.) 264mm (10.4in.)
104 diagonal diagonal
. A . 5 standard, 6 or 8
105 Display Specification Channels 7 standard, 12 optional optional
106 Display Specification Viewing Area 375x300mm 211x158mm
107 Display Specification Resolution 1280x1024 pixels 640x480 pixels
. R . 310mm (12.2 in) 310mm (12.2 in)
108 Display Specification Sixe diagonal diagonal
109 Display Specification Channels 7 standard, 12 optional 6 standard, 8 optional
. R - 246x184.5mm (9.7x7.3 246x184.5mm
110 Display Specification Viewing Area in) (9.7x7.3 in)
111 Display Specification Resolution 800x600 pixels 800x600 pixels
Display Specification Rotary Knob Easy_ menu and analogue | Easy menu and fixed
112 resistive touch screen keys
. . . High (life
113 N o (3 High (life threatening), threatening),
arm Priorities (3 alarms) Medium (serious), Low Medium (serious),
114 (advisory) Low (advisory)
All Following Connections? (MultiMed cables, Masimo
set, Nellcor Oximax Smartpod, HemoMed pod),
communication ports (2 standard), NBP input, etC)2 Yes Yes
module, analogue output, QRS sync output, RS232,
115 remote keypad connector, Scio Four modules?
Analogue Output Signals ECG, arterial blood ECG, arterial blood
116 pressure pressure
117 Analogue Output Delay </=25 msec </=25 msec
118 Networking Method DirectNet or wireless DirectNet or wireless
Wireless Networking Encryption None, WEP, WPA2, None, WEP, WPA2,
119 all standard methods all standard methods
R50N bedside R50N bedside
Networking Access recorder, printer, nurse recorder, printer,
call system, remote nurse call system,
120 view MIB remote view MIB
121 Cooling Fan + Convection Convection
122 Size (HXWxD) 471.5x416.2x123.6mm 253x365x190mm
123 Weight 12kg (26.4 Ibs) 6.2kg (13.6 Ibs)
124 Data Storage 7 days 24 hours
125 Data Resolution 15 sec sampling 30 sec sampling
1, 5, 15, 30, 60 min 1,5, 15, 30, 60 min
Trend Tables : :
126 display format display format
1,2,4,8,12,24 hour | 1,2,4,8,12, 24 hour
Trend Graphs . .
127 display format display format
128 . 100-120 VAC/3.4A;
Power requirements 100-250 VAC/4A
129 wer reql 200-240VAC/LIA
130 Power Consumption </=180W fully loaded | </=70W fully loaded
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131 Patient Leakage Current </=10pA </=10pA
132 Protection Class Class 1 (IEC 60601-1) | C©'2ss1 ('1E)C 60601-
133 Frequency 50-60Hz 50-60Hz
134 . <300nA@120VAC,; <300pA@I120VAC,
Chassis Leakage Current
135 I getu <500pA@220VAC <500uA@220VAC
136 External Battery/UPS Charging Time 6.5 hours@25C 6.5 hours@25C
137 External Battery/UPS Type Sealed Lead-acid Sealed Lead-acid
138 External Battery/UPS Capacity 50 minutes 50 minutes
139 . 62x182x24mm 62x182x24mm
External Battery/UPS Size (HXWxD
140 xternal Battery/ ize (HXWxD) (2.4x7.2x9 in) (2.4x7.2x9 in)
: . 10 to 40C (50 to
141 Temperature Range During Operation 10 to 40C (50 to 104F) 104F)
. -20 to 40C (-4 to
142 Temperature Range During Storage 0 to 40C (32 to 104F) 104F)
-050, - -009 -
Relative Humidity During Operation 10-95% non 20-90% non
143 condensing condensing
144 Relative Humidity During Storage 10-95% in packaging 10-95% in packaging
. . - 525-795mmHg (70- 525-795mmHg (70-
145 Atmospheric Pressure During Operation 106kPa) 106kPa)
. . 375-795mmHg (50- 375-795mmHg (50-
146 Atmospheric Pressure During Storage 106kPa) 106kPa)
Device Meets IEC60601-1 (2" edition) and Applicable Yes Yes
147 Particular and Collateral Standards
s Electromagnetic Compatzlpzl(l)lé); Class per IEC 60601-1- CISPR11, Class B CISPRI1L, Class B

In the next section tables of the predicate comparison readings are shown in

processed form. Each table shows two readings from the same parameter in

both numerical and graphical format. The readings are used

in the

computations and experiments to equate and compensate for possible

deviations in the vital signs due to analogue drift typical in biological

measurements.
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

{28-1-2008 to 30-1-2008)

Test Results (Comparative Patient Parameters)

Siemens
74
74
73
72
74
72
72
75
74
76
76
75
73
75
a3
90
90
30
ag
92
91
91
30
96
as
90
a0

Siemens

100
100
100
100
100
100
100
100
100
100
100
100
100
100
95
95
95
95
95
95
95
95
a7
91
98
95

ECG ECG, bpm
SPM-4IE Siemens SPM-4IE
74 88 83 100
T4 &7 a7
73 BB aa
72 BB g3
75
73 BB a3
73 86 86 . Siermens
72 91 a1 —  SEMAE
75 86 86 50
T4 %0 a0
76 30 ao
Fi 51 91
75 91 a1 25
73 51 g1
75 93 93
] a3 a3 0
& = = 1 3 5 7 9 1113 15 17 19 21 23 35 27 29 31 33 35 37 39 41 43 45
50 93 a3
50 96 96
85
< Motes / Conclusions:
91
91 1. ECG proved to be stable and consistent,
30 2. HR alarms were fewer on the SPM due to the inclusion of the FA algorithm (use 2 or more
35 comparative active parameters eliminating false alarms by up to 96%)
88
50
50
SAAD Patient Monitnring - Camparative AI"IE'VSiS, Siemens SC 7000 PM
[28-1-2008 to 30-1-2008)
Test Results (Comparative Patient Parameters)
SPOD, SPO,, %
SPM-4IE  Siemens SPM-4IE 100
95 100 89
99 39 L
95 95 98 -
95 100 98
9 99 98 = Siernens
ES 99 98 — sPM-aIE
95 2] a3 95
99 98 EE]
99 98 98
] 98 98 s
99 a8 98
95 98 89
100 98 88
100 %8 33 mi3579u13151?192113251?293133353?3911&3-15
S8 98 88
97 a8 93
S8 98 a3
57 98 L
S8
9 Notes:
Su}
a7 1. Stable and consistent
96 2. Deviations due to probe placement (Siemens left, SMP right hand) but within acceptable operating
91 limits.
57
S8
S8

99

135



SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
[28-1-2008 to 30-1-2008)

