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Abstract

Myocardial Infarction (Ml) is one o f the main causes o f death throughout the world. More 
commonly known as heart attack, it is caused by the occlusion o f one or more o f the arteries that 
supply the heart. Cardiac enzymes found through blood analysis are frequently used to estimate 
infarct size. The peak creatine kinase (CK) enzyme or troponin (Tn) protein are widely used to 
determine prognosis and treatment. Non-invasive imaging techniques are also frequently used in 
clinical practice to determine infarct size and location. These techniques all rely on skilled 
operators to interpret the images generated. In this thesis, we describe a simple technique for 
non-invasive assessment o f myocardial infarct size and location by generating a 3 dimensional 
representation o f the infarct location from the surface electrocardiograph (ECG).

We borrow techniques from the fields o f direct volume rendering, realtime-rendering, virtual 
reality, physiological simulation, volume animation and slice-based texturing. From an initial 
polygonal mesh model, we produced a hybrid volumetric and mesh model for the mapping o f the 
automatically interpreted results from 12 lead ECG. Myocardial infarctions are represented 
within our system as areas around central voxels that correspond to the lead vectors. We 
introduced voxels within our model by aligning them to axes representing the lead vectors. The 
voxels are inputted into the volume where the axes intersect with the model. The electrical 
propagation animation recognizes the infarcted cells and cannot pass these cells, thus spreading 
around them. The Ml detection system measures the parameters as found by either the automatic 
or manual markers system. Currently the system measures the difference between the ST 
segment and the iso-electric line for each lead, thus giving the extent, if any, o f infarction. These 
measurements are then used as references for the radius around that specific lead's model- 
representation voxel. The T waves are also checked for inversion. The animation o f the electrical 
propagation is automatically choreographed with markers that are selected by the user or 
automatically selected using the automatic wave classifier. We offer a new metric that is a 
cumulative indicator o f ST segment deviation. ECG measurements are established to be more 
accurate than blood-chemical markers, so such metric is very useful for the credibility o f this 
tool.

We worked alongside collaborators in various clinical and medical education settings. Our 
software was tested by monitoring patients, over a period o f 3 months, in the Coronary Care Unit 
(CCU) in St James' Hospital, Dublin. All abnormal ECGs were detected correctly. We also 
monitored patients during angioplasty procedures. During this procedure a balloon catheter is 
used and, on inflation, ST segment elevation occurs on the corresponding leads, which is used as 
a definitive validation o f the localiser algorithm. This is definitive proof that the software is 
successful because real-time video fluoroscopy is used to show that the location o f the catheter is 
at the same location as the simulated stress area on the model. The software was demonstrated to 
cardiology clinicians and it was seen as very beneficial for several reasons. Firstly, as a potential 
diagnostic tool, it could save the clinician time on measuring the extent o f STEMIs (ST 
Elevation Mis). It was also recognised as an invaluable teaching tool, giving the student a greater 
spatial awareness o f these kinds o f conditions. There is also potential in the area o f patient 
awareness. The software allows a patient to see that an Ml is not just visible on graph-paper.
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Chapter 1

Introduction

The electrocardiograph (ECG) has l)een used in medicine for over 100 years as a 

crucial diagnostic tool for heart abnormalities. Even though the advent of imag

ing modalities such as computed tomography (CT), magnetic resonance imaging 

(MRI), positron emission tomography (PET) and ultrasound have revolutionised 

medical diagnoses, the humble ECG remains one of the key diagnostic tools used 

in the field of cardiology. From the ECG, very specific information about lieart- 

rate and heart.-rhythm as well as locations and extents of abnormalities can be 

derived. The use of c:omputer graphics in medicine and medical education is 

becoming more wide-spread as techniques and technologies improve. This thesis 

describes the visualisation of ECG information by the use of computer graphics.

1.1 M otivation

Currently the cardiologist uses l)io-chemical markers found through blood analy

sis to monitor patients suffering with myocardial infarction (MI). An MI is more 

commonly known as a “heart attack” and is one of the major causes of morhid-
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1.2 System  O verview

ity and mortality  (F B C 0 2 ) . This condition is caused by a t.)iocl^ge in one or 

more coronary arteries, resulting in dead or dying sections of the heart muscle. 

Even though bio-chemical markers are used in the m onitoring of MI, the ECG 

is far more useful in pro\'iding evidence of the extent and location of infarction. 

One of the m ain aims of this project is to  i)rovide a  VR tool th a t a cardiolo

gist or cardiology worker can use to  speed up and enhance this diagnosis and 

m onitoring process, converting real ECG d a ta  to  a virtual in terpreta tion  on a 

volumetric heart model. Another aim was to use the same system  as a teaching 

tool inchuUng sim ulations of the cardiac electrical cycle as w'ell as abnorm alities 

such as MI. This thesis is an investigation of representing M is in 3D s[)ace from 

standard  ECG input and describes the development of such a tool.

1.2 System  O verview

From an initial heart struc tu ra l model (New York University heart model), we 

produced an improved volume model for use w ithin our system. For the handling 

of ECGs, we chose to  m ainly use the common SCP (S tandard  Connuunication 

Protocol) file form at. This file form at is currently the form at of choice for most 

ECG consoles. Our ECG recording equipm ent is capable of exporting ECGs in 

this format. ]\'Iyocardial infarctions are represented w ithin our system as regions 

around central points (voxels) th a t c.orrespond to  the lead vectors. These points 

were introduced into our model by aligning them  to relevant ECG axes. Our 

software also produces an anim ation of the hearts electrical cycle. This electrical 

cycle anim ation recognizes the infarcted or dead cells as non-conductive, thus 

spreading around them. The MI detection system  measures the  param eters as 

^Tliroughout the  thesis, italicised term s hke this are explained in the glossary (Appendix
D )



1.3 M ethodologies

fomicl by either tlie automatic or maiiual marker classification system. Currently 

the system measures the difference between the S T  segment and the normal (iso

electric) hue for each lead, thus giving an extent, if any, of abnormality. These 

measurements are then used as references for the radius around that specific 

lead’s model-representation r>oint. The animation of the electrical propagation 

is automatically choreographed with markers tha t are selected by the user or 

automatically selet:ted using the automatic wave classifier. This w'ave classifier 

uses the So and Chan (SC97) QRS detection algorithm, which was the most 

suitable detection algorithm because of i t ’s suitability to real-time systems. Once 

the QRS complex is found, tiie other waveforms are found by traversing backwards 

and forwards from that point. This is not always accurate, so a manual human- 

guided ww'c; classification tool is incorporatcxl into the' softw'are. We incori)orated 

a standard metric for the extent of MI into ovu' system. The purpose of a metric 

like this would be to see if the bio-chenhcal measurements correlate with the 

measurements within our system. There are two types of metrics available in tlie 

toolkit. VVe use a voxel counter tha t coimts the number of dead voxels or cells 

once the interpretation process is complete. The second metric, is a cumulative 

value of S T  segment deviation.

1.3 M ethodologies

Throughout the duration of the project, we worked alongside collaborators in 

various clinical and medical education settings. Oiu' software was tested by mon

itoring i)atients in the Coronary Care Unit (CCU) in St James’ Hospital, Dublin 

over a period of 3 months. All abnormal ECGs were detected correctly. We

 ̂Section of ECG wave. See Glossary
^Oiie of the key waveforms within the ECG

3
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also inonitorefl patients during angiopla.sty procedures. During this procedure a 

balloon catheter is used and, on inflation. ST segment elevation occurs on the 

corresponding leads, which is used as a definitive validation of the  localiser algo

rithm . This is definitive proof th a t the software w'orks because real-tim e video 

fluoroscopy is used to show th a t the location of the catheter is the same location 

as the sim ulated stress area on the model. The software was dem onstrated  to 

cardiology clinicians and it was seen as very beneficial for several reasons. Firstly, 

as a  potential diagnostic tool, it could save the clinician tim e on m easuring the 

extent of STEM Is (ST Elevation Mis). It was also recognised as an invaluable 

teaching tool, giving the student a  greater spatial awareness of these kinds of 

ccjnditions. There is also potential in the area of ]>atient awareness. The software 

allows a patient to  see th a t an MI is not ju st readable on graph-paj)er. We took 

some control ECGs on i)atients th a t had no MI or had recovered from M is and 

interestingly, these ECGs showed the correct results, no pathologies.

1.4 Scope

Traditionally, due to  the vast and complex natu re  of tlie hearts {)hysiology, simu

lations of the hearts electrical cycle require hugely detailed models and enormous 

am ounts of com puting power. To add such detailed volumetric anim ations of the 

cardiac electrical cycle to  our system would have been outside the scope of this 

project. Therefore, it was decided th a t, although not ideal, a simpler version of 

such an anim ation system  was incorporated into our software. The main justifi

cation for this feature was to provide a teaching tool th a t allows the user to view 

the cardiac cycle as well as myocardial infarctions from loaded ECGs. One of 

the main requirem ents w'as th a t it would be easily accessible and implernentable
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on a number of platforms. For this reason, we chose to program our software 

with cross-platform libraries (FLTK, OpenGL) and prepare the system so that 

it could be used on a standard PC '. These specifications allowed tlie softw'arc to 

be easily demonstrated on a laptop with enough capabilities for interacting in 

real-time with a volume of 256x256x100 resolution.

In identifying locations of mj'-ocardial infarctions from ECG, a vest with mul

tiple arrays of electrodes (224) (RG.IR04) would be very helpful. However, this 

configuration is very rarely seen in clinical practice. For this reason, we chose 

the most standard configuration: the 12 lead ECG. A multi-electrode vest would 

alscj have been beyond the s(;ope of the project because of the ccjsts invcjlved. If 

was decided to incorporate one ECG file format, aj)art from our initial ASCII 

fil(' format. Wc chose the SCP file format for onc' crucial reason: it was the only 

open-sourc(5 file fcjrmat tha t ovu' ECCt ('(}uij)rnent was c;apable of exporting.

Although some automatic ECG recognition and detection algorithms were 

experimented with, it was not wdthin the scope of this thesis to perform significant 

new research in this domain. We incor{)orated a human in the loop ap})roach to 

lead classification. This area of research is gaining interest because, not only 

are some of these algorithm more effective, clinicians generally have more faith 

in their own expertise than tha t of computer-based algorithms tha t may have a 

high rnis-diagnosis rate.

The validation phase of our system mainly comprised of clinical trials and 

evaluations. A thorough user feedback study of our toolkit was not performed 

because, timing the project, we received constant feedback from consultant cardi

ologists and other medical staff. Also, by the time we had finished all the clinical 

trials and evaluations, it was considered tha t these results provided sufficient 

standard PC. we mean approximately 2GHz processor, IG lIz RAM, 256MB Graphics
Card
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proof that our software worked. Our software was demonstrated at a medical 

forum within the hospital and feedback was attained.

At the beginning of the project, after some initial meetings with our clinical 

collaborators, it Ijecame apparent that, without our own equipment and per

sonnel for the acquisition of the digital ECGs, the project w'ould be impossible. 

This was for two reasons. Firstly, the hospital a t which we were mainly based 

only recorded ECGs as paper-printouts and digital exportation from the ECG 

consoles was not achievable. Also, because of an already understaffed cardiology 

department, ECG technologists were not available for extra work. After some ini

tial consultations, an oi)portunity arose. W ith our previous metlical experience, 

it would be possible to gain access to patients after an ECG training period. 

Then, after the acquisition of an ECG console capable of exporting SCT hies via 

serial-cable to a laptop, we could begin our ECG monitoring.

1.5 H ypotheses

There were nniltiple hypotheses within this project. These comprised mainly of 

the following:

• In the field of cardiology, there is an inherent absence of visual feedback 

tools, especially in the domain of electrocardiography. It was predicted that 

a novel ap p ro ac h  to  th e  d iagnosis a n d  m o n ito rin g  of the connnon 

pathology of m y o card ia l in fa rc tio n  using conventional 3D  an d  volu

m e tric  c o m p u te r  g rap h ic s  techniques could be developed.

• We hypothesised tha t we could evaluate the interpreter’s localistion algo

rithm using our unique method. This evaluation technique involves the

6
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recording of a p a tien t’s ECG on the inflation of a balloon catheter during 

an angioplasty procedure. The video fluoroscopy angiography recordings 

were used to confirm the locations of the in terp re ter’s detected MI loca

tions.

•  We predicted th a t the electrical depolarisation and repolarisation of cardiac 

cells could be represented effectively using re a l- t im e  v o lu m e tr ic  a n i

m a t io n  te c h n iq u e s . The visual representation coincides w ith au tom ati

cally synchronized electrocardiogram  (ECG) input. W hilst o ther projects 

in similar fields use super-com puters or vastly complex cellular structures 

(SFI5 ' 03), one of the aims of this project is to simplify the process for 

real-tim e optim ization.

• In the dom ain of medical education, it was hypothesised th a t this tool would 

provide the student with a  valual.)le rej:)resentation of the cardiac electrical 

cyc;le and myocardial infarctions. W hen learning electrocardiography, the 

abstract concept of 3D localisation is difficult to  visualise. This tool allow'S 

the student to see bo th  the relevant ECG and the corresponding visualisa

tion, which provides the student w ith a greater sense of spatial awareness.