Test Results (Comparative Patient Parameters) Pulse from SPO2, bpm
PLS(Saturation) 100
Siemens SPM-4IE  Siemens SPM-4IE
74 74 &8 a7
75 74 &7 a7
75 74 &8 83 75
74 72 30 23 )
73 7 88 83 e
73 7 &7 26 50
72 72 &8 23
76 75 B6 86
76 75 30 ag .
7 76 30 a0
76 75 91 91
74 75 a1 a1
76 75 91 91 1]
74 74 93 93 1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
as a7 34 93
a1 a1 a4 94
a4 ) a4 a4
a0 30 a7 a7
ag 88 Motes:
91 e 1, Stable and consistent
a2 a2
94 L)
L] L]
99 99
a0 E]
90 30
91 80
SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
{28-1-2008 to 30-1-2008)
Test Results (Comparative Patient Parameters) RESP, breths pm
Respiration 100
Siemens SPM-AIE Siemens SPM-4IE
1 1 28 28
15 15 7 26 75
17 17 28 27
16 15 24 24 = Siemens
16 16 27 b3 s0 — SPMHIE
17 17 28 29
15 16 9 30
a5 pli| 28 0
15 16 3 31 5
17 17 28 29
15 15 28 30
15 15 24 26 "
16 16 24 25 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41
16 16 25 5
30 4 25 30
El 4
29 2
9 pE]
25 23 Notes:
24 23 .
23 23 1. Slztfle.and :onysngnt _ ) ) .
2. Deviations due to inconsistent readings on Siemens monitor.
24 2 3. 5PM consistent with ventilator RESP settings and reading.
24 23
7 pE]
29 29
8 L]
28 29
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Test Results (Comparative Patient Parameters)

Siemens

102
102
95
95
98
98
98
93
108
108
108
108
103
103
128
111
130
130
130
143
143
130

130
130
120
130
106

SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

NIBP(5YS)
SPM-4E  Siemens
98 106
102 139
101 109
99 112
58 124
BE 124
100 124
99 134
99 117
58 117
102 117
102 113
109 113
1m 113
133 115
131 115
147 115
136 115
125 119
141
133
127
121
115
116
115
118

SPM-4IE
137
125
128
133
135
130
143
138
125
121
122
118
115
133
126
122
115
127
140

[28-1-2008 to 30-1-2008)

NIBP (SYS), mmHg

150
1125
== Siemens
= SPMAIE
75
37.5

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Notes:
1. Stable and consistent

2. Deviations due to cuff placement (Siemens left, SMP right hand) but within acceptable operating
limits.

SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

[28-1-2008 to 30-1-2008)

Test Results (Comparative Patient Parameters)

Siemens

G R G M= A e 2 s R R

NIBP(DIA)
SPM-AIE Siemens
62 56
65 69
65 55
62 63
62 62
63 62
65 62
65 62
66 60
&7 60
65 &0
&4 56
62 56
65 56
75 1]
=] 1]
7B 1]
71 5B
66 46
a0
T8
bii
7B
70
T
T0
73

SPM-4IE
86
75
77
75
77
74
86
79
76
66
74
71
7
74
70
70
63
73

118

NIBP(DIA), mmHg

120

= Siemens
= SPM-QIE

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45

Notes:
1. Stable and consistent

2, Deviations due to cuff placement [Siemens left, SMP right hand) but within acceptable operating
limits.
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
[23-1-2008 to 30-1-2008)

Test Results (Comparative Patient Parameters) NIBP(MAP), mmHg

NIBP(MAP)
Siemens  SPM-4E  Siemens  SPM-AIE 130
75 73 T 100
75 75 108 92
72 75 70 a5 475
72 76 Bl 96
0 73 94 58
70 73 24 91 - :::::’I'E‘
70 76 a4 108 65
ar 75 102 100
ar 75 T8 a3
a1 76 78 89
g1 76 T8 28 A
al 76 77 86
7 76 77 a3
7 76 77 96
= = S i nl!5791.11!151?1921233517295133353?!5&1!‘5!!5
g2 50 79 90
105 107 79 80
105 52 T3 a1
105 ag T 126 Notes:
110 92
110 35 1 St,ablleland consistent . ) n )
2. Deviations due to cuff placement {S7emens left, SMP right hand) but within acceptable operating
oL = limits.
a1 51
91 a4
9 a3
79 a3
71 a6

SAAD Patient Monitoring - Comparative Analysis, Siemens 5C 7000 PM
[28-1-2008 to 30-1-2008)

Test Results (Comparative Patient Parameters)

Ta Ta'nc
Siemens SPM-AIE 38
34.1 34.5
338 33.4
336 33.2
34 34 36,75
347 a5
35.4 35.4 — Slsmens
354 36 — SPM-4IE
355 36 355
356 36
382 364
365 36.6
3686 367 38.25
3686 36.7
387 36.8
368 36.8
368 7 i
369 371 1 3 5 7 % 11 13 15 17 19 21 23 35 27 2@ 31 33 35 37
37 371 Notes:
7 31.2
71 7.2 1. Stable and consistent
37.1 37.2 2. Uimited deviations due to probe placement (Two probes cannot be placed at same location)
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

(2-2-2008 to 5-2-2008)

Test Results (Comparative Fatient Parameters)

Siemens
75
70
GE
56

59
G4
60
38
63
65
64
GE
80

82
67
69
69
106
103
82
79
7
84
65
s
74

SPM-4IE
75
70
GE
56

59
G4
G0
59
63
65
G4
GE
an

a2
67
7]
7]
106
103
22
79
7
a4
65
72
74

ECG
Siemens
70
75
73
7
78
75
70
101
100
98
93
74
73
74
75
74
75
75
g1
79
g1
79
a0
a3
a1
34

SPM-4IE
70
75
73
7
78
75
70

101
100
98
93
74
73
74
75
74
75
75
al
79
al
20
a0
a3
a1
a4

ECG, bpm

110
82.5

— Slemans

— SPM-8IE
55
27.5
o

135 7 9111315171921 232527 293133 3537394143 4547 495153

Motes / Conclusions:

1. ECG proved to be stable and consistent.
2. HR alarms were fewer on the SPM due to the inclusion of the FA algorithm (use 2 or
mare comparative active parameters eliminating false alarms by up to 96%)

SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

(2-2-2008 to 5-2-2008)

Test Results (Comparative Patient Parameters)

Siemeans

100
100
100
100
100
100
100
100
100
100
100
100
99
58
100
100
100
59
99

100
100
100
100
100
100

100

SPO;
S5PM-4IE  Siemens
99 100
96 93
87 9%
98 93
99 9%
83 100
99 a7
893 95
99 96
93 9E
99 9E
99 100
99 100
95 100
98 100
95 100
99 100
98 100
98 100
98 100
99 100
99 100
99 100
99 100
95 100
98 100

SPM-4IE
98
87
58
58
58
58
58
94
95
97
98
k-
99
59
59
59
59
58
57
58
58
99
99
99
53
59

100
98.25
= Slemens
— SPM-AIE
96.5
94.75
93

1357 911131517192123252729313335373941434547495153

Notes:
1. Stable and consistent

2. Deviations due to probe placement (Siemens left, SMP right hand) but within acceptable
aperating limits.

139



SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
(2-2-2008 to 5-2-2008)

Test Results (Comparative Fatient Parameters)

PLS(Saturation)