•  In the realm  of volume graphics, w'e predicted th a t by using hardw^are-based 

tex turing  techniques we could accurately portray  the associated pathologies 

and physiological processes.

1.6 Summary of Chapters

C h a p te r  2 - M e d ic a l P r in c ip le s  provides a detailed background of the med

ical principles relevant to this thesis. After an initial overview of the

7
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anatoinicaL physiological and pathological issues surrounding the heart, 

an in-depth discussion of the causes, diagnosis, monitoring and treatm ent 

of myocardial infarction follows. Then there will be a comprehensive discus

sion of electrocardiography and its role in the monitoring and diagnosis of 

MI as w’ell as related subjects including the SCP hie, automatic recognition 

and detection algorithms and angioplasty.

C h a p te r  3 - G rap h ics  in  M ed icine  an d  M edica l E d u c a tio n  inv^estigates the 

area of computer graphics with a leaning towards the applications within 

the field of medicine and medical education. A detailed description of the 

relevant graphical techniques including basic graphics, volume graphics, 

virtual/augmented reality, virtual siu'gery and animation will be given.

C h a p te r  4 - Im p le m e n ta tio n  describes all the aspects relating to the develop

ment of our toolkit. The acquisition and development of the cardiac model 

will firstly be described along with the volurnisation techniques used. Then, 

the system design will be described including information about the partic

ular datastructures tha t were used. The electrical [)ropagation animation 

system will then be descril)ed. The handhng of EGG information as well as 

the development of SCP file format readers and wTiters will be discussed. A 

description of the classification and interpretation system will be followed 

by the MI simulation and representation techniques. Finally, increased im

mersion techniques and the development the graphical user interface will 

be explained.

C h a p te r  5 - C lin ical T ria ls  an d  E v a lu a tio n  M eth o d o lo g ies  discusses the 

process of evaluating the software in different phases. The EGG record

ing process is firstly described along with the relevant ethical and training

8
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issues. Then, the two main phases of chnical evaluations are discussed. 

These include the evaluation of the system with ECGs from the c:oronary 

care unit in St Janies Hospital, Dublin and also the evaluation of the lo

calisation techniques using real-time ECGs recorded dming percutaneous 

transluminal coronary angioplasty (PTCA') procedures.

C h ap ter 6 - R esu lts  and  D iscussion provides the results of our various eval

uations and discusses each phase’s findings.

C h ap te r 7 - F u tu re  W ork and  Conclusions discusses the potential future 

applications and improvements as well as finalising the findings of this the

sis.

' A  foiiiTiioii t y p e  of  a iig iop laa ty .  def ined  in glosjiary
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C hapter 2

M edical Principles

This chapter is mainly concerned with exploring and identifying the issues sur

rounding lieart abnormalities such as myocardial infarction. Firstly, there will 

l)e a short background of the anatomical, physiological and pathological princi

ples involved a.s well as an in-dejjth discussion al)out myocardial infarction and 

its causes, treatments and methods of diagnosis. A comprehensive discussion of 

electrocardiography and its role in the diagnosis and monitoring of this condition 

is also included. Related subjects such as angioplasty, the SCP file format and 

automatic recognition and detection algorithms for electrocardiography are also 

discussed. This chapters contains some terms with which non-medical readers 

may not be familiar. A glossary is included for this reason (Ap[)endix D).

2.1 The Heart.

2.1.1 A natom y

The heart is located centrally in the chest in a cavity called the meAiastinum, 

and is responsible for pumping blood around the body. It is generally made up of

10
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muscle, whicli is known as the myocardium.. The average adult heart weighs ap

proximately 0.5kg and it beats on average around 100,000 times a day. The heart 

lias four chambers (two atria  and two ventricles). The right atrium  along with 

the venous system sucks deoxidised blood from most of the body and passes it to 

the right ventricle. The right ventricle then passes it to the lungs where oxidisa

tion occurs and the blood is returned via the pulmonary vein to the left atrium. 

This blood is passed to the left ventricle, which outputs the regenerated blood 

to the body again via the aorta. The heart lies within a fibrous sac called the 

pericardium, which is lined internally by the serous pericardium. This consists 

of a parietal lining layer and a visceral layer tha t adheres the heart and adjacent 

large vessels to each other. The electrical conduction system of the heart is quite 

complex and has an electrical presence greater than most other anatomical phe

nomena. An electrical impulse begins a t the SA (Sino-Atrial) node, which is an 

area of s[)ecialised cardiac muscle at the top right of the heart. This electrical im

pulse then conducts through the atria  until it reaches the AV (Atrio-Ventricular) 

node. This node is also a specialised area of cardiac muscle and continues into 

the AV bundle branch, which conducts the electrical impulse into a network of 

muscle fibre branches in each ventricle (MHL98). Figure 2.1 dem onstrates the 

main internal structures of the heart.

2.1.2 Physiology

The word physiology refers to the branch of biology tha t deals with activities 

and functions of living m atter (ie. tissues and cells). Heart physiology is a much 

studied area because of the intricate nervous/electrical system along with the 

heart’s iniique muscle structure. Figure 2.2 dem onstrates a section of heart 

muscle. The myocardium’s specialised cardiac muscle tissue is unique to  the

11
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Superior Vena Cava
.Aorta

Pulm onary Artery

Right Atrium Left Alrium

.Pulm onary Vein

Right V entnde

Septum
b u n d le  B ranches

Figure 2.1: D iagram  of the H eart.

heart and consists of cells/fibres th a t  are in very close contact w ith the  ends of 

adjacent cells. This makes the cardiac cells resemble a sheet of nmscle. R a ther 

th an  having a separa te  nerve supply to each fil)rc, an electrical im pulse from key 

nerve sui)plies spreads through th is “sheet” of muscle causing a  con traction  in 

the  area of depolarisation. These contractions are the  basis of blood flow w ithin 

the  heart. The electrical propagation generally tra.vels in the  sam e direction as 

the  fibre orientation.

2.1.3 Pathology

A pathology is a m anifestation of fim ctional or anatom ical abnorm ality  or dis

ease. M any heart pathologies relate  to its blood or nerve supply  or som etim es 

a  combined abnorm ality. Cardiac Failure is a  term  used when there  is a failure 

of the cardiac o u tp u t to  m eet the needs of the body (W W 96). C ardiac failure 

is norm ally caused by a lower level abnorm ality  w ith the  blood or nerve supply 

to  the  tissue concerned. T he h e a rt’s valves may become dam aged and cause a

12
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Figure 2.2: Diagram of the Heart Muscle Tissue.

blood-flow disturbance which is sometimes called regurgitation. Ischemia refers 

to the lack of oxygen a t cellular level to a certain area of tissue (Pha96). There 

are two main i^athologios as a result of this phenomenon: Angina Pectoris and 

Myocardtal Infarction. Both of these conditions are caused by a restricted blood 

flow, which, in turn, causes ischemic conditions. Angina Pectoris is sometimes 

resolved in the same way as myocardial infarction (LCP02), but in general is a 

less severe condition. Since it is the key focus of this thesis, myocardial infarction 

will be explained and discussed in detail later in this chapter.

2.2 E lectrocardiography

2.2.1 A B rief H istory of Electrocardiography

hi 1787 Luigi Galvani discovered tha t attaching a metal instrum ent to  the lum

bar nerve of a frog and applying an electrical charge caused violent muscular 

contractions (Gal91). This phenomenon became known as galvanism. After this 

discovery, bio-electricity became a richly researched area. Between 1893 and 1896

13
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George Burch and Willem Eiuthoven developed methods for calibrating and cor

recting the da ta  produced by a device called the capillary electrometer. Finally 

a shape was predicted tha t was very close to tlie “true” EGG shape (Zyw05). 

These denominations of electrocardiographic waveforms are still in use today. 

Below' there is a sketch of Luigi Galvani’s laboratory with the frogs lower half 

and galvanometer (Figure 2.3’).

Figure 2.3; Sketch of Luigi Galvanis Laboratory.

2.2.2 Electrocardiographic Principles

The body’s tissue and fluids are good conductors of electricity, so the heart can 

be monitored from the ovitside by attaching electrodes to  various parts of the 

body. The recorded EGG displays a waveform in 2D. The voltage is represented 

vertically and time is represented horizontally. Sections of the wave coincide with 

physiological occurrences within the heart. Figure 2.4 dem onstrates a typical 

'C o u rtesy  of Archives and Special Collections, Colum bia University H ealth  Sciences L ibrary
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ECG from lead II in a standard three lead configuration.

R

---------
Q S

Figure 2.4: Example of Typical ECG Waveform.

The different sections of the wave are also shown from P to T. The P wave 

corresponds to the electrical propagation through the atria, i.e. when the impulse 

travels from the SA node to the AV node. The QRS complex occurs when 

the electrical i)ropagation rushes through the hundle-branches and the ventricles 

depolarise. This QR.S complex is the most prominent waveform within the ECG 

and is most conmionly used to measure heart-rate. There are normally 12 leads in 

a standard clinical conhguration. W ithin this configuration there are 3 standard 

leads, 3 augmented leads and 6 precordial leads. An electrical current travelling 

from the negative node to the positive node of a bipolar electrode is the basis of 

electrocardiography. This causes a positive deiiection around the isoelectric line 

by the lead. The original three-lead bipolar electrode pair setup was first used 

by the inventor of ECG, Einthoven. It is still referred to as Einthoven’s Triangle. 

(See Figure 2.5)

Left ArmRight Arm

Left Leg

Figure 2.5: Diagram of Einthovens Triangle.
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2.3 M yocardial In farction  (M I)

Figure 2.6 dem onstrates the wave of depolarisation. The shape of the QRS 

complex in any lead depends on the orientation of the corresponding lead to the 

vcctor of depolarisation.

Figure 2.6: Different Views from Different Leads.

Table 2.1 shows the locations of the standard leads in a 12 lead configuration. 

Note th a t some of the leads are missing, liecause they are com puted afterwards.

An MI is an area of myocardial tissue tha t has died due to a lack of oxygen to 

tha t particular part. This occurs when there is a thrombosis in one or more of the 

supplying coronary arteries. Thrombosis occurs when there is an intra-vascular 

blood-clot. The commonest cause of this i)henomenon is when an atherom atous 

plaque lodges within the artery and causes a blockage or thrombosis. (WW96) 

The extent and location of the MI depends on the location and size of the offend

ing arteries. Once heart cells die, they cannot regenerate. Instead, they form a 

section of fibrous tissue th a t has no role within the heart. This tissue becomes 

non-conductive to the electrical propagation which then becomes evident on the

Wave of Depolarisation

2.3 M yocardial Infarction (M I)
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Table 2.1: ECG Lead Locations

L ead  N o. E x te rn a l L ead  L o c a tio n
vl Chest lead, 4th intercostal space, just to the right of the sternum
v2 Chest lead, 4th intercostal space, just to the left of the sternum
v3 Chest lead, between v2 and v4

v4 Chest lead, 5th intercostal space, the mid-clavicular line
v5 Chest lead, between v4 and v6

v6 Chest lead, on the same level as v4, on the mid axillary line
AVL Left arm or upper left torso

AVR Right arm or upper right torso

AVF Right lower leg

diagnostic ECG. Although myocardial infarction refers to dead cells within the 

myocardium, cardiology practitioners refer to Ml more as a process. This process 

has three main steps: ischemia, injury and infarction. Ischemia is basically a lack 

of oxygen to the tissue normally supplied by a certain blood vessel. Through 

time, this ischemia turns to injury of the tissue and Hnally, the last step is infarc

tion where the cells actually die. Figure 2.7 shows this process. An infarction 

like this is called an antero-lateral infarction and is caused by an occlusion to the 

left circumflex. Regarding incidence related to age and gender, Foley et al found 

tha t more men than  women (66% v’s 34%) suffered infarction with a mean age 

of 71 and 72 respectively (FBC+02).

Figure 2.8 dem onstrates an occlusion in the left anterior descending coronary 

artery.

17



2.4 D iagnosis and M onitoring o f M yocardial Infarction

r Injury

Ischemia

Infarct

Figure 2.7: Diagram of the Ml Process.

2.4 D iagnosis and M onitoring of M yocardial In

farction

2.4.1 Signs and Sym ptom s

The signs and symjjtoms of MI are gender-specific. Men experience the following 

signs of a heart attack: Chest pain, dizziness, dyspnoea (shortness of breath), 

radiating pains in the chest and arms, intense sweating and nausea (GerOO). W ith 

women, although chest pain may be experienced, often pain may be experienced 

elsewhere (ie. in the back, neck, shoulder and /or throat). Also, women experience 

more of the non-chest-pain related symptoms including: nausea, vomiting, fatigue 

and dyspnoea.

2.4.2 Predisposing Factors

There are many factors th a t make a patient more susceptible to coronary diseases 

and syndromes. Smoking is well established as causing various heart diseases, 

which in turn  increase the risk of myocardial infarction. One study showed tha t
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Figure 2.8: Heart with Blockage causing MI.

women may be more sensitive than men to some of the harmful effects of smoking 

on the heart (PHS'*'98). Abnormal blood pressure is also a pro-disposing factor 

of MI and, although high blood pressure or hypertension is commonly associated 

with MI, low blood pressure may also be a risk (CCW94). D iabetes is well estab

lished as a predisposing factor for cardiac disorders (EWM02). Also, depression 

carries some risks of MI, more so with men than with women (HCFP98).

2.4.3 B io-chem ical Markers

Cardiac Troponin is a regulatory protein of the thin actin filaments of the cardiac 

muscle. The troponin T  and I proteins are highly sensitive and specific markers of 

myocardial injury (APFR04). In 20(30, the joint European Society of Cardiology 

and American College of Cardiology Committee accepted their measurement in 

serum as the standard bio-chemical marker in the diagnosis and management of
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acute m yocardial infarction (TAOO). As A nnnan et al noted, though, because a 

lot of patien ts with raised troponin  levels have conditions o ther th an  MI, these 

assum ptions could lead to  unjustified and poten tially  harm ful diagnoses as well as 

increased medical costs (A PFR 04). CK or C reatine Kinase is also a bio-chemical 

m arker useful in the m onitoring of MI. However, CK MB can be raised and  not 

necessarily be an indication of m yocardial dam age (Tho97). Some studies have 

found troponin  T  and I proteins to be more sensitive and specific th an  creatine 

kinase levels (GR03). One of the m ajor disadvantages of using th is technique 

in the diagnosis and m onitoring of MI th a t  it takes a  long tim e, due to  the  

requirem ent of lab analysis of blood. For th is reason, ECG  is a very helpful tool.

2.4.4 ECG

The electrocardiogram  has been used for over a hundred years in the  diagnosis 

and m onitoring of m yocardial infarctions. A lthough the ECG is p rim arily  used 

in the assessment of heart ra te  and rhythm , the ST segm ent, QRS complex, T  

and Q wave act as a  new set of criteria  in the m easurem ent of MI (Pha96).

2.4.4.1 Early R aised  T  W aves

A tall T  wave is the  first change th a t  would be noticed on the  ECG if a  pa tien t 

has ju st had an MI. This is called the hyperacute phase of MI. As well as being 

taller, the T  waves may become more sym m etrical and m ore pointed. Unless this 

hyperacute phase is recorded on ECG, it can be discounted since m ost pa tien ts  on 

average delay abou t 1 hour before they seek m edical assistance (Lei03). Figure 

2.9 dem onstrates th is waveform.
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Figure 2.9: Tall T Wave.

2.4.4.2 ST Segm ent E levation  and D epression

As time progxesses. the initial ischemia turns into myocardial injury and the 

ST segment provides the primary evidence of this phenomenon. ST segment 

elevation in two or more contiguous leads is the most frequently used indicator 

in the diagnosis of MI (MB02b). ST segment elevation normally occurs in the 

first few homs in what is called the acute phase of infarction (Pha96). Figure 

2.10 dem onstrates this waveform.

■1- i l

Figure 2.10: ST Elevation.

2.4 .4 .3  Inverted  T W aves

The T wave may become inverted also in the acute phase of infarction. Inverted 

T waves, however, do not have to occur after ST segment elevation. In fact, it

21



2.4 D iagnosis and M onitoring o f M yocardia l Infarction

may precede ST segment elevation or they may occur simultaneously (Pha96). 

Figure 2.11 dem onstrates this waveform.

Figure 2.11: Inverted T Wave.

2 .4 .4 .4  P ath olog ica l Q W aves

After all of these changes, the Q wave may develop abnormal characteristics, 

namely being 40ms or more wide (Pha96). This is suggestive of infarction and 

is represented in Figure 2.12. Once all the initial changes fade, the pathological 

Q wave remains as evidence tha t the infarction occured (Figure 2.13). When 

developing an ECG diagnostic tool it is im portant to consider th a t there are a lot 

of different units and ways of representing time. Therefore, the “40ms or more 

wide” should be carefully considered.

Figure 2.12; Pathological Q Wave.
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Figure 2.13: Evidence of Infarction.

2 .4 .4 .5  L o c a lisa tio n  o f  M I

In the localisation of MI, we view the ECG leads as cameras aimed at different 

parts of the heart. If a certain lead dem onstrates abnormalities, as seen in the 

previous section, it is likely th a t the area of the heart a t which this lead is aimed 

has some abnormality. For example leads, II, III and aVF view the inferior surface 

of the heart, so, if these leads show indicative changes, it is likely th a t there is 

an inferior infarction (MM02). Figiu'e 2.14 dem onstrates the ECG lead axes.

2.5 Treatm ent of M yocardial Infarction  

2.5.1 Drugs

The most common drugs th a t are used in the treatm ent of myocardial infarction 

include aspirin, cephalosporins, oral steroids, H2 antagonists, paracetam ol and 

glyceryl trin itra te  (GTN) (O’SOl). Although ibuprofen is connnonly used as 

an anti-inflammatory for MI patients, there is some evidence th a t it inhibits the 

anti-platelet effects of aspirin, which could be harmful (KS03). The analysis of 

this claim is very difficult because ibuprofen is available over the counter and it 

is difficult to get information about its use after discharge (CWP+OS).
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Figure 2.14: 12 Lead ECG Axes.

2.5.2 Defibrillation

Fibrillation is the  abnorm al, uncoordinated and som etim es rap id  m ovem ents of 

the heart in replacem ent of the  norm al rhythm s of the  m yocardium . Defibrillation 

is the  act of restoring a fibrillating heart either by using drugs or electric shock. 

Defibrillation has been estim ated  to save six tim es m ore lives th an  throm bolysis 

(see next sub-section). However, the  patien t has to  reach m edical assistance be

fore he/she  can be defibrillated (JN02). It is also known th a t  an  hour norm ally 

elapses before a  pa tien t w ith acute m yocardial infarction will seek m edical assis

tance (K K PW 03), which is too late  for defibrillation. Public  access defibrillators 

are becoming m ore and more comm onplace, w ith defibrillators s itu a ted  in shop

ping centres and airports. However, because a lot of pa tien ts  have heart a ttacks 

in their homes, th is rem ains a problem atic area.
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2.5 .3  T h rom b olysis

Thrombolysis is the process of dissolving or breaking up a blood-clot. In a previ

ous study performed in St Jam es’ hospital Dublin, 67% of all acute myocardial 

infarction patients were treated with thrombolysis (FBC+02). Thrombolysis in

volves the administering a drug containing a thrombolytic pharmacological agent 

capable of lysing or dissolving a blood clot. Although percutaneous transhm iinal 

coronary angioj>lasties (PTCAs) are very effective, they are quite expensive and 

dependent on whether the hospital has an angiography suite or not. PTC  As 

have been around for nearly two decades but the relatively recent introduction 

of thromt)olysis has meant tha t even the smallest GP siu’gery is capable of trea t

ing acute myocardial infarction (Pha96). It has been shown th a t pre-hospital 

thrombolysis has reduced m ortality by about 20% (Lei03).

2.5 .4  A ngiography

Angiography is the imaging of l:>lood vessels by passing a contrast agent into the 

offending artery. Although ultrasound and magnetic resonance imaging (MRI) 

are sometimes used in this process, the most connnon branch is x-ray angiogra

phy. In this case, a radio-opaque contrast agent is administered into the vessel 

concerned and x-ray examination follows the highlighted vessels. Figiu-e 2.15 

shows an angiogram taken during this project. It consists of two frames captured 

during a multiple angioplasty procedure. Generally, the images seen on angiog

raphy monitors are inverted versions of conventional x-ray images {i.e., higher 

densities are darker than lower densities). The EGG leads can be seen in the 

second frame. The cardiologist altered the x-ray views in order th a t the ECGs 

could be acquired at the same time as the procedure. The coronary arteries tha t
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are being worlced on appear darker than the surrounding tissue as well as the 

catheter tube. This is because they are filled with a contrast agent th a t has 

a greater density than the surrounding material, thus being more radio-opaque 

under x-ray monitoring.

Figure 2.15: Frames of an angiogram.

2.5.5 Percutaneous Translum inal Coronary A ngioplasty  

(P T C A ) and Stenting

When a coronary artery is blocked or narrowed, an angioplasty or PTCA  proce

dure is often performed. This procedure involves the passing of a balloon catheter 

up the aorta from the puncture entry point (normally the femoral artery in the 

groin area). A balloon catheter, as its name suggests, has an inflatable section to

wards the top of the tube. Once the specially designed catheter enters the specific 

area of the diseased coronary artery, the balloon is inflated. This inflation nor

mally causes a widening of the constricted area and sometimes a wire-mesh tube 

called a stent is used to reinforce the vessel. This procedure is performed under 

an x-ray fluoroscopy angiography unit. A contrast agent is normally used to find
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the specific artery and position the catheter. Figure 2.16 shows an angiogram 

with an inflated balloon catheter.

On inflation of the balloon catheter, the balloon causes a tem porary ces

sation of blood flow. This in turn leads to tem porary ischemia of the tissue 

normally supplied by this blood vessel. As a result of this tem porary ischemia, 

if the patient is being monitored by 12 lead ECG, the ST segment of the EGG 

leads corresponding to this part of the heart becomes elevated, thus producing a 

definitive correlation between the recorded ECG and the actual procedure. An

gioplasty has a more successful outcome than thrombolysis. Patency rate is a 

metric for a vessel remaining imblocked. Gershlick and More compared the 95% 

l)atency rate of angioplasty with the overall patency rates of 80% with throm 

bolysis (GM98). Furthermore, studies have shown a better outcome and lower 

early m ortality rates where angioplasty had a lower enzyme rise, less reinfarction 

and also a lower 31 month mortality rate (SGB*"95). However, an angioplasty 

should ideally be performed within the first 90 minutes after the first medical 

contact (dWAB+03). Townsend recently suggested th a t another method tha t 

might deliver eciuivalent or even better results than prim ary angioplasty, while 

avoiding the associated problems, would be pre-hospital thrombolysis prior to an 

angioplasty (TD05).

A stent is a device tha t keeps an artery open after being forced open with 

a balloon catheter. It is a wire mesh tube tha t fits neatly onto the end of the 

catheter and, once the lumen of the artery is opened, the stent is expanded to fit 

the artery and the balloon and catheter are removed. A stent is used to combat 

a very common problem, namely arterial restenosis. This phenomenon occurs 

normally within three months when there is a proliferation of smooth nmscle 

as a reaction to vessel injury and happens in over 30% of patients, but with
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Figure 2.16: Angiogram with Inflated Balloon C atheter.

the advent of these stenting techniques the rates of restenosis lie between 10% 

and 20% (MB02a). Figure 2.17 dem onstrates an angiogram with a catheter, 

guide-wire and stent. A stent can also be seen in figure 2.16 below the inflated 

balloon.

2.5.6 Financial Im plications of MI Treatm ent

Because MI treatm ent is quite costly, there are many implications for health ser

vices and patients. There is constantly a balancing act between cost-effectiveness 

and clinical effectiveness. A recent study in the UK by Hartwell et al has sug

gested th a t immediate angioplasty is both clinically more effective and financially 

more effective than thrombolysis (HCL+05). This incorporates many factors, in

cluding the fact th a t thrombolysis has a higher MI recurrence rate. Also, within 

this suggestion, it is assumed tha t both these interventions are routinely avail-
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Figure 2.17: Angiogram with Catheter and Stent.

able. This, of course, may be relatively true in the US, but in the UK, Ireland and 

most of Europe, immediate angioplasties would require a colossal health service 

uj^grade. Hartwell et al noticed th a t an upgrade like this would not only require a 

huge amount of initial capital and revenue for catheter laboratory provision and 

running costs, but also a mass recruitment of cardiologists, radiographers, cardiac 

technologists and nurses. Of coinse, staffing would be the biggest problem with 

already a chronic shortage of these staff in most European countries. So, for these 

reasons, thrombolysis remains a short-term  answer to a long-term problem. In 

Ireland, the vast majority of revascularisation cases undergo thrombolysis rather 

than PTCA (67% v’s 5%, respectively) (FBC'''02).
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2.6 Interpreting the ECG

2.6.1 A utom atic Interpretation of ECG D ata

Research has been conducted in the field of automatic ECG interpretation and 

pattern recognition for about 50 years (TS90). However, it is still considered 

to l)e a very complex area of research. One main approach in this field invcjlves 

the use of pattern recognition and parameter measurement. W ith the results of 

these processes, the ECG can be interpreted and abnormalities can be detected. 