Siemens  SPM-3IE  Siemens  SPM-3IE
75 75 72 70
69 71 76 75 110
68 6E 73 74
57 56 78 77
55 55 73 78 425
65 64 74 75
60 60 70 70 = Siemens
59 59 101 101 — SPM-IE
63 63 100 100 55
64 65 98 98
64 64 94 93
67 68 73 74 -
80 80 73 73
82 82 74 74
67 67 75 75
69 69 74 74 0
- P - - 1357 9111315171921232527 293133353739 41434547 495153
106 106 75 75
103 103 82 81
a2 E] a0 73 Motes:
75 75 81 81
78 77 a0 a0 1. Stable and consistent
24 84 81 80
65 65 83 83
72 73 81 81
74 74 84 84

SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
(2-2-2008 to 5-2-2008)
Test Results (Comparative Patient Parameters)
Respiration
Siemens SPM-4IE

— - RESP, brpm
28 28 30
27 27
23 23
2z 2z 225
23 24
25 25 ~ Slemens
2% 24 s —  SPM-3IE
24 24
25 25
21 21
23 21 5
20 15
22 10
21 21 o
- . 12 3 & 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19
22 22
22 21 Notes:
20 26

1. Stable and consistent
2. Deviations due to incensistent readings on Siemens monitor,
3. 5PM consistent with ventilator RESP settings and reading.

140



SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

(2-2-2008 to 5-2-2008)

Test Results (Comparative Patient Parameters)

IP-ART(SYS)
Siemens SPM-4IE Siemens SPM-4IE
114 171 131 133 IP-ART(SYS], mmHg
115 113 142 142 150
92 98 133 134 — Siemens
109 111 131 131 — SPM-AIE
108 116 135 138 1125
107 109 135 137
117 125 127 58
112 120 71 s 75
115 119 s 83
114 117 a7 85
121 132 G4 65 375
124 128 7 80
124 133 a2 88
102 110 ao 80 e
116 122 8L 85 1357 9111315171921 23252725931333537394143 45474551
146 113 a0 85
132 138 71 76
118 127 94 o9&
105 107 78 823 Notes:
111 115 a1 84
117 119 ] & 1. Stable and consistent
126 126 78 a2 2. Deviations within limits
108 110 85 a5 3. Siemens maonitor known for I‘Elwered IBP readings.
135 136 =71 26 4. 5PM transducer connected withaut flu
133 136 as 90
SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
(2-2-2008 to 5-2-2008)
Test Results (Comparative Fatient Parameters)
IP-ART(DIA)
Siemens SPM-4IE Siemens 5PM-4IE
41 45 48 a7
% 3 50 50 IP-ART(DIA), mmHg
30 34 47 a5
34 kL 45 a4 n
a5 43 52 51
33 ar 48 47
37 38 51 54 52.5
34 39 58 62
36 42 G0 67
34 L 63 65 35
e 43 e 40 — Siemens
44 46 42 44 — SPMAIE
44 49 43 45 175
36 41 42 42
38 41 44 45
46 41 43 44 "
52 54 39 40 135 7 9 11131517 192123 2527 2931333537 394143 4547 49 51
48 52 47 48
41 39 44 45
45 a1 a4 45 Iakes:
e o2 = =g 1. Stable and consistent
45 43 38 60 2. Deviations within limits
40 38 57 58 3. Siemens monitor known for lowered 18P readings.
44 43 47 49 4, 5PM transducer connected without flush line pressure,
50 50 53 55
42 43
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
[2-2-2008 to 5-2-2008)

Test Results (Comparative Patient Parameters)

IP-ART{MAP)
Siemens SPM-4IE Siemens SPM-4IE
65 65 76 75
60 62 a1 a1
- E7 - - IP-ART(MAP), mmHg
57 (31 70 71 90
56 55 7 76
55 55 73 74
55 58 68 54 B7.5
59 56 64 74
58 64 71 72
56 ] 72 74 a5
i i i = — Slemens
i 76 G0 Gl — SPM-3IE
72 81 63 G& 22.5
57 63 62 63
62 65 59 G0
G656 64 59 G0 0
81 8L 54 57 13 5 7 9 111315171921 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51
71 79 71 72
£ b b b MNotes:
67 64 62 G2
66 63 70 71 1. Stable and consistent
72 71 &7 70 2. Deviations within limits
Bl 71 73 3. Siemens monitor known for lowered 1BP readings.
67 67 64 65 4. SPM transducer connected without flush line pressure.
78 -] G& 67
SAAD Fatient Monitoring - Comparative Analysis, Siemens 5C 7000 PM
(2-2-2008 to 5-2-2008)
Test Results (Comparative Fatient Parameters)
IP-CVP
Siemens SPM-4IE Siemens SPM-4IE -
7 14 10 20 IP-CVF, mmHg
B 18 10 15 30
7 16 17 24 . Siemens
10 20 17 21 — SPMIE
10 18 15 B
12 21 11 3 5
10 19 11 2
k] 19 10 2
9 17 14 15 15
11 19 17 18
12 21 15 15
11 21 15 15
12 17 14 15 7.5
13 18 14 15
12 24 14 12
11 24 14 14
£ = =5 = ° 1 3 5 7 9 1113151719 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
10 15 15 15
9 15 15 13 Notes:
10 17 15 13
12 18 17 17 1. Deviations noted.
12 20 12 1 2. Siemens monitar knawn for lowered CWP readings.
1 18 13 12 3. 5PM transducer connected without flush line pressure.
10 15
7 15
10 18
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

(2-2-2008 to 5-2-2008)

Test Results (Comparative Patient Parameters)

Siemens

36.1
3549
36.1
6.4
36.4
36.4
36.4
363
363
36.4
6.4
36.4
36.3
36.3
36.4
36.4
6.5
36.7
36.5
36.6
36.2
36.4
6.5
6.5
36.4
36.4

Ta
SPM-4IE

EL
36.1
36.1
6.3
364
36.4
36.4
363
363
6.4
6.4
364
36.3
36.3
363
364
6.5
36.8
36.6
36.5
357
36.4
6.5
6.5
363
36.4

Siemens
21.2
36.7
36.7
6.6
36.6
35.8
359
373
37.2
a7l

Er
£
6.9
36.7
36.8
36.8
6.8
6.8
36.8
36.9
36.9
36.9

SPM-4IE

364
36.6
36.6
366
36.6
36
36.1
7.5
ER]
ER]
ER]
E ]
E ]
ira
ira
iria
EFN |
3Tl
E]
E ]
Ei]
73

Ta, °C

a0

30

10

— Siemens
= SPM-dIE

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

Motes:

1. Stable and consistent
2. Limited deviations due to probe placement
3. Siemens lowered reading caused by probe failure

SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

[6-2-2008 to 13-2-2008)

Test Results (Comparative Patient Parameters)
ECG

Siemans
75
75
76
75
73
71
B3
T4
75
77
77
BB
T
73
T2
&7
66
63
58
B3
67
65
65
66
(-2
72
67

SPM-4IE
75
75
74
75
73
71
az
T4
75
7
7
86
72
72
72
&7
&6
83
58
az
&7
&5
&5
=11
-2
70
&7

Siemens
[:3
&8
T2
&5
80
81

76
FE]
Fi
75
75

ERRRRBERRB

SPM-AIE

[}
(=]
T2
&6
80
81

76
79
76
75
75

R i W B

ECG, bpm

B7.5

— Siemens

a5

22.5

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47

Motes / Conclusions:

1. ECG proved to be stable and consistent.
2. HR alarms were fewer on the SPM due to the inclusion of the FA algorithm {use 2 ar more
comparative active parameters eliminating false alarms by up to 96%)

SPM-4IE
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
|6-2-2008 to 13-2-2008)

Test Results (Comparative Patient Parameters)

SPO,

Siemens SPM-4E  Siemens SPM-AIE
100 59 55 95
100 99 95 94
100 L 34 33 SPO,, %
59 57 2 93 100
38 57 S8 97
58 38 39 57
38 96 S8 97 98
98 96 97 97
%8 36 a7 9% - Siemens
) 96 57 96 % T osmE
96 96 57 97
58 37 57 57
53 39 57 a7 94
100 59 57 96
99 99 97 96
38 39 57 95 o7
99 59 111 96 1 3 5 7 3 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
59 99 97 97
100 39 57 97
95 94 S8 96
100 99
96 95 Motes:
55 95
1 96 1. Stable and consistent
95 35 2. Deviations due to probe placement [Siemens left, SMP right hand) but within acceptable
a5 34 operating limits.
96 96

SAAD Patient Manitoring - Comparative Analvsis, Siemens SC 7000 PM
(6-2-2008 to 13-2-2008)
Test Results (Comparative Patient Parameters)
PLS(Saturation)

Siemens SPM-4E  Siemens SPM-4IE
75 75 T0 (=]
75 75 (23 ]
75 74 73 72 Pulse from SP'DZ, bpm
76 75 (23 66 %0
73 73 &0
71 71 81 81
B2 83 7 76 675
T4 73 T8 79
76 75 77 76 — Slemens
75 78 75 75 . ~— SPM-IE
76 75 75 75
85 86 82 82
T2 T2 78 78 225
73 73 73 73
T T2 80 80
&7 &7 81 81 o
68 &6 85 85 1 3 5 7 9111315171921 32332527 2931333537 394143 4547
(-] &3 86 85
53 58 &7 86
B3 a3 &8 88
67 &7
66 &5 Motes:
65 &6
67 66 1. Stable and consistent
63 64
72 7z
66 &7
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
[6-2-2008 to 13-2-2008)

Test Results (Comparative Patient Parameters)

RESPIRATION
Siemens SPM-4IE Siemens SPM-4IE
9 29 24 13 RESP, brpm
30 30 34 34 a0
30 3o
27 27
28 28 0
26 26
27 27 —  Slemens
26 25 - SPM-4IE
26 25
26 26
28 27 10
23 23
26 26
27 27 a
28 28 1234567 8 910111213141516171819202122232425262T282930
23 23
26 26
22 22
24 24
30 30
26 26
24 24 MNotes:
26 26
26 26 1. Stable and consistent
2 2 2, Deviation? due bo.incunsiﬁbenl: readings an Siemens m_unitclr.
e o 3. 5PM consistent with wentilator RESP settings and reading.
27 27

SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
[6-2-2008 to 13-2-2008)

Test Results (Comparative Patient Parameters)

IP-ART(SYS)
Siemens SPM-4IE Siemens SPM-4IE
137 141 170 169
134 132 174 174
W s s s IP-ART(SYS)-mmHg
133 137 130 179
133 135 200
132 134
133 140
141 145 150
146 148
143 151 — Siemens
144 145 — SPM-MIE
133 140 100
143 147
141 144
137 138 s0
163 166
146 150
164 168
156 161
12345678 51011121314151617181920212223242526272825303132
165 170
157 182
152 155
168 163 Motes:
e EL 1. Stable and consistent
171 mn 2. Deviations within limits
151 150 3. Siemens monitor known for lowered IBP readings.
151 150 4. SPM transducer connected without flu
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

|6-2-2008 to 13-2-2008)

Test Results (Comparative Patient Parameters)
IP-ART(DIA)

Siemens
59
]
55
54
58
58
60
&2
56
54
53
52
53
a7
51
53
42
43
46
A6
a5
45
51
52
47
£
a3

SPM-4IE
55
57
52
58
55
57
57
66
55
54
51
a7
a8
as
a8
50
£l
36
a8
39
L
L
a2
a7
40
a7
36

Siemens
46
48
a7
50

SPM-4IE
3k
41
40
43

IP-ART(DIA), mmHg

17.5

1 3 5 7 9 1 13 15 17 19 21 23 25 27 29 31

L. Stable and consistant

2. Deviations within limits

3. Siemens monitor known for lowered |BF readings.

4. 5PM transducer connected without flush line pressure.

SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

{6-2-2008 to 13-2-2008)

Test Results (Comparative Patient Parameters)
IP-ART(MAP)

Siemens
77
Bl
76
78
f:
76
T8
96
85
E2
ED
TE
T8
T4
T8
B2
77
79
76
76
73
T
B4
92
0
73
Tz

SPM-4lE
76
a1

75
a0
an
75
79
56
a4
az
a2
75
7
T2
7
azx
73
71
T4
70
&8
&8
az
20
75
&9
&7

Siemens

76
a1
73
a5

SPM-4IE
71
75
75
79

IP-ART(MAP), mmHg

109

Notes:

1. 5table and consistent

2. Deviations within limits

3. Siemens monitor known for lowered 18P readings.

&. 5FM transducer connected without flush lime pressure.

= Slefmeans
— SPM-4IE

= Siemens
= SPM-4IE
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
[6-2-2008 to 13-2-2008)

Test Results (Comparative Patient Parameters)

IP-CVP
Siemens SPM-4IE Siemens SPM-4IE
i8 20 10 14 IP-'CVP, mmHg
16 13 g 13 40
25 37 14 18
i8 21 14 15
16 20 15 13
15 19 15 19 b
14 17 15 13
i4 17 16 20 = Slemens
14 16 16 20 ~— SPM-AiE
16 16 14 18 =
14 15 14 15
13 14 14 15
15 16 14 15
13 13 15 15 n
13 13 15 15
12 12 15 13
28 25 a
i3 20 1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41 a3
22 19
23 20
23 13
36 34 Motes:
26 25
23 20 1. Deviations noted.
22 15 2. Siemens monitor known for lowered CVP readings.
33 18 3. 5PM transducer connected without flush line pressure.
£l 28
SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
[6-2-2008 to 13-2-2008)
Test Results (Comparative Patient Parameters)
NIBP{SYS)
Siemens SPM-4IE
104 107
& e NIBP(SYS), mmHg
105 112 140
105 113
112 115
109 15 ﬂ
126 119 s
126 120
120 115 == Slermens
120 115 - = SPM-AIE
120 120
108 113
15
o
i 2 3 a 5 [ 7 8 ] 10 i1 i3
Motes:

1. Stable and consistent
2. Devigtions due to cuff placement (Siemens left, SMP right hand) but within acceptable operating limits.
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SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM
[6-2-2008 to 13-2-2008)

Test Results {Comparative Patient Parameters)

NIBP(MAP)
Siemens SPM-4IE
74 79
103 as
73 a2
73 as
B1 as
76 a4
100 58
100 as
93 a8
a3 a6
93 S0
B0 78

NIBP(MAP), mmHg

5

L]
i z 3 4 5 & ¥ & 4 ia i1 iz

Notes:

1. 5table and consistent
2. Deviations due to cuff placement [Siemens left, SMP right hand) but within acceptable operating limits.