The first task of pattern recognition is unfortunately the most prol)lematic. The 

QRS complex is a waveform tha t correlates with the excitaticju of the bundle- 

branches and ventricles. The most conunon application of tiiis parameter is the 

measurement of heart rate. However, more imjjortantly to our system, tlu' (jtlu'r 

waveforms within the ECG can l)C found using this comi)lex as a starting point 

for the detection of the other waveforms. Koliler et al (Krf()02) found it difficult 

to select an “ideal” QR.S detection algorithm, since all were designed for different 

jjurposes. Algorithms ŵ ere identified from many different fields iiicluding artificial 

neural networks (XHT92), genetic algorithms (PCV95), w'avelet transforms 

(K-MBB90) and syntactic pattern recognition (TS90). T ataraand  Cinar (TCO'2) 

discuss a method of interpreting ECG data by integrating statistical and artificial 

intelligence tools. More recently, Fernandez et al developed a combined algorithm 

in the detection of the R-peak (FHM05). They combined several established 

wavelet algorithms with the Pan Tompkins (PT85) QRS detection algorithm and 

obtained substantial improvements. This combined algorithm ran both methods 

in parallel and, when either of the methods disagreed, a suitable decision strategy 

was applied. In some of these cases, the Pan Tompkins algorithm would be re

run with a differc'Tit threshold. Howcvei-, as always with ECG algorithms, they
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found th a t noisy d a ta  hindered this process. Macek described an incremental 

machine learning algorithm  th a t used online bagging and boosting techniques, 

which proved superior to  standard  batch machine learning algorithm s (MacOo). 

Bagging and boosting arc well cstabli.slicd classification techniques in the held of 

machine learning.

The So and Chan (SC97) QRS detection algorithm  seems to be the most 

appropriate for our purposes because it was ciimed a t real-tim e systems. This 

QRS detection algorithm  operates on the premise th a t the QRS-onset is found 

w'hen two consecutive ECG d a ta  points satisfy the condition:

slope(n) > slope-threshold

Th(! relevant param eters are derived this way:

slope(n) = -2X(n-2) - X ( n - l )  + X (n+ 1) + 2X(n+ 2)  

slope-threshold = threshold-pamrneter/16 * rnaxi 

raaxi = (first-max rnaxijfilter-pararneter -f- maxi 

first-max = height o f  R point height o f  Q RS onset

The filter-param eter is set to either 2,4,8 or 16. From the QRS-onset marker, 

the Q, R and S waves can l)e fomid easilj' by traversing backwards and forw'ards.

2.6.2 A utom atic ST Segment D etection

Since the autom atic detection of the ST segment has many clinical and com

mercial applications, it is an area rich w ith research. Silipo et al found tha t, by 

borrowing concepts from the areas of principal com ponent analysis and artificial 

neural networks, an ST-T level change detection algorithm  could be developed. 

From a database of 97000 normal and abnorm al ST-T segments, they found th a t
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their algorithm obtained a sensitivity of 77% and a positive predictive accuracy 

of 86% (SLMM95). Martinez et al found that a complex tiemodulation approach 

was suitable in ambulatory recordings (MOLOIj). Joo et al suggested tha t one of 

the disadvantages of conventional detectors based on local morphologic features 

is tha t global yet sul)tle changes, suc:h as tha t from the start of the QR.S complex 

to the end of the T-wave, go undetected (JSH+^98). They descrif)ed an algo

rithm based on local and global signal morphology tha t ol)tained a sensitivity 

of 55% and a specificity of 98%. Although a lot of the autom atic ischemia/lVlI 

detection algorithms cater for ST segment changes, few cater for the entire ST-T 

comi)lex. Garcia et al developed an algorithm tha t does just this. Their algo

rithm is ap{)lied to the root mean square (rms) series of differe)ices l:>etween the 

beat segment and an average i)attern segment. After making a few improve

ments at a post-processing stage, they obtained a sensitivity of approximately 

90% (GSOLOO). One of the most established ST segment detection algorithms, 

which a lot of the literature refers to, is tha t of Jager et al. They developed a 

Karluuien-Loeve transform (KLT) based algorithm which incorporates a single

scan trajectory recognition algorithm using the Mahalanobis distance function 

between the feature vectors (JMi\198). They used the KLT approach to reject 

any noise, thus leaving the resulting wa,ve-forni in a more reiidable state. They 

recorded a sensitivity of approximately of 85%. The KLT, which is also called 

principal components analysis (PCA) is a technique to simplify a dataset and is 

based on the statistics of the data, therefore this techniciue is data dependent. 

A Mahalanobis distance function is a function based on the distance of a case 

from a centroid. A centroid is the mean point within a set of independent vari

ables within a multidimensional space. Therefore, Mahalanobis distance can be 

thought of as a measure providing an indication of whether or not an observation
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is an outlier compared to the independent variable.

In general, there is a myriad of detection algorithms, all of which are not 100% 

accurate considering the changeable nature of ECG.

2.6.3 L im itations o f A utom atic  EC G  Interpretation  A l

gorithm s

Throughout the literature, the sensitivities and specificities of algorithms are 

quite low for clinical diagnosis. A conventional algorithm tha t uses localized ST- 

elevation and a rule-based classifier has a sensitivity of 35% and a specificity of 

98% (JSH*^98). This, to a carchologist or clinician, w'ould not be good enough 

when dealing with “real” patients who have critical conditions. Several detection 

algorithms incorporate some kind of noise filt('r. Tliis is an area tha t needs to be 

carefully considered, since a noise filter has the capability of deleting cm' distorting 

important wav̂ e information tha t could be critical.

2.6.4 H um an-guided Interpretation  A lgorithm s

Even with some of the best algorithms in the computer diagnosis of myoc'ardial 

infarction, the sensitivity is still only less than 85% (ACM+02). However, a well 

trained cardiology practitioner can have 100% sensitivity. There is a new train 

of thought tha t proposes the incorporation of human input into the detection 

process. Anderson et al incorporated human input into a vehicle routing algo

rithm. ’V'ehicle routing algorithms have been researched for many years. They 

found tha t their results compared favoral)ly with previous purely computer-ba.sed 

algorithms (AAL“̂ 00). Throughout the duration of this project, while working 

in the cardiology setting, we found that most cardiologists and clinicians shared
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the opinion that commercially available software for automatic detection and in

terpretation of ECG was overly sensitive to changes tha t would be considered 

normal and had a high rnis-diagnosis rate. Because of this attitude, these kinds 

of software applications are rarely used in a clinical setting. There is a definite 

opening for semi-automatic tools tha t consider the user’s expertise in the diag

nosis process. I liis  branch of interactive optimization has a key role within this 

{project.

2.7 SCP and Other ECG File Formats

Once digital ECG was born, the various manufacturers developed their own si:>e- 

cific file formats to store ECG and patient information. However, as time went on, 

it became apparent that, due to the multi-manufacturer nature of most health- 

rare settings, it̂  was im portant to develo}j a ccnnmon iile format. DICOM is a 

file format originally designed as a protocol for medical image data exchange. 

This file format is already in use for magnetic resonance, corni)uted tomography, 

ultrasound and general x-ray imaging, as well as being the accei)ted standard in 

cardiology settings such as cathlabs in most US and European hospitals (BS05). 

The DICOM standard now incorporates its own ECG handling features as well 

as catering for the ECG specific SCP (Standard Communications Protocol) file 

format.

SCP (Standard Communications Protocol) is a file format for digitised ECGs. 

The basis for SCP was developed in 1989-1991 during a European AIM R and 

D project. During this i)roject, a quality assured ECG signal comj^ression algo- 

ritlnn was developed, w'hich is now us('d within the SCP file format (ZywOo). 

The original SCP documentation had many ambiguities and therefore resulted in
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many of the manufacturers misinterpreting the standard. For tiiis reason it was 

reviewed in 2000 and became the AAMI Standard EC71 (EurOO).

Witliin the scope of this project, the existing ECG acquisition equipment 

c ould only export the ECG data  as SCF files. Therefore, it was necessary to use 

this file format. Appendix A holds more in-depth information about the SCP file 

format.
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Chapter 3

Graphics in M edicine and  

M edical Education

The oiiinipreseiice of graphics techiiolog}' has extended into medicine and medical 

education since i t ’s inception. The develoi)ment of nm lti-planar medical imaging 

m odalities such as MRI and C T  paved the way for 3D reconstruction and vari

ous visualisation techniciues. Once image acquisition and image processing takes 

place, comi)uter graphics allows us to  visualize medical image d a ta  in many differ

ent ways. This chapter outlines the graphical principles relevant to  our project. 

F(n' readers w ithout a background in com jjuter graphics, this c.hapter will contain 

term s th a t  may not be understood. These term s are explained in the glossary 

(Appendix D).

3.1 Basic Principles of Com puter Graphics

In the field of 3D com puter graphics a scene is norrnall}^ m ade up of a cam 

era or view-plane, lighting and the model. The model is norm ally m ade uj) of



3.1 Basic P rincip les o f C om puter Graphics

smaller objects or prirmtives including lines, points and polygons. A polygon is 

a closed set of lines that make up one of the most connnon primitives for model 

representation. A polygonal mesh is normally made up of quadrilateral, or more 

coirunonly, triangular polygons. These primitives are then coloured, textured, 

illuminated and shaded according to various parameters. A polygon may be tex

tured if needed by applying a texture mapping technique. This technicjue involves 

mapping pixels of a texture (texels) to the confines of the polygon or mesh. Tex

ture mapping allows a model to look more realistic by applying a real texture, but, 

also this technique is used in textvu'e-based volumes (discussed later in this chap

ter) to represent volumetric attributes rather than just superficial skin meshes. 

Shading is the process of simulating how the face of a polygon w'ould look when 

the lighting model is ap[)lied. Flat-shading shades the polygon according to the 

polygon’s normal vector. Other shading models use a smoothing algorithm that 

uses vertex normals to create a blending /  smoothing effect. There are two view- 

plane projections that are relevant to this project: the perspective ])rojection and 

orthographic projection. The persj^ective projection is a method of converting a 

3D scene to a 2D image plane, but preserving the scene’s three-dirnensionality. 

The orthographic projection, on the other hand takes a straight-on view of the 

scene and is particularly useful w'hen retrieving slice-inforrnation.

In the field of electro-physiological visualisation, realistic models and sinmla- 

tions are becoming commonplace in medical education and practice due to the 

rapidly developing field of 3D graphics and virtual reality. This is aided by ever- 

increasing computer specifications and decreasing costs. VR, training in medicine 

provides the student/practitioner with a greater sense of spatial awareness as 

well as eliminating the possibility of jeopardising the patient’s safety (DPO+03). 

Vohnne representation, 3D animation and interactivity are obvious advantages
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over 2D images.

3.1.1 G raphics Libraries

OpenGL (Open Graphics Library) is a cross-language, cross-platform library of 

functions for the production of 3D computer graphics. It is mainly used in com

puter games, CAD, virtual reality, medical and scientific visualisation. Its main 

competitor is DirectSD. OpenGL’s main advantage over Direct3D is {)ortability, 

with Direct3D mainly being tied to one platform: Alicrosoft Windows. In the 

holds of mcdical visuahsation and sinmlation. OpenGL seems more suitable be

cause of its cross-platform capabilities, whereas Direct3D was mainly developed 

for computer games. OpenGL is widely accepted for its merits in representation 

and manipulation of volumetric medical data (LDB95). JavaSD is a java-based 

API that normally runs on top of either OpenGL or Direct3D. Although Java 

is an ideal cross-platform environment, its inherent speed problems are often a 

deterrent compared with optimised languages like C + +  for many medical vi

sualisation and simulation applications (HBANO'l). However, Java does have 

excellent networking, internet and encryption capabilities which are becoming 

more im portant in medicine as more and more hospitals are using facilities such 

as telemedicine. Therefore, it should not be completely disregarded as a viable 

option. Another option for this toolkit would be to use VRML (Virtual Reality 

Modelling Language). VRML is especially useful for world wide web api^lications 

and it interfaces very well with Java and Javascript. John et al. (.1PV'P99) 

described such an application that was used in the training of surgeons for ven

tricular catheterisation procedures. The web and rrmlti-user extension features of 

VRML make it ideal for the field of teleradiology (JR.SBOO). X3D is a successor 

to VRML which has added web fmictionality. It features the ability to encode a
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scene using the syntax of XML (GBKAOi). For volume applications, the sizes 

of datasets would raise a bandwidth issue. Although, SGI’s OpenGL VizServer 

is an option tha t caters for large datasets (SCC 01)

3.2 Volum e V isualization

Within the discipline of computer graphics, the polygon was one of the first ren

dering primitives. The framebuffer contained the pixel information of the polj^- 

gons that were rasterised. Multi-dimensions then became interesting, especially 

among the scientific and medical commmiities, wliere the display of informa

tion attained from modalities such as computed tomogrii];hy (CT) was gaining 

in im})ortance. A voxel is box shaped rei)resentation of the smallest part of a 

three-dimensional space, basically the 3D equivalent of a pixel. There are various 

dilfcrcut volume rcndercrs available. Some rcnderc'rs w'ork behind the scenes and 

turn a volume dataset into a set of isosurfaces using algorithms such as that of 

Lorensen and Cline’s “Marching Cubes Algorithm” (LC87). Although this can 

produce very effective results and is used in many medical ai)plications such as 

virtual endoscopy, it only gives a surface representation. This may be of no use 

in ap[)lications where varying densities are an integral part of the visualization 

process. A typical example of this would be an MRl volume of soft-tissue. This 

type of application is called a direct vobirne rendering and it seeks to capture an 

impression of the entire 3D dataset by accounting for emission and absorption 

effects of all the elements (MMC99) (Lev88) (.JESMM ' '̂97). Fire, gas, smoke and 

fluid simidation commonly use the latter form of vohime visualization as well as 

the simulation of physiological phenomena such as blood-flow and the simula

tion of various electro-physiological processes. In volume graphics, the rendering
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phase is viewpoint iudepeuclent and insensitive to the complexity of the object 

or scene, as well as allowing Boolean and block operations and constructive solid 

modelling (CKYOO).