SAAD Patient Monitoring - Comparative Analysis, Siemens SC 7000 PM

[6-2-2008 to 13-2-2008)

Test Results (Comparative Patient Parameters)

NIBP{DIA)
Siemans SPM-4IE
58 [
70 73
&0 [:1:]
&0 78
62 70
65 68
77 78
77 77
55 7
55 i
55 72
61 61

NIBP(DIA), mmHg

Notes:

1. Stzble and consistent

2. Deviations due to cuff placement [Siemens left, SMP right hand) but within acceptable operating limits.

— Siemens
= SPM-IIE

— Slemens
= SPM-AIE
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Appendix C — Chapter 5 Reference Documentation
(Experimentation, Results and Findings)

The graphs presented in this section represent the conventional analogue
measurements compared to the electronically derived measurements used in
the experimentation as is presented in Chapter 5. A diagram set is made up
of and analogue graph as is produced using a standard 12 Lead ECG plotter
verses the software tool showing the electronic computations as is explained

in Appendix A.
The measurement points of the various timing intervals used in the study are

indicated on the graph whereas the second image in the set depicts the

numerical output of the same data section.
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P1

. SINUS RHYTHM .normal P axis, V-rate 50- 99

PR 160 . ST DEPRESSION, CONSIDER ISCHEMIA, DIFFUSE ..ST <-0.10mV, ant/lat/inf

QRSD 62 LDS

QT 388

QTc 388

==AXIS-~

P 43

QRS 53 = ABNORMAL ECG -

T 56 Unconfirmed Diagnosis g
Non-standard lead gain

1 | | i | avR i I i { | it

€3 C:\Record\Old\P2.rec = =
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Wavel ON/OFF
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P2

o STWUS RETTEM. . < o 's's'a'sssassssnasssessnsnssnsssanannssa normal P axis, V-rate 50- 99
PR 156 . ST DEPRESSION, CONSIDER ISCHEMIA, DIFFUSE.. verarese. ST <~0.10mV, ant/lat/inf
QRSD 65 108
Qr 392
Qre 392
“AXIS-~
P 44
QRS 52 ~ ABNORMAL ECG -
T 56 g Unconfirmed Diagnosis
Non-standard lead gain
L avR cr c4

i | | i i i |
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P3

Rate 0 . ALL 12 LEADS ARE MISSING
PR . MISSING LEAD(S): I,II,III,aVR,avL,avF,6Vvl,v2,6V3, V4, V5,V6

QRS - DEFECTIVE ECG -
L] ' Unconfirmed Diagnosis %
A Non-standard lead gain
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P4

..normal P axis, V-rate 50- 99

PR 156 . ST DEPRESSION, CONSIDER ISCHEMIA, DI ST <-0.10mV, ant/lat/inf

QRSD 78 LDS

QT 392

Qre 392

--AXIS-~-

P 43

ORS 52 - ABNORMAL ECG -

T 55 Unconfirmed Diagnosis

Non-standard lead gain
N - e

{ 1 C4q

1
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| QRSD
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PS5

PR 156
QRSD 78
QT 392
Qre 392
==AXIS-~
P 43
QRS 52
T 55

. SINUS RHYTHM
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LDS
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3 R R R
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o7 et
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P6

. SINUS REYTHM.....cooveecsncesocessansesesnccssncnns normal P axis, V-rate 50- 99
PR 154 . INFERIOR INJURY, PROBABLE EARLY ACUTE.......cocevannnnnnnnn ST>0.15mV, II III avF
QRSD 109 INFARCT
QT 396 . EXTENSIVE ANTERIOR INFARCT, AGE.........cct0uveescconsosssaconsonss Q >35ms, Vi1-Vé
QTc 361 INDETERMINATE
--AXIS--
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QRS 77 - ABNORMAL ECG -
T 58 Unconfirmed Diagnosis

Non-standard lead gain
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P-Wave AUTO

W 20d Draw ECG | WAVE INTS | GATEWAY | New Graph

Draw ON

unt
PVCs' Lmin

PVC [ min
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P7

normal P axis, V-rate 50- 99

Unconfirmed Diagnosis

PR 156 . MULTIFORM VENTRICULAR PREMATURE COMPLEXES......... short R-R, variable morphology
QRSD 82

or 360

ore 418

--AXIS--

P 42

ORS 53 - ABNORMAL ECG -

T 44

Non-standard lead gain

Cinical Related Values | Time-Base & COM Control | Alam Control | GATEWAY | SPM Live

Puse-Wave Data
P-Hgh:| 183 Wave Vaive ;. 121
P-AVR:| 149 | CurDIFF Value 0

Curr Puise Total

Controls

Sampeling LEAD: RA-> Il
ECG Draw Interval: ST

Reset Counter
AVR Reset
Off Amp = Draw Method: Color Selector

Q Index ST Det Border -

WAVE INTS | GATEWAY | New Graph

Wavel ON/OFF
QRS Pulse
P-Wave Puise

P-Wave AUTO

Record

PhD

Draw ON / OFF Draw Back Color
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P8

normal P axis, V-rate 50- 99

FR 160 QRSd >120mS, axis(90,210)

QRSD 169

QT 428

QTc 478

==AXIS--

P 41

QRS 140 -~ ABNORMAL ECG -

Y 44 Unconfirmed Diagnosis

Non-standard lead gain

T

Dev m/sec | Limb: 10 mm/mvi Chest: 5.0 mm/mV | 60~ 0.15+150 Hz | || PHOBOA
€) C:\Record\Old\P9.rec . = 3
Circal Reted Voo | T Base 4 COM Contl | Ao Conir | GATEWAY | 57 Lve I
Puse-Wave Data Controls
Wavel ON/OFF - d Gose / St
P-Hgh:| 151 CurWaveVae: 124  Resat Courter 8 Packet Counter: | 68 80 Sampelng LEAD: RA-> | > [¥] GRS Puse oo P
, P-Wave Puise
AVR Res R 3 £CG Draw Interval: ST =
P-AVR:| 119  CurDIFFVae:! 2 AVRReset: 25 = CrecGTag: | PMid ECG / ART PhD Pause
Dff Amp 2 Draw Method: C v V| Smoothing
P-low:| 88 | CurPuseTotal: — - 3 a-st:| 10 119 S 7] Tag / Off Clear Exit
e 7] P-Wave AUTO