3.2.1 Image Order Traversal

Two of the most connnon image order algorithms are ray-tracing and ray-casting. 

Ray-tracing involves the tracing of the ray from the camera/observer through the 

scene and comp\iting all the lighting factors, such as reflection, absorption and 

refraction. Ray-casting, which is commonly used in games, is a more simplificni 

version of ray-tracing. It does not consider the new' directions a ray of light takes 

after bouncing off a surface. The simplest of all the direct volume rendering 

algorithms is the use of OpenGL points to represent each voxel of the volume 

data-set. The alpha and colour attributes of the OpenGL points would be altered 

accordingly. A j)revious version of o\u' EGG simulation software used this method 

of volume visualisation (MORB03). Although this method represented each 

voxel accurately, the processing time was prohibitively slow at a rate as slow as 2 

frames per second after j^recomputations (ROBMOi). As well as this performance 

deficit, the resulting images were blocky. A better w'ay to represent a volinne by 

points is s'platting.

3.2.2 Object Order Traversal

Unlike image order traversal, i.e., working from the view-plane backwards, object 

order traversal works from the ol)jects forw'ard towards the viewplane. Splattiv,g is 

a object-order conmion direct volume rendering technique and was first, described 

by Westover (\Wis8‘J). It involves voxels being represented by Gaussian kernels,
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whose pre-integrated footprints are accumulated to form the image (KM05). 

Splatting yields a similar look to tha t of ray-casting, except at a greater speed 

because the projection footprint that the interpolation kernel lea,ves on the image 

is precomputed (MY96). Figure H.l shows the typical form of the splat kernel.

3.2.3 T exture-based V olum e R endering

Texture-based volume representation offers an excellent method for achieving 

interactive rates for reasonably sized datasets (CCF94) (KMM+Ol). However, 

current graphics hardware is not suitable for larger datasets since there is an 

upper bound of 256-512Mbytes on commercially available graphics cards. Guthe 

et al developed a method of handling large volume datasets on standard PCs by 

using a wavelet laased system tha t decompresses on the fly and uses hardware 

texture mapping (GWGS02).

One problem associated with texture-based volume rendering is that, if the 

volume is only stacked along one axis, an artefact can be caused when the camera 

becomes parallel with the slices. This artefact can be minimised and sometimes 

eradicated by creating a lattice of slices along each axis, or also using certain 

techniques with 3D-textures as supported by many graphics cards and OpenGL 

(W'WEOl). Depending on the application of texture-based volume rendering,

Figure 3.1: Gaussian splat kernel.
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Figure 3.2: Texture-based Voluiue Represeutatiou.

shading may need to be applied. Vohniie shading involves the application of an 

illumination model to the outer voxels of the volume. Further considerations 

need to be made if an interactive clipping function is available. In this case, illu

mination should not only be based on the properties of the scalar field, but also 

represent the orientation of the clipping surface concerned (WEED3). Volume 

clipping techniques have huge potential in the area of clinical practice, where a 

clinician can interactively cut slices and shapes to get to what he/she is inter

ested in. By using OpenGL and a standard grajjhics card, texture-based volume 

rendering offers the easiest way to represent a volume of an acceptable resolu

tion at an interactive and real-time speed. Figure 3,2 demonstrates this process. 

Firstly, slices are acciuired and represented on texture-mapped quadrilateral poly

gons. These slices are then stacked and finally a blending algorithm is used and 

irrelevant voxels are not displayed.
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3.2.4 H y b rid  R endering

Soinetiines it is very useful to represent medical phenomena with both iso-surfaces 

and volumetries. This is especially useful for applications such as virtual surgery, 

where a virtual scalpel maybe be used on a polygonal mesh representing the skin, 

with a volume underneath representing the underlying tissue. This kind of ren

dering can help achieve interactive rates on what otherwise would be very large 

datasets (.\IGSHU7). Wilson et al. proposed a method of hybrid rendering for 

large data-sets ranging from gigabytes to petabytes (WKLM()2). This method in

volved the use of hardware texture nia[)ping and i)oint-based rendering, instead of 

conventional direct volume visualization, and they found tha t interactive speeds 

were ac'liievable on a single PC.

3.3 R eal-tim e Volum etric A nim ation

One of the challenges with volumetric animation is the sheer magnitude of data 

involved. Ev^en with a relatively small volume of 61x64x64, to display an ani

mation in real-time requires significant amounts of proces,sor power, w'hether the 

animation is pre-computed or not. For animations that are computed ‘'on the 

fly” , the restrictions are even furtliei’ anij)hfied. Chen et al showetl tha t a volume 

model of size 140x220x71 could be animated in real-time (approx 22 frames per 

second) using some simple physically-based elasticity rules (C.'QHKM98). This 

animation was a simulation depicting a muscle segment from the visible human 

project. Real time volumetric aiiimation ha.s several applications in medicine and 

especially surgery simulations (BN("9G). When animating the electrical propa

gation through the heart it may be necessary to precomi)ute the frames. Instead 

of saving the entire resolution of the volume for each frame, there is a technique
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called differenUal volume rendering (SG.19'1). This technique involves changing 

only those voxels tlia t differ from the previous tim e-step w ithin the anim ation. 

This achieves considerable disk-space savings as well as inexpensive processing 

times and real-tim e rend(;ring of the 3D flow.

3.4 Cellular A utom ata (CA) in Biom edical Sim

ulations

A cellular au tom aton  (CA) is a  cell in a lattice struc tu re  th a t has a finite num ber 

of states and rules, and can be used to illustrate a  wide variety of phenom ena 

from [)hysics, chemistry, biology, economics, ])hysiology etc. (CZGO l). This 

model struc tu re  is especially suitable for the representation of the heart's  elec

trical cycle (SG.I94), thus, being of relevance to  this project. Biological cells, 

like cellular au tom ata , generally follow a set- of certain  rules and have a finite 

set of states, thus CAs are very suitable for biomedical simulations. Peirce and 

Skalak found cellular au tom ata  to  be very useful in examining pa tte rn  changes 

in subcutaneous niicrova.scular netw'orks induced by focal applications of exoge

nous vascular endothelial growth responses (PS03). Some of the  cellular states 

they considered include proliferation, differentiation, m igration and apoptosis. In 

cardiac sim ulation some of the  cellular sta tes would include depolarisation sta te , 

ionic states, fibre orientations etc.

3.5 V irtual Surgery and Endoscopic Techniques

v irtu a l reality graphics and fiaf)tics allow am ple scope in the area of v irtual 

surgc;ry. There are two m ain branches in this held; siu’gical sim ulation and '‘real-
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world” surgical applications. W ith surgical simulation, the surgeon or trainee can 

practice on a virtual phantom before entering the operating theatre (SHS ’ 00). 

The second branch involves the visualisation of complex datiisets in siu'gical 

environments (Joh03) and the use of robotics for minimally invasive surgery 

(MNK^Oi). Surgical sunulation for training makes the process more intuitive 

and informative while reducing the cost and dm’ation (CIM9S).

W ith the advent of nmlti-slice CT, a reconstruction technique tha t connected 

the colon segments in all slices was developed (HMK ' 97). This technique 

w'as called virtual colonoscopy and the main motivation was to be less inva

sive and possibly less ex[)ensive than the alternatives: barium enema or virtual 

colonosco[)y. Since then there have been many similar virtual endoscopic tech

niques including virtual bronchoscopy (BMF'^0-'}), virtual endoscopy of the joints 

(arthroscopy) anti even virtual endoscopy of the coronary arteries (BLOo). This 

field is a richly researched area and lias yielded many successful outcomes. How

ever, there is a huge mountain to pass before these teclmiciues would be routinely 

used in a clinical setting: i.e., who does the manual segmentation? This is a very 

time-consuming job and qualified personnel in this area are limited. The staff 

needed w'ould have to have a large enough knowledge-base th a t any abnormalities 

w '̂ould not be omitted in the process. Perhaps there is room for a specialist job in 

this field within our health settings, bi 1993, a directiv(! was introduced wdtliin 

the European Union tha t outlined legislation for w'orking time (THE93). This 

reinforces the need for these new' specialist positions.

3.5.1 A ugm ented  R eality  A pplications

The term  augme/nted reality is often m isunderstood and erroneously (X)nsidered 

to  be the same as virtual reality (VR). bi the field of merhcal and surgical sim-
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ulations. augmented reality normally means a combination of VR and the “real- 

world’' (Azu97). A head mounted display (HMD) can be used to superimpose 

virtual reality objects over real-world objects. There are many potential ap

plications for this kind of superimposition. One of these is augmented reality 

ultrasound imaging. For example, State et al. developed a real-time stereoscopic 

video-see-through for ultrasound-guided needle biopsy of the breast and a [)hysi- 

cian successfully guided a needle intt) an artificial tuinour within a phantom of a 

human bre^ist (SLG • 96).

3.6 T he P rev iou s V ersion o f th e  EC G  Teaching  

Tool

Tn the first year of this project, Mooney et al experimented with various graphical 

techniques (MORB03). Using a model that comprised of an inner and outer 

heart wall meshes, the volumetric data was originally acquired using a ray-casting 

algorithm. Volumes were created, in the first instance, by creating an octree for 

each mesh. The depth of the octree also represented the resolution of the volume 

buffer. Random rays were cast from the centre of each node and the number 

of triangular crossings were recorded. W ith this algorithm, any node tha t was 

inside the surface resulted in an odd number of crossings, whereas any nodes 

outside yielded an even number of crossings. To eliminate the possibility of error 

due to rays tha t were cast at vertices or edges, multiple rays were cast from 

each node. In order to {>roduce the volume between the imier and outer meshes, 

boolean operations w’ere applied to the voxel classifications of the rnesh-set and 

the voxels representing the myocardium were extracted. Figure 3.3 sfiows the 

resulting myocardial volume model. The volume was represented graphically

46



3.6 T he P revious V ersion o f th e  E C G  T eaching Tool

using an OpenGL point per group of cells. Although intuitively attractive, this 

type of volume representation has some pitfalls. Processing time is one of the 

most im portant down-sides due to the real-time nature of this project. As we 

will dem onstrate in this thesis, a more efficient and visually compelling m ethod 

of representing the same data-set is by using slice-based texture volumes.

Figure 3.3: Previous Heart Model.

The electrical network was also constructed at this stage of the project. After 

some initial experiments with Greene’s voxel space au tom ata (Gre89), it was 

decided th a t this was not suitable for creating the ventricular network. This 

was mainly due to the large amount classification needed in the definition of the 

growth medium, histead, the network creation was reduced to a 2D problem. 

Figure 3.4 dem onstrates the process. A 2D reference image (a numbered grid for 

convenience) was created and mapped to the ventricle meshes. Then a commer

cial image editor was used to draw the bundle-branch network. The UV texture 

coordinate were computed by extracting the foreground pixels of the branch im-
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age. Using the  UV coordinates of each triang le’s vertices, ( u i , V i ) ,  ( u 2 , V 2 ) ,  ( u s j V ^ ) ,  

and the pixel’s UV coordinates ( u q , v q ) ,  The barycentric coord inates 6 3  were 

calculated as:

^0 =  (U2 -  «l) * (vs -  h'l) -  (U:i -  -iii) * {V2 -  V2 ) 

b]  = { { U 2  -  U o )  * [v-i -  Vo )  -  ('U3 -  Uq) * [V2  -  ̂ ^o))/^o

^2  =  ( ( '« 3  -  U o )  *  {vi -  Wo) -  (t/,1 -  U o )  *  (W3 -  V o ) ) / b o

b-.i =  { { u i  -  Uo )  *  { V2 -  Vo )  -  { U2  -  U o )  *  ( v i  -  V o ) ) / b o

If the com puted coordinates , 6 2 , 6 3  are positive, the  foreground pixel is inside

the  triangle. If hi =  0 and hj , 6 /.. are positive, the foreground pixel lies on the  edge 

opposite vertex i. Also, if /),; and bj are ecjual to  zero, then  the  pixel lies on vertex 

k. If a pixel is found to  be w ithin the  triangle the XYZ coordinates are foimd 

using the following equation:

{ x ,  y ,  z ) pi j : e i  =  ( v i  * h i )  +  { V2 *  6 ^) +  {v: i  *  k i )

{ x ,  y ,  z )pi xe. i  represents the  Euclidean coordinates of the  pixel and v \ ,  V2,  v ^  are 

the 3D coordinates of the triangle containing the  pixel. In the  volume, the  closest 

surface voxel to  the  pixel’s 3D coordinates is chosen for representation.

3.7 Sim ulation of H eart E lectro-physiology

In teractiv ity  is one of the  m ost im{)ortant features in a  V R  teaching tool. This, 

however, becomes more difficult for the developer when working w ith volum et

ric da ta , b u t th is process is becoming increasingly easy w ith techniques such as 

slice-based volume rendering (KSH03). In the  field of cardiac sim ulation, the 

cellular da ta -s tru c tu res  are norm ally vast and require very long processing tim es 

or supercom puters (KNW H03). CESLab (rC05) is a  pro ject based on com m od

ity Apple M acintosh com puters. This system  is concerned w ith forw ard ECG
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Figure 3.4: Electrical Network C onstruction .

sim ulation [i.e., ob tain ing ECG from sim ulated cellular m odels), w hereas we are 

generally in terested  in the inverse i)roblem [i.e., R epresenting ECG d a ta  with 

graphical models). At W ashington University they  have designed a  fully ionic 

cardiac model which is used along with a  m ulti-electrode (224 electrodes) vest 

and a  C T  heart-to rso  model to  display cardiac electrophysiological and  a rrh y th 

m ia inform ation (RG JR 04). This project brings much m ore inform ation th an  

s tandard  low-resolution 12-lead ECG sinm lations. However, to  im plem ent th is 

kind of protocol in a clinical environm ent would be difficult b o th  financially and 

practically. A lthough there  is a m yriad of papers such as th a t  of Serm esant et 

al. (SFE+03) th a t deal w ith very detailed sim ulations of electrical propagation  

through the  heart, we are m ore interested in simplified sim ulations su itab le  for 

real-tim e interaction.
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3.8 Libraries for Interaction and G raphical U ser  

Interfaces

FLTK (Fast Light Toollcit) is a cross-platform open-source C-I--I- graphical user 

interface (GUI) toolkit for Unix, Linux, Microsoft Windows and MacOS X operat

ing systems. It also caters for 3D graphics with OpenGL and a GLUT emulation. 

GLUT (OpenGL Utility Library) is OpenGL’s library of windowing and moni

toring functions. FLTK’s OpenGL implementation means tha t the user can use 

standard OpenGL commands and fimctions within the FLTK framework. This 

is very useful if converting from an initial GLUT implementation. Unlike FTLK, 

VTK is a toolkit specifically designed for scientiftc visualisation, but the graphics 

model is at a higher level of abstraction than OpeiiGL. This means th a t it is 

easier to create graphics but more difhcult to have more specific control of the 

visualisation process. MFC (Microsoft Foundation Class) is a C-f-f GUI library 

specifically for Microsoft ai^pHcations and can l>e ported to OpenGL to create 3D 

applications with GUIs. Unfortunately, a lot more work is required than when 

using FLTK and it is also platform-specific.

3.9 Increased Im m ersion Techniques 

3.9.1 Stereoscopic V iew ing C onditions

Stereopsis is an optical technique in which an image of a different location within 

a scene is shown to each separate eye, thus causing a stereo ocular 3D effect 

(Tid90). Due to easy-access of equipment within our laboratory, we experimented 

with two stereoscopic displays: a head mounted display with dual LCD screens 

(Figure 3.6) and also 3D shutter mechanism glasses (Figure 3.5). The head
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luounted display operates by having two separate cameras within the scene and 

displaying the separate rendering on the separate LCDs. The 3D stereo glasses, 

however, recjuire much less effort in implementation since all the work is done 

at driver level. This system operates by showing an image to one eye while a 

polarised shutter mechanism blocks off the opposite eye, and then switching back 

and forth. The shutter mechanism is synchronised with the monitor and operates 

at half the speed of the refresh rate frequency. Therefore, with a lOOHz monitor, 

the shutter on one eye would open at 50Hz.

Figure 3.5: 3D Stereoscopic Shutter-Mechanism Glasses.

Figure 3.6: Head Mounted Display - Inside View.

There are many other versions of stereoscopic displays available including
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back or forward projected screens using dual projectors and polarised 3D glasses. 

Also there are commercial devices tha t are specifically designed for stereoscopic 

display such as the NuVision 21MX-SL Stereoscopic Monitor.
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Chapter 4

Im plem entation

Now tha t the backgroiuul and motivations behind this thesis have been discussed, 

the development of the myocardial infarction diagnostic and teaching tool will be 

described. Firstly, the acquisition and development of the cardiac model w'ill be 

explained along with the volumisation techniques used. Then, an overview of the 

data-structures used as well as the overall design of the system will be presented. 

Thereafter, section the animation system will be described. ECG handling issues 

will then be discussed, including the design of the ECG window, the design of 

the SCP file reader/w riter and also the classification and interpretation system. 

The MI simulation and representation techniques will be described, along with 

increased immersion techniques and the development the graphical user interface.

4.1 The H eart M odel

4.1.1 M odel A cquisition

The initial polygonal cardiac model used in the system was created in New York 

University’s School of Medicine. Figure 4.1 is a diagram of this model. The

53



4.1 T he H eart M odel

Figure 4.1: Initial heart model.

model was designed through collaboration between consultan t cardiologists and 

graphical designers for the specific purj)oses of interactive learning and VR teach

ing aids and is freely available (NYU05). For our p ro ject, an ideal h eart model 

was needed, since the heart would be used to represent d a ta  from m any differ

ent heart types. Since only electrical abnorm alities are represented on th is heart 

dynam ics or movement were not considered. The shape of M RI and CT-derived 

hearts m ay be th a t  of a heart in mid-cycle or, in the  case of a  cadaver-derived 

model, doesn’t reflect a norm al living heart. MRI and CT-derived h ea rt models 

may also have artefac ts related  to  those particu lar im aging m odalities. T he NYU 

heart m odel suited our pro ject the best because of its ease of in tegration  into 

our system  and its lack of deform ities and abnorm alities for use as a  teaching 

tool. However, in its initial s ta te  it was unsuitable for use wdthin our system  

since it lacked m any of the  im portan t features in the  h e a r t’s electrical network 

i.e., SA node, AV node, left and right bundle branches. T he SA node and AV 

node were added to the polygonal model using a comm ercial ed ito r and were
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4.1 T h e H eart M odel

each represented by a single spherical primitive. Surface representations for the 

bundle branches and Purkinje network were also added a t this stage. However, 

the creation of a necessarily dense Purkinje network proved too cumbersome. 

Fiu'thermore, volumization of such a fine-featured network is not possible on any

thing other than high-resolution volume lattices. Therefore, the bundle branches 

and purkinje system were later replaced by translating textiu'e maps into 3D. At 

the beginning of the project, initial test-ECGs were taken by monitoring a staff 

member in the departm ent. These ECGs were free from any pathologies and were 

obtained using the standard 12 lead configuration.

Figure 4.2: The final polygonal model.

4.1.2 M odel D evelopm ent

The model’s outer mesh was textured to resemble the outside of a heart with 

a suitable texture (Figure 4.2 B). The inner-mesh was then coloured accord

ing to a well established colouring scheme. In medicine and medical education 

there are two colours tha t represent the circulation system: red and blue. At a 

glance, red represents arterial blood and blue represents venous blood. W ithin 

the heart, however, the colours mean oxygenated blood (red) and deoxygenated
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blood (blue). So, for these reasons the  superior and inferior vena-cavas, the  right 

a tr iu m , the  right ventricle and the pulm onary arteries were coloured blue and 

the pulm onary  veins, the left atrium , the left ventricle and the a o rta  were all 

coloiu’ed  red. This colouration is useful as a teaching tool to  rem ind studen ts 

which section is which (Figure 4.2 C).

A n extruded  cylindrical polygonal mesh was in itially  used to  dem onstra te  the 

bundle-branches extending down from the  AV node (Figure 4.3). O penG L points 

were used to  represent the vertices. These points were then  used in the  anim ation 

by changing colour as the  electrical activation propagated  th rough  th is network. 

An algorithm  wa« developed to  reorder the  vertex poin ts so th a t  the  propagation 

was correct. This running order was saved out as an external file and reloaded on 

initialisation. As the project went on it becam e apparen t th a t  th is buiidle-branch 

netw ork was m ore th an  was needed and the com putation  was quite  expensive for 

a real-tim e system . Instead, the bundle-branches were now represented by a 

series of lines. A simple colour-changing mechanism was im plem ented where the 

initial activation of the  bundle of His was synchronised w ith the  onset of the 

QRS complex. This progression is only an inform ative tool and in tended for the  

teaching tool application ra ther than  a physiologically accura te  portrayal.

Figure 4.3: Screenshots of the  initial representation of th e  bundle-branch  network.
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4.1 .3  V oxelisation

Our initial model used points to represent each cell within the volume as discussed 

in the background section. However, at the drawing stage it was very obvious 

tha t this method was too slow for the system, so an alternative approach was 

needed. This method also had some aesthetic deficits as seen in figure 4.4. 

Volumes were created, in the first instance, by creating an octree for each mesh. 

The depth of the octree also represented the resolution of the volume buffer. 

Random rays were cast from the centre of each node and the number of triangular 

crossings were recorded. W ith this algorithm, any node tha t was inside the surface 

resulted in an odd number of crossings, whereas any nodes outside yielded an 

even number of crossings. To eliminate the possibility of error due to rays tha t 

were cast at vertices or edges, multiple rays were cast from each node. In order to 

produce the volume between the iimer and outer meshes, boolean operations were 

applied to the voxel classifications of the inesh-set and the voxels representing 

the myocardium were extracted.

Texture-based volumization is becoming very popular recently because of its 

fiist rendering advantages (WEE03) (KSH03). A method of taking slice data  

from the original model and altering each manually for cell assignment was de

veloped. Therefore, instead of having a volume of separate points, we have 100 

slices of 256x256 resolution. The slice data  is attained using a very thin viewing 

field and an orthographic projection. The image information was ou tpu tted  to 

.tga files. The myocardial cells were represented with an opaque value and the 

blank cells were represented as fully transparent values. Figures 4.5, 4.6 and 4.7 

show this process of slice acquisition.

Using the resulting images from this process, the model’s volume is displayed 

by reconstructing these slices along the same axis as the original viewing fields.
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Figure 4.4; In itial volume represented w ith points.

Figure 4.8 shows firstly the  reconstructed  volume on its own and then w ith the 

inner mesh. This slice-based volinne representation m ethod  is becom ing widely 

accepted because of its speed advantages over o ther m ethods such as displaying 

cells as single points. The m ain reason for the speed advantages is because the 

graphics processing unit (G PU ) is used to  accelerate the  tex tu ring  processing.

We chose not to  use slice d a ta  from C T /M R I or freely available da tase ts  

such as the visible hum an project. The m ain reasoning behind th is  was th a t  we 

should keep to the  s truc tu re  of the original ideal h eart m odel and represent any 

abnorm alities as regions w ithin the volume.

4.1.4 Volum e A rtefacts

If a texture-volum e is a stack of slices along one axis only, and if the  cam era 

becomes parallel or close to  parallel w ith these slices, an a rte fac t is produced. 

Figure 4.9 shows the  artefac t produced w ith the  volum etric h ea rt model. There
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Figure 4.5: Slice Retrieval - location of viewing field.

Figure 4.6: Slice Retrieval - slice as viewed in opengl window.

are a few methods of preventing this artefact. The slices could always be oriented 

close to perpendicular to the camera. This would involve texture swapping once 

the camera moves to a different location. The downside to this would obviously 

be processing time. Also, a lattice of textured slices could be produced with a 

stack of slices along each axis. W ith this heart model though, it was chosen to 

have two stacks of slices, one along the vertical axis and the second along the 

frontal or coronal axis. This wâ > found to be sufficient because of the hybrid 

nature of the model, i.e., an inner mesh was included, which masked any extra
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Figure 4.7: Slice Retrieval - slice with dual colour representation.

Figure 4.8: Reconstructed volume model - without and with inner mesh.

artefacts. We chose not to implement sagittal slices because the user would rarely 

need to look at the areas involved. There was also a texture memory limitation, 

which forced this decision.

4.1.5 Classification of Cells

There are five main types of cells within the vohmie: blank cells, atrial cells, 

ventricular cells, sino-atrial cells and atrio-ventricular cells. Bundle-branch injec

tion cells were added to represent parts of the bundle branch. The classification 

of the heart cells was performed over several steps. Firstly, each slice was sepa

rately coloured within a coimnercial editor, each colour representing a different 

cell-type. Then, a set of functions within our software re-opened these slices and 

transferred this information into a general volume data-set th a t was outputted
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Figure 4.9: Artefact produced when camera was parallel to slice-stack.

to a file. Now, every time the Ml softwme is started  this volume information is 

used to allocate the cell-types to the volume model.

Figure 4.10: Classification of cell-types.
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4.2 The D isplay Environm ent and th e G raphi

cal U ser Interface

4.2.1 Languages and Libraries

A fter s ta rtin g  the  developm ent of the system  with G LU T it was decided th a t  a 

graphical user interface (GUI) w ith bu ttons, sliders etc. would be useful. FLTK 

seemed to  be the  m ost obvious option. The progranuning languages used were C 

and C + + , th is was because of the suitability  for O penG L program m ing.

4.2.2 G UI D esign and Layout

Several designs were considered. An initial design for the  GUI incorporated  12 

separate  OpenG L EGG windows as well as the m ain O penG L m odel window. 