I QRS Det On / OF
W TXT Wave DIFF Value

"ol DiFF | ECG

GRS Rato

WAVE INTS | GATEWAY

New Graph

Draw ON / OFF

Dra

w Back Color
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P9

normal P axis, V-rate 50- 99

PR 156 . ST DEPRESSION, CONSIDER ST <-0.10mV, ant/lat/inf

QRSD 81 LDS

QT 392

QTc 392

=-AXIS--

P 42

QRS 52 - ABNORMAL ECG -

T 55 Unconfirmed Diagnosis

Non-standard lead gain
T et T

T

i

150 Hz | PHOBOA = P2

— =S 53

€3 C\Record\Old\P9.rec =

Cinca Feted s | Ten e .COM Gar | Ao Conv | GATEWAY | 57 v [
‘

Pulse-Wave Data Cortrols
Wavel ON/OFF R d G st
P-Hgh | 188  CurWaveVse: 129  Reset Counter 0 Packet Counter: | 23 97 Sampeling LEAD: RA - > [v] GRS Puse il pacSeiid
P-Wave Puise
\ - ECG Draw Interval: ST =
P-AR | 134 | CurDIFFVake:| 10 AVRReset:| 25 |- (urEcGTag: | TENd ECG / ART PhD Pause
Off Amp 2 @ Draw Method: Color Selector v (V] Smoothing
P-low:| 81 Cur Puise Total ;| —— ek — Q-ST 36 124 ST Det Border 4 7] Tag / D Clear Exit
- = V] P-Wave AUTO

F T BTl OiFF | ECG | WAVE INTS | GATEWAY | New Grapn

W TXT Wave DIFF Vale

Draw ON / OFF Draw Back Color

PVC Count
PV
PVC /min
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P10

DNz LS gy I T AP S ot L A S R normal P axis, V-rate 50- 99
PR 156 . ST DEPRESSION, CONSIDER ISCHEMIA, DIFFUSE............... ST <-0.10mV, ant/lat/inf
QRSD 65 LDS
QT 392
QTc 392
--AXIS--
P 42
QRS 51 - ABNORMAL ECG -
T 57 Unconfirmed Diagnosis
Non-standard lead gain

A o S - . N . - - — = -

Al A L el | e 1
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d'seseeld A F
i 1 1
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R 1 s
A N §
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i | ¥HOBOK
£ C:\Record\Old\P10.rec
Cinical Related Values | Time-Base & COM Control | Alam Control | GATEWAY | SPM Live ]
Pulse-Wave Data Controls _
wavel ONOFE [0 T
P-Hgh: | 187 CurWaveVaue:| 126  Reset Counter 14 Packet Counter 55 100 Sampeing LEAD: RA-> Il v [V] QRS Puse
P-Wave Puise
\ o - ECG Draw Interval: ST v
P-AVR: | 147  CorDIFFVae:! -2 AVRReset: 25 = curECGTag: | TENd ECG / ART PhD Pause
Off Amp 2 @& Draw Method: Color Selector v [¥] Smoothing
P-low:. 108  CurPuseTotd:| — ey R Q-sT 14 123 ST Det Border 4 2| MTeg/of Clear Exit
> V] P-Wave AUTO

T B DiFf | ECG | WAVE INTS | GATEWAY | New Graph

Wave DIFF Value
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P11

. SINUS RHYTHM...

.normal P axis, V-rate 50- 99

PR 156 . ST DEPRESSION, CONSIDER ISCHEMIA, DIFFUSE.. ST <-0.10mV, ant/lat/inf

QRSD 69 LDS

QT 388

QTc 388

==AXIS--

P 43

QRS 53 - ABNORMAL ECG -

T 55 Unconfirmed Diagnosis

Non-standard lead gain

) C:\Record\Old\P11.rec

Cirnical Related Values | Time-Base & COM Control | Alamn Control | GATEWAY | SPM Live
Pulse-Wave Data Cortrols

Wavel ON/OFF
P-Hgh:| 185  CurWaveVae:| 128  Reset Counter Packet Courter: | 61 Sampeling LEAD: RA -> QRS Puse
3 ECG Draw Interval: ST P-Wave Pulse
P-AR| 136  CurDIFFVee: O RV Heaet | CurECGTag: | TENd ECG /ART
Dif Amp S Draw Mathod: Color Selector v Smoathing
a-st:| 30 STDetBorder: | 4 1= Tag / D
P-Wave AUTO

Q Index

ECG | WAVE INTS | GATEWAY | New Graph

Draw ON / OFF Draw Bac
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P12

EACH IR s LY SRS O S A normal P axis, V-rate 50- 99
PR 160 . BORDERLINE ST DEPRESSION, DIFFUSE LEADS................. ST <-0.07mV, ant/lat/inf
QRSD 63
or 392
oTc 392
--AXIS--
P 42
QRS 51 - BORDERLINE ECG -
T 60

Unconfirmed Diagnosis
Non-standard lead gain

£ C:\Record\Old\P12.rec

Cirical Related Values
Pulse-Wave Data
P-Hoh:| 183  CurWaveVale:| 126  Reset Counter 8 Packet Counter 61 100
P-AR| 149  CurDIFFVaue:| 0 AVRReset:| 25 = OurECGTag: | TENd
Dff Amp 2 & 7
S P —— -ST
P-tow:| 116  CurPuse Total i 5 Q-§ 123

R DIFF | ECG | WAVE INTS | GATEWAY | New Graph

QRS Ratio
R

Controls

Sampeling LEAD: RA-> Il

ECG Draw Interval: ST
Draw Method: Colo
ST Det Border

<

<<

Wavel ON/OFF
QRS Puise
P-Wave Pulse
ECG / ART
Smocthing

Tag / D#f
P-Wave AUTO

Record Close / Stop
PhD Pause
Clear Exit

OFF Draw Bac
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CONSIDER ISCHEMIA, DIFFUSE

................... normal P axis, V-rate 50-

ST <-0.10mV, ant/lat/.
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P14

....normal P axis, V-rate 50- 99

PR 172 . CONSIDER RIGHT VENTRICULAR HYPERTROPHY....................... large R or R' V1/V2

QRSD 83 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS

or 392

QTc 426

--AXIS-~

P 2

QRS o ~ BORDERLINE ECG -

T ) Unconfirmed Diagnosis

Non-standard lead gain

i i f
I
oy STING HH
P STN : :
32 n?m/ i 10 mm/mv Chest} 5.0 mm/m 60~ " BHOBOA
) C\Record\Old\P15.rec - ([E=H R
Cinical Related Values | Time-Base & COM Control | Alam Control | GATEWAY | SPM Live
Puse-Wave Data Controls
Wavel ON/OFF R d Close /St
= - . /
P-Hoh:| 233  CurWaveVaue: 147  Reset Counter 3 Packet Courter: | 32 85 Sampeing LEAD: RA-> | ~  [V] GRS Puse eca .
- P-Wave Puse
- ECG Draw Interval: ST =
P-AVR:| 166  CurDIFFVawe:| 18 AVRReset:| 25 = CurECGTeg: | TENM ECG /ART PhD Pause
Déf Amp 2 I Draw Method ¢ Selector v [V Smoothing
P-low:| 100  CurPuseTotal:! — e — Q-ST 11 124 ST Det Border 4 V) Tag / D Clear Exit
= V! P-Wave AUTO