This im pacted negatively on in teractiv ity  since there  were so m any O penG L con

tex ts and also m anipulating 13 different sub-windows all displaying graphics was 

very cumbersome. It was decided th a t it was sufficient to  display only one EGG 

lead was sufhcient to  display a t a  time. All the o ther leads could be accessed sep

ara te ly  and easily. This led to  the next generation of the  GUI which incorporated  

two different O penG L sub-windows: the model window and  the  EGG window. 

After perform ing some speed profiling tests it w'as obvious th a t  th is  configuration 

w^as still not optim al for a real-tim e interactive volum etric tool. To optim ise for 

speed, we incorporated  the  EGG window as a  separa te  v iew port w ith in  the  model 

window. This greatly  improved the perform ance of the  system  and also eradicated  

several problem s produced by having separate  windows for the  u p d a te  of every 

frame. Interactive real-tim e volum etric tools are always processor-intensive espe

cially if an im ation  is also recjuired. For this reason, any ex tra  processing besides
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Figure 4.11: A screenshot of tlie visuaUsation toolkit a t work with the final layout, 

tha t involved with the model should be cut to a minimum.

4.2.3 M odel Interaction

A set of features were incorporated to allow the user to navigate and alter the 

model and views. A tracker-ball model was implemented for rotation of the model 

while the viewing camera remains in a static location. When the mouse is clicked, 

the model rotates in whichever direction the user pulls. The zooming mechanism 

works by scaling the model. Zooming is normally implemented by altering the 

camera position, but for convenience we chose to scale the model instead. This 

meant tha t the camera model remained static and only the heart model would

63



4.3 D ata-structures

move. The near and far cUpping planes are brought as close to  the model as 

possible so that, on scaling, the model does not cause put too much pressure on 

the processor. Various clipping procedures were incorporated so th a t the users 

can “dissect” the model. Mainly the clipping is performed by using the OpenGL 

clipping plane functions on the transverse, sagittal and frontal/coronal planes. 

Figure 4.12 dem onstrates a screenshot of a frontal clipping plane approximately 

half way into the heart. This is particularly useful for the teaching tool when 

viewing the electrical progress through the bundle branches. A nother viewing fea

ture is tha t of slice-view. This feature uses a very thin viewing plane by bringing 

the near and far clipping planes very close together, thus leaving a very thin slice. 

The same method was originally used for retrieving the initial slice information 

for the volume model. Now, there are two predefined slice-views: a slice along the 

frontal plane th a t is aligned with and incorporates the bundle-branches, the SA 

node and AV node and also a slice along the transverse plane th a t incorporates 

the mid-section including the AV node. These were identified during the initial 

collaborations with the Physiology D epartm ent in Trinity College. Figure 4.13 

shows a screenshot of the frontal slice-view technique.

4.3 Data-structures 

4.3.1 M odel Structure

The model is comprised mainly of an outer polygonal mesh skin, an inner polyg

onal mesh skin, a line-based bundle-branch network and a slice-based texture 

volume. For storage of the polygonal model, the OBJ format was chosen for 

convenience and the mesh model is broken into the following objects: SA node, 

AV node, vena-cava/right atrium , right ventricle, pulmonary arteries, pulmonary
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Figure 4.12: Screenshot of a model tha t is clipped along the frontal plane.

veins/left atrium , left ventricle and Aort,a. These were separated for the ability 

to hide and colour individually. Although it wa« possible to  use several pre

programmed OBJ loaders, an obj loader tha t catered for separate objects was 

needed. Figure 4.14 is a diagram dem onstrating the data-structure tha t was used.

A visual dialogue box was incorporated tha t displays all the object names 

within the model’s OBJ data-structure as tickable radio-buttons. As default, 

all the elements of the model are visible. However, the user can untick any of 

the objects. This calls a redraw which updates the model window. This feature 

would be of use in the teaching tool, but there would be no obvious advantage 

for the diagnostic tool.

4.3.2 Cell Data-structures

Each voxel within the volume has two main components: the cellular information 

and the pixel information. The pixel information tells the system about the color
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Figure 4.13: Screenshot of a model displayed with frontal slice-view during ani
mation sequence.

values and transparency and basic information about the different tissues. On 

tlie other hand, the cellular data  holds information about the specific cell types, 

timings and frame indices. The cell data-structure is currently open-ended to 

allow for more complex com putations such as fully ionic modelling. Because this 

system is aimed at interactive tools, the cell structure has to be simple.

4.3.3 A nim ation Structures for Speed O ptim ization

Speed optimization is an im portant issue with this software because of the large 

amount of processing required by volumetric animation. The im portance of speed 

optimization is reinforced by the need for real-time interactivity w'ithin the sys

tem. To provide for this, a frame indexing system was implemented to record the 

frame number where each cell is depolarized and repolarized. This information is 

collected during one iteration of the simulation and then reorganised into a speed- 

friendly structure and outputted  to a file for every other time the same EGG file
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Figure 4.14: D atastructure for the handhng of different model objects.

is used. This frame indexing system has increased tlie frame rate from approx

imately Ifps to 20 fps. One of the major advantages of this m ethod is th a t the 

cell structure can become more complex without affecting the anim ation speed, 

as only the initial iteration is affected. The cellular progression algorithm is more 

accurate than previously yet, thanks to the frame indexing technique, running 

speed is not compromised, but has, in fact, improved drastically. The ECG syn

chronization system is effective in defining markers with which to determine the 

exact points within the animation.

4.3 .4  EC G  H and ling  - T he SC P  F ile Form at and H uffm an  

D ecod in g

Although initially we used straightforward ASCII da ta  files of a normal heart 

with a time and voltage value for each step, once the ECG console was acquired it 

became apparent th a t the software would need to read in the SCP file format. The 

SCP-ECG file format is quite complex because it incorporates so many features. 

It is primarily a binary file format and most of the time the ECG is encoded with
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Figure 4.15: Structure of the cell object.

the default SCP-ECG Huffman tal)le tha t can be seen in Appendix A. The file 

is mainly comprised of an initial CRC-checksum (size of file) and record length 

and then 12 sections. The first section holds the pointers to all other included 

sections and section two holds the main header information. Table 4.1 shows the 

structure of the SCP file format as defined by the SCP specifications (EurOO).

For the duration of the project we used a commercial EGG console th a t con

nects via serial cable to a laptop. Then, on the laptop, there is the m anufacturer’s 

software tha t records the EGG and then offers the feature of export to SCP file 

format. It emerged th a t the m anufacturer’s implementation of the SCP file writer 

was incorrect. This flaw was found by accident and our SCP reader was altered 

accordingly. The m anufacturer’s SCP file format never deviates from a particu

lar path  so we minimised our SCP reader to a certain protocol. Once the initial 

readings are made, section 0 gives information on the number of sections in

cluded in the file. Section 1 then includes the usual patient information. Section 

2 specifies the type of Huffman table used (if any). The Huffman table used by
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Table 4.1: Structure of SCP File

Section No. D escrip tion
Prelim Info CHECKSUM
Prelim Info SIZE OF THE ENTIRE ECG RECORD (IN BYTES)

0 POINTERS TO DATA AREAS IN THE RECORD
1 HEADER - PATIENT DATA/ECG ACQUISITION DATA
2 HUFFMAN TABLES USED IN ENCODING
3 ECG LEAD DEFINITION

4 QRS LOCATIONS
5 ENCODED REFERENCE BEAT DATA
6 RHYTHM DATA
7 GLOBAL MEASUREMENTS
8 DIAGNOSIS FROM THE ’TNTERPRETIVE” DEVICE
9 MANUFACTURER SPECIFIC DATA
10 LEAD MEASUREMENT RESULTS
11 UNIVERSAL STATEMENT CODES
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this manufacturers software is the default ECG Huffman table. This table was 

specifically designed and optimised for ECG compression (EurOO). Once the 

leads are defined in section 3, the next two sections are skipped since they do 

not apply to this project and the actual ECG data  is read in as bytes to the raw 

data  buffer of each lead ol)ject and then converted to bits and entered into the 

b it array of each lead object for decoding and processing. Figure 4.16 shows the 

SCP datastructure including the lead objects. The decoding process consists of 

traversing from bit to bit until a value is deciphered and then continuing through 

this bit !)uffer until the end. Each of these values are stored in the final data 

array of each particular lead object and some post-processing is required. Second 

difference (a type of encoding) post-processing is applied as well as an am plitude 

value nniltiplier (AVM) which hnalizes the voltage value of each s

SCP Object

Lead Object

T sr  TT"

mmr •  •
...

Figure 4.16: SCP object structure.

Our software has an SCP writer. Because most of our ECGs are only 10 

seconds long the file sizes are relatively small. Therefore, compression was not 

a priority, so no Huffman encoding was required. The ECG raw data  values are
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stored in the  SCP d a ta  file instead.

4.4 The ECG Window

The ECG window is a  separa te  view -port w ithin the  m ain O penG L window. 

Com pared to  the m odel window, the ECG window, which is s itu a ted  below' this, 

uses an orthographic projection. The back-plate is an O penG L quad which is 

parallel to, in line w ith and the same size as the view-plane. Superim posed onto 

this are the grid-lines th a t  make the ECG window look like a conventional tracing. 

There is an option th a t  the default coloiu’ settings (the ECG tracing  as w hite, the 

grid-lines as red and the  back-plate as black), can be changed to  the  conventional 

paper-tracing  coloiu's (black for the ECG tracing and w hite for the  back-plate). 

Once the grid-hnes are draw n, the next layer is added: the  ECG tracing. This is 

represented by a series of white OpenG L lines. Both the  grid and EC G  lines are 

anti-aliased. F'igure 4.17 dem onstrates the layered s tru c tu re  of the  ECG window.

Once the  m arker allocation tool is switched on, a vertical line-inarker follows 

the m ouse’s x value until the intended wave has been allocated. For the  ST  and 

iso-electric line-m arkers, a horizontal line-niarker follows the  m ouse’s y value until 

the appropriate  level is selected. On the  m ouse’s release, each tim e a  selection 

is m ade a  m arker file is created  using th e  sam e nam e as the  SC P file b u t w ith a 

“.m f” extension. Each m arker file stores the  m arkers as th e  integer coordinates 

of the ECG window ra the r th an  tlie actual ECG values. W ith in  each m arker file 

the following inform ation is stored: the P ,Q ,R ,S ,T  and U waveform m arkers and 

the ISO and ST values for all 12 leads. In to ta l there are 30 separa te  integer 

values w ithin each m arker file. The ECG is scaled horizontally  to  the  tim e-size 

of the  ECG record. The vertical scaling is more approxim ate by scaling to  four
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Figure 4.17: ECG window structure.

niillivolts. This means th a t there are 2 millivolts to the top and bottom  of the 

iso-electric line. If the ECG tracing goes above or below these limits the values 

are rounded-off to the upper and lower limits. Of course, this rarely happens, as 

most ECGs rarely go above 1 millivolt or below -1 millivolt. A cropping function 

was incorporated tha t allows the user to select a section of the ECG record and 

then crop the entire record so th a t just this section is present. This cropping 

mechanism is spread through all foiu' leads and the scaling values are changed 

accordingly.

4.5 The A nim ation  System

A key feature with the system is th a t the representation of the electrical excitation 

of cells on the volumetric model runs in synchrony with the featured ECG. A set 

of pre-defined ECG markers is the basis of the animation. These markers may be
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defined either manually or automatically. The autom atic wave classifier uses the 

So and Chan QRS detection algorithm (SC97). Tan et al (TCCOO) found tha t 

this algorithm had a greater sensitivity than th a t of Pan and Tompkins (SC97). 

So and Chan’s method was also aimed at am bulatory ECG monitors for real-time 

detection. This quality is in keeping with our system ’s real-time specifications. 

There are many other suitable QRS detection algorithms, but the So and Chan 

algorithm was the easiest method to implement since it operates on a simple slope 

detection method with simple filters and threshold mechanisms as defined in the 

medical principles chapter (SC97).

The electrical cycle begins with the SA node, which is represented in the 

polygonal mesh as a sphere and also in the volume as a single voxel. The SA 

node sphere flashes along with the preliminary firing of the cells in the vicinity of 

the SA node. W ith every iteration each cell’s status is identified. If a certain cell 

is depolarized then its neighbouring cells are depolarized, thus causing a spread 

of the electrical excitation. To direct a nearest-neighbour algorithm, a shape is 

needed. We initially used a cross-shape (Figure 4.18) but found th a t a spherical 

shape (Figure 4.19) with a defined radius produced more credible results.

Figure 4.18: Initial propagation shape.

There are many conditions in the decision for electrical propagation. Apart 

from the depolarized/repolarized condition, the cell-type is another large consid-

73



4.5 T he A n im ation  S ystem

Figure 4.19: Final propagation shape.

eration. For example, when the progressing ECG marker is within the P wave, 

the atrial cells should be the only cells being activated. For this reason, it was 

necessary to categorize the volume into cell-types. This was done by differen

tiating each cell-type with a different color. We did this by manually editing 

each slice with a commercial editor. Currently we have 5 main cell-types which 

include blank, atrial, ventricular, sino-atrial and atrio-ventricular cells. Figure 

4.20 shows an example of this. Blue represents atrial cells and green represents 

ventricular cells.