On / OF W 2nd Daw ECG |[WAVEINTS | GATEWAY |

0

P

PVCs' L min 13
im0 (oo
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P15

o SINUS REPTHM.. o e e e oo e s aeiaararaciie .normal P axis, V-rate 50- 99

PR 172 . CONSIDER RIGHT VENTRICULAR HYPERTROPHY... large R or R' V1/V2
QRSD 83 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS
QT 392
QTc 426
==AXIS-~
P 2
QRS [} - BORDERLINE ECG -
T 0 Unconfirmed Diagnosis
Non-standard lead gain
S T T . .

i TR [T I ] R

;
;
(s

T 1
1
STNof
f B 60~
€ C:\Record\Old\P15.rec - S
oo o e oM G et 5 o
Puse-Wave Data Controls
Wavel ON/OFF Record Goss /S
e by ¢ /
P-Hgh:| 233  CurWeveVave: 147  Reset Counter 3 Packet Courter: | 32 85 Sampeing LEAD: RA-> ~  [¥) GRS Puse e >
- P-Wave Puise
\ - ECG Draw Interval: ST v
P-AVR:| 166  CurDIFFVake: 18 AVRReset:| 25 = CurECGTeg: | TENd i ° £0G /ART PhD Pause
Déf Amp 2 B8 Draw Method: Color Selector v [V] Smoothing
P-low:| 100  CurPuseTotal:| — e Q-SsT 1 124 ST Det Bords 4 V] Tag / Dff Clear Exit
g ] P-Wave AUTO

W QRS Det On / Off "Rl DIFF | ECG | WAVE INTS | GATEWAY

| Nave DIFF Value

QRS Ratio

Draw Speed: [

Draw ON / OFF Jaw Back Col

PVC Count
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P16

. INPUT FROM ECG SIMULATOR OR V1-V4 SHORTED ...NO ANALYSIS PERFORMED
PR 184 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS

QRSD 88

or 332

QTc 378

--AXIS--

P =2,

ORS =4 - DEFECTIVE ECG -

L3 2 Unconfirmed Diagnosis

Non-standard lead gain

e DI e IR e A (e w SR Te Todttu o . m ca¥tim ¥y o el e+ i normal P axis, V-rate 50- 99
PR 184 . CONSIDER RVH OR PMI W/ SEC REPOL ABNORMALITY. .large R V1, repol abnormality
QRSD 97 . ST DEPRESSION, CONSIDER ISCHEMIA, ANT-LAT............... ST <-0.10mV, I avVL V2-Vé6
Qr 314 DS

QTc 388 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS
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normal P axis, V-rate 50- 99

PR 188 large R V1, repol abnormality

QRSD 92 . ST DEPRESSION, CONSIDER ISCHEMIA, ANT-LAT............... ST <-0.10mV, I aVL V2-Vé

QT 330

QTe 378

—-AXIS--

P =)

QRS o = ABNORMAL ECG -

L) Unconfirmed Diagnosis

Non-standard lead gain r

« SINUS RHYTHM. ....occcussnnsiannancanacannannnsanans normal P axis, V-rate 50- 99
PR 188 . CONSIDER RVH OR PMI W/ SEC REPOL ABNORMALITY .large R V1, repol abnormality
QRSD 85 . ST DEPRESSION, CONSIDER ISCHEMIA, ANT-LAT.. ....ST <-0.10mV, I avL V2-V6
or 324 LDS
QTc 376 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS

--AXIS--

1) =1

QRS &2 - ABNORMAL ECG -

T =9 Unconfirmed Diagnosis

Non-standard lead gain
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€) C:\Record\4-03-47-48 P15.rec -
= _ r s - [ Sheas DU F

= [ 3 -
Cirical Feted Vaues | Tme B & COM Cort | Ao Corr | GATEWAY | 574 ve [

Puise-Wave Data Controls
Wavel ON/OFF
P-Hgh:| 219  CurWaveVae: 127  Reset Counter 25 Packet Courter 51 51 Sampeling LEAD: RA-> Il v [7] GRS Puse Record | Close /Stop
z EOG Draw Interval: S ~ [ P-Wave Puse
p- 153 CnOFFvee:| 0 AVRReset:| 25 [ GrECGTag: | TEND po oY ST £CG / ART PhD Pause
B 88 Dff Amp 2 24 Draw Method: » V| Smoothing
P-Low Curr Pulse Total — -
ity Qhdex:| 5 P =31 125 STDetBoder: | 4 [2] Y] Teg/Dff Clear Exit
V| P-Wave AUTO

W QRS Det On WAVE INTS | GATEWAY | New Graph

W TXT Wave DIFF Value

Oraw ON /OFF [l Draw Back Color

PVC Count
PVCs' L.min

PVC / min [os B VENTFIB NONE
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P17

. INPUT FROM ECG SIMULATOR OR V1-V4 SHORTED ...NO ANALYSIS PERFORMED

PR 180 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS

QRSD 82

QT 388

QTc 477

-=AXIS--

P -2

QRS o - DEFECTIVE ECG -

2 o Unconfirmed Diagnosis

Non-standard lead gain

Limb: 10 mm

) C:\RecordOld\Record PDH Data Main\5-05-16-32.rec

rical Feted Vues | Tme s 8 COM Goro| Ao Cott | GATEWAY | 574 v

e Data Controls
Wavel ONOFF [~ T T
cAR. DA " e Close 10f
P-Hoh:| 241  CurWaveVae:| 143 | Reset Counter 1 Packet Counter 25 83 Sampeing LEAD: RA - Il v (7 QRS Puse ecor o »
= c ECG Draw kterval: ST =
P-AVR:| 172  CurDIFF Vale -4 AVRReset:| 25 Cur ECG Tag: | TENd = PhD Pause
Dé Amp 2 B Draw Method v [ Smoo
P-low:| 103  CurPuseTotal:| — G 5 - Q-sT 9 125 ST Det Border 4 V| Tag / D Clear Exit

W QRS Det On / Off | ] DIFF | ECG | WAVE INTS | GATEWAY | New Graph
W TXT Wave DIFF Vale

QRS Rato

oo spece EIRED

Oraw ON /OFF Il Draw Back Color
PVCCount: 1 t r |

PVCs'Lmin; 12 L
PVC / min \
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P18

e ST T N8 For OB Y N e e T O DO L O A O A V-rate< 50
PR 189 . CONSIDER RVH OR PMI W/ SEC REPOL ABNORMALITY. ..large R V1, repol abnormality
QRSD 32 . ST DEPRESSION, CONSIDER ISCHEMIA, ANT-LAT.... ST <-0.10mV, I avL V2-Vé
QT 280 LDS
QTc 250 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS
--AXIS-~
P =2
QRS -1 - ABNORMAL ECG -
T 170 Unconfirmed Diagnosis
Non-standard lead gain
I B 1 -
A i I
| u i
I a 1e5
Iﬂl !
fl
a o} 6
i i i :
1 } f
15 |
1
for} QRS
1
+ A
. i i £ i
(i H- A L i
i 3 |
PRIQT ST Dep

25 mm/sec | Limb; 10 mV|  Chest} 5.0 mm/my

I Girical Related
Puise-Wave Data Controls

Wavel ON/OFF
-High:| 220  CurWaveVaue: 127  Reset Counter 107 Sampeing LEAD: RA-> Il QRS Puise
P-Wave Puise
; w0 2 ECG Draw Interval: ST

-AVR:| 156  CurDIFFVave: 0 AVES Hooat : ECG /ART

Dif Amp 2 Draw Method: Color Selector Smoothing
-low:| 93 Cur Puise Total > . e Tag / Dff

¢ = = P-Wave AUTO

FEGTE I Erll DiFF | ECG | WAVE INTS | GATEWAY | New Graph
W TXT Wave DIFF Value

QRS Ratio

Draw ON / OFF Jraw Back

169



P19

. SINUS RHYTHM.. B . normal P axis, V-rate 50- 99
PR 180 . CONSIDER RVH OR POSTERIOR INFARCT.........eiuvuurnnnnnnnnnnnnnnnsnnn large R in V1

QRSD 94 . ST DEPRESSION, CONSIDER ISCHEMIA, LAT LEADS. .ST <-0.10mV, I avL V5 V6

QT 337 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS

QTe 325

==AXIS-~-

P 2

QRS 4 - ABNORMAL ECG -

L -9 Unconfirmed Diagnosis

Non-standard lead gain

125 mm/sed L

Cirical Related Values | Time-Base & COM Control | Al Control | GATEWAY | SPM Live
Pulse-Wave Data Controls

Wavel ON/OFF
As Il R
236 | CurWaveValue:| 127  Reset Counter PacketCourter: | 73 105 Sampeing LEAD: RA-> Il 7] QRS Puse ecord
g P-Wave Pulse
A 5 . ECG Draw Interval: ST

iy CarECGTag | TENd 7 ECG / ART PhD

Dé Amp £ Draw Method: Color Selector 7] Smoothing

Curr Puise Total s : Q-ST 24 ST Det Boeder 4 = [Teg/08
= 7] P-Wave AUTO

Curr DIFF Value 0

"Dl DIFF | ECG | WAVE INTS | GATEWAY | New Graph

Wave DIFF Value

QRS Ratio
oraw Speed: [

ON/OFF [ Draw Bax
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P20

S SINUS HPACHYCARDIA . oo o el arats ats ntaer s zaiv)n fae aharata el aletal ol ke ls alo a:nTs ] ninlers e ls (orals V-rate> 99
PR 184 . CONSIDER RVH OR POSTERIOR INFARCT..........utnunmnnnensnnennnsnnnsns large R in V1
QRSD 64 . BORDERLINE ST DEPRESSION, LATERAL LEADS................. ST <-0.07mV, I avL V5 V6
QT 336 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS
QTc 450
==AXIS-~-
P =1
ORS 1 - BORDERLINE ECG -
T =7 Unconfirmed Diagnosis

Non-standard lead gain

i
et &
IIr a
oy it Bl
1T :i
128 mm/sed

Cinical Related Values | Tame-Base & COM Cortro | Al Conirol | GATEWAY. | SPM Live
Pulse-Wave Data Controls

Wavel ON/OFF

P-Hoh:| 223 CurWaveVave: 124  ResetCounter:| 46 Packet Counter: | 44 107 Sampeing LEAD: RA -> I QRS Pulse

P-Wave Puse
A : ECG Draw knterval: ST
P-AVR:| 158 | Cur DIFF Vae 0 AVRReset:| 50 = ourEcGTag: | TENd /A PhD
Off Amp 2 B Draw Method: Color Selector
Cur Puse Total Q-ST 24 : y
$ STDetBorder: | 4 =
o B P-Wave AUTO

Record

M 2nd Draw ECG | WAVE INTS | GATEWAY | New Graph

aw ON / OFF Draw Back Colo
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P21

PR 184
QRSD 61
or 315
ore 390
--AXIS--
P 0
ORS 0
T

SN b o e R T 4 A e A T A oS U O SRS PR, normal P axis, V-rate 50- 99
........... large R in V1
ST <-0.10mV, I aVL V5 V6

. CONSIDER RVH OR POSTERIOR INFARCT............cuovuuunnnnn
. ST DEPRESSION, CONSIDER ISCHEMIA, LAT LEADS.............
. LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS

- ABNORMAL ECG -

Unconfirmed

Diagnosis
Non-standard lead gain

Pulse-Wave Data
P-Hgh:| 218
P-AR | 153

88

Il QRS Det On / OFf

PVC Count
PVCs' L. min

PVC / min

CurWave Vave:| 113 Reset Counter 11 Packet Counter 14
CurDIFF Vae | 4 AVRReset:| 50 = onEcGTag:| S

Déf Amp 2
-ST
Q Index 5 S 22

B 2d Draw ECG | WAVE INTS | GATEWAY | New Graph

Controls
Sampeling LEAD.
ECG Draw Interval
Draw Method: Coic
126 ST Det Border

Wavel ON/OFF
QRS Pulse

P-Wave Puse
ECG /ART

Smoothing
Tag / Dff
P-Wave AUTO
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P22

POSSIBLE ATRIAL ARRHYTHMIA, A-RATE 215....
PR 184 . CONSIDER RVH OR PMI W/ SEC REPOL ABNORMALITY.

......... multiple Ps

arge R V1, repol abnormality

QRSD 55 . ST DEPRESSION, CONSIDER ISCHEMIA, ANT-LAT....

or 333 DS

QTc 421 . LEAD(S) aVF WERE NOT USED FOR MORPHOLOGY ANALYSIS
--AXIS--

P 0

QRS -2 ~ ABNORMAL ECG -

T 139

ST <-0.10mV, I aVvL V2-V6

Unconfirmed Diagnosis
Non-standard lead gain

o

\

!

{
i

) ClRecord\0id\P2

Cinical Related Values | Time-Base & COM Control | Alam Control | GATEWAY | SPM Live

Pulse-Wave Data
P-Hgh:| 243 | CurWave Value
P-AVR:| 167  CurDIFF Value

91 Cur Pulse Total

n / Off W 27d Draw

DIFF Value

PVC / min

121
6

ECG

Reset Counter 14 Packet Counter
AVRReset: 50 = GurECGTag

Def Amp 2
Q Index 5

Q-

WAVE INTS | GATEWAY | New Graph

ST

19
S
22

67

Controls
Sampeling LEAD: RA -> Il
ECG Draw Interval: ST

Draw Method: Color Selector

ST Det Border

4

Wavel ON/OFF
QRS Pulse
P-Wave Puse
ECG/ART
Smoothing

Tag / Déf
P-Wave AUTO

Record

PhD
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..normal P axis, V-rate 50- 99

PR 184 large R V1, repol abnormality

QRSD 91 . ST DEPRESSION, CONSIDER ISCHEMIA, ANT-LAT............... ST <-0.10mV, I aVL V2-Vé

Qr 331 LDS

QTc 357

==AXIS--

P o

QRS =1 ~ ABNORMAL ECG -

T o Unconfirmed Diagnosis

Non-standard lead gain
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