The bundle-branches are displayed as a series of lines with insertion points 

within the septum and on the inferior borders of the ventricles. There have been 

many different generations of this animation system. The initial version used a 

pre-computed database of circles to display the isotropic spread on each slice. 

Although this ran quickly, it had several disadvantages regarding anatomical 

phenomena. This cellular spread ignored anatomical structures and spread right
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Figure 4.20: Diagram of different cell types.

through the whole volume. The current spread, however, only spreads where 

there are other cells. It was decided from the outset th a t muscle/tissue dynamics 

{i.e., contraction of the tissue on electrical activation would not be implemented 

within this animation sy.stem. Although, this would be interesting for students 

as a teaching tool feature, it would not be of use diagnostically.

4.6 The ECG Classification and Interpretation  

System

The ECG window was designed in such a way as to allow the user to assign 

manually allocated markers. Figure 4.21 shows a screenshot of a marker-assigned 

window of lead II. The white vertical line is marking the P wave with the red 

Pin and Pout markers a t either side of the waveform. The middle three blue- 

coloured markers define the Q, R and S waveforms and the T wave is defined and 

surroimded by the two green markers referring to and T„uf The U waveform is
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also selected but is not relevant in the animation and is rarely used in cardiology.

filesypaticni6 scp

Figure 4.21: ECG window with classified wave markers.

Figure 4.22 shows a screenshot of the ECG window with the ST segment 

marker. A horizontal line was chosen as the best manual selection tool since it 

can traverse several ECG waveforms, thus acting as an averaging feature.

.ST Segment Marker
n IHMl

Ciassiry

Interpret

AutoDetect

Styfe

■ 1

Figure 4.22: ECG window with average ST segment marker.

4.6.1 A utom atic R epresentation of M yocardial Infarctions

Myocardial infarctions are represented within our system as areas aroimd cen

tral voxels tha t correspond to the lead vectors. We introduced voxels within our 

model by aligning them to  axes representing the lead vectors. The voxels are 

inputted into the volume where the axes intersect with the model. The electrical 

propagation animation recognizes the infarcted cells and cannot pass these cells, 

thus spreading around them. The MI detection system measures the param eters 

as found by either the autom atic or manual markers system. Currently the system 

measures the difference between the ST segment and the iso-electric line for each 

lead, thus giving the extent, if any, of infarction. These measurements are then
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used as references for the radius around tha t specific lead’s model-representation 

voxel. The T  waves are also checked for inversion. The anim ation of the electri

cal propagation is autom atically choreographed with markers th a t are selected by 

the user or autom atically selected using the autom atic wave classifier. This wave 

classifier uses the So and Chan QRS detection algorithm (SC97), which was the 

most suitable detection algorithm because of i t ’s suitability to real-time systems. 

Once the QRS complex is found, the other waveforms are found by traversing 

backwards and forwards from tha t j)oint. This is not always accurate, so a man

ual human-guided wave classification tool is incorporated into the software. We 

incorporate a standard metric for Ml into our system. The purpose of a metric 

within our system would be to see if the ijio-chemical measurements correlate 

with our measurements. At the moment we use a voxel counter th a t counts the 

number of infarcted voxels once the interpretation process is complete. This is 

of key importance to the next stage of the i)roject which is to compare this voxel 

count with the blood chemical measurements.

4.6.1.1 W ave A bnorm alities

The wave abnormalities considered in the system include ST segment elevation 

or dej)ression, T wave inversion or acute elevation and Q wave pathologies. Even 

though T  and Q wave abnormalities are considered, the area of most relevance is 

ST segment deviation. The ECG axis is often used by cardiologists to diagnose 

deviation from the normal path of electrical propagation. This kind of deviation 

can sometimes be seen in non-patliological cases. For this reason, and also because 

the scope of this project could not include these kinds of pathologies, the ECG 

axis was not considered for this toolkit.
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Table 4.2: MI Changes

L o ca tio n  o f th e  In fa rc t S ite C o rre sp o n d in g  L eads

Anterior V3 and V4

Antero-lateral V5, V6, I and AVL

Septal VI and V2

Inferior II, III and AVF

4.6 .1 .2  M I L o ca tio n

An initial MI location and extent algorithm operated as follows: (i) first find out 

which leads were abnormal, (ii) then check these results against a reference and 

(iii) represent them as previously allocated infarctions introduced to the volume. 

This reference is a well established method of locating infarctions (Pha96). How

ever, it was decided, with the input of a cardiologist and a physiologist, th a t a 

more intuitive and informative tool would be helpful to display exactly what the 

leads are showing.

The MI localization algorithm operates on the assumption tha t a particular 

lead acts as a view' to a particular region of the heart. The orientation and 

location of the heart itself is assumed to be normal. Rare abnormalities such as 

dextrocardia, which means the displacement of the heart to the right, are ignored. 

Even though these phenomena are normally quite obvious to trained cardiology 

workers, yet another advantage of a “human in the loop” process. The software 

also assumes tha t the user has accurately placed all the ECG leads in the correct 

positions. All 12 of the ECG axes converge at a central area. The location of 

this area has been chosen to be the centre of the heart, i.e., above the ventricles 

but below the atria. This is an approximation, but is considered to be sufficient 

for the inherently ambiguous nature of ECG. There are always assumptions with
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the use of ECG, and also the ECG is never used alone. The ECG is seen in 

clinical practice as an informative tool to be used along with other modalities 

and indicators, not as a 100% reliable diagnosis.

The ECG axes (Figure 4.23) were introduced to the system and allowed for

located a t the intersection points of the volume and the ECG axes. These voxels 

are then used as central locators for each lead and, once an extent has been 

retrieved from each abnormally detected lead, the extents are illustrated around 

these voxels of each corresponding lead. There are several ways to represent the 

extent around the lead. The easiest way is to colour the cells with a certain radius 

around each particular central voxel. Another method would be to translate a 

surface map of electrical conduction onto the volume. Both of these m ethods are 

similar.

Figure 4.23: ECG lead axes in relation to the model.

allocation of central lead voxels. These voxels were added to the volume and
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4.6.1.3 MI Extent

Figure 4.24 shows a typical ineasiireineiit, where i refers to the level of ST segment 

deviation from the base-line or iso-electric line. The default iso-electric line is a 

voltage of 0.0 millivolts. There is an option, however, if there is shift from 0.0 

mV, to manually set the iso-electric line. This feature enhances the portability 

of the software, because clinically acquired ECGs are not always perfect. Figure 

4.25 dem onstrates tw'o different MI extents from the same lead (v2). The first 

screenshot has an extent of 181696 voxels, whereas the second screenshot has an 

extent of 101333 voxels.

ST Mar

Isoe

Figure 4.24: Measuring the ST segment.

Figure 4.25: Two different extents.

The representation of the MI or stress region around a certain central lead
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voxel involves the multiplication of i {i.e., the level of ST segment deviation) with 

a set radius as defined by our cardiology collaborators as proportional to what 

they thought was an accurate representation of the ECG tracings. An extra MI 

sensitivity w'eighting can also be applied, which is alterable using a slider.

4 .6 .1 .4  T h e  M I S e n s it iv ity  Sh d er

The method of assigning the sizes of the infarct areas on the heart vohune model 

is approximate so, to provide a method of varying the sizes, an extent weighting 

or sensitivity feature was incorporated. This allows the user to  decrease an area of 

infarction tha t may be too big to make sense of. It was decided th a t the best GUI 

component for this was a slider. It is im portant for the user to  understand tha t 

this tool should not be used to dehnit ively monitor the progress of an MI from 

the graphical tool alone. This is why the ST accumulator is an im portant metric. 

The only way to assign an accurate weighting for the volumetric representation of 

MI would be to perform an in-depth evaluation of the actual physical MI extents 

with corresponding ECGs. This would not be possible within the scope of this 

project.

4 .6 .1 .5  T h e  V o x e l-C o u n t as a  M etr ic

It was highly advisable to incorporate some kind of standard  metric for MI 

into our system. Currently, cardiologists use chemical measurements from blood 

analysis to determine the extent and progress of infarction within the myocardium. 

Although ECG is used to firstly diagnose an infarct, chemical measurements are 

the standard for monitoring the progress. The purpose of a m etric within our 

system would be to see if these chemical measiu’ements correlate with the mea

surements within our system. A voxel-counter is currently used th a t coimts the
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number of infarcted voxels once the interpretation process is complete. This 

is of key im portance when comparing this voxel-count with the blood chemical 

measurements. There are some problems with this method. An infarction is rep

resented by an elongated section of tissue within a certain radius from a central 

lead voxel. This, of course, is an approximation with several assumptions and 

would require evaluation to prove whether or not this metric is in correlation with 

other standard metrics like CK and troponin levels in blood.

4 .6 .1 .6  T he ST  A ccum ulator as a M etric

Unlike the voxel-count, the ST accumulator gives a value directly derived from 

ttie ECG data. This value is a cumulative value of ST segment deviation. This 

ST accumulator is based on voltage and is measured in millivolts (mVs) by ref

erencing the actual ECG data  and adding each abnormal lead’s deviations from 

the iso-electric line. When the infarction regions within the volume overlap, 

the voxel-coimt is not affected because it is computed for every cell within the 

specified radius. However, the voxel-count increases exponentially as the radius 

increases. This is an obvious fault with using a voxel count as a metric. The total 

radii of all infarction regions are in direct correlation with the ST accunmlator 

value.

4 .6 .1 .7  T he M I R ep ort D ia logue Window^

Once all the classifications and interpretations were performed, rather than just 

displaying the results as visuals on the model or MI voxel counters, it was decided 

th a t a more informative secondary report window should be developed. Figure 

4.26 displays a screen-shot of such a window'. The inform ation displayed within 

this window' is collated during the interpretation period. W ithin the “ECG-
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hiterpreter” class the ECG is hrstly checked for changes. If there are any changes, 

a “Diagnosis” class is scrutinised. Firstly, all the ST changes are checked and 

any of the abnormal leads are added to the report. Then the same is done with 

T-wave inversions and flat T waves and finally an approxim ate interpretation 

is performed giving possible diagnoses such as “Possible Anterior Infarction” . 

These diagnoses are based on cormnon MI recognition and localization criteria 

(Pha96).

El???:’___________________

Ml Report

Ind ica tive c h a n g e s  fo u n d  
S T  c h a n g e :  II I  v3 v4 

T w a v e  inversion ; I II aV L v2  v3  v4 v6 
F la t T  w a v e s ;  I I I  III aV R  aV L aV F  v1 v2  v3  v4  v5 v6 

->  P o s s ib le  inferio r in farction .
->  P o s s ib le  s e p ta l  in farction .

->  P o s s ib le  a n te r io r  in farction .
->  P o s s ib le  la te ra l  in farction .

Figvu’e 4.26: Screenshot of a sample MI report dialogue window.

4.7 The Surface R epresentation  E xperim ent

We experimented with a method of displaying the electric potential on the outer 

surface of the heart in real-time. A similar approach to the central voxel allocation 

was used to classify the outer texture of the heart mesh. We used the axes of 

the lead vectors in relation to the texture. A reference texture with obvious 

landmarks was used so tha t pixels could be assigned different leads. Then, during 

each frame of the ECG progression, the electrical values on the texture would 

1)6 altered to directly correspond with the actual values as read from the ECG 

file. Figure 4.27 dem onstrates the results of this process. A Gaussian spread
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wa.8 used a t each central pixel. There were several problems with this method of 

visualisation. Firstly, and most importantly, there was no obvious advantage to 

either a clinician, student or patient. Secondly, because of the texture-mapping, 

a lot of effort would be needed to correctly represent the separate areas of the 

heart. In the end it was decided to not continue down this route.

Figure 4.27: Direct surface rei^resentation of lead voltages.

4.8 Enhancing the V R  Environm ent 

4.8.1 S tereoscop ic  V iew in g  C ond itions

In order to give the user a greater sense of immersion, we implemented a simple 

stereoscopic vision system. We chose not to use the dual screen goggles (Figure 

4.28 B) because it was easier to implement with polarized 3D glasses (Figure 4.28 

A). These glasses are very cost effective and do all the com putations a t driver 

level, so are very easy to implement. The glasses are synchronized with the CRT 

monitor to act as a shutter system. A different image is interleaved every second 

frame and sliow'n to alternate eyes. The software had to be converted to  a GLUT
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(OpeiiGL windowing lil^rary) program  instead of FLTK (graphical user interface 

library th a t  caters for O penG L rendering). FLTK did not suppo rt stereoscopic 

vision. Even though a full im plem entation would have been useful, we decided 

to concentrate m ore on the  fundam ental concepts of the  p ro ject {i.e., th e  MI 

visualisation). This is an area very suitable for further research.

Figure 4.28: Stereoscopic apparatus.
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Chapter 5 

Clinical Trials and Evaluation  

M ethodologies

The previous chapters described the initial considerations and motivations for 

develojMng a system to visualise myocardial infarctions, followed by the software 

develo[)inent itself. This chapter discusses the process of evaluating the software 

in different pliasos. Firstly, the logistics of recording the ECGs, getting training 

for this task and gaining access to patients and their records will be described. 

The first phase of our software evaluation was the monitoring of the ECGs of 

patients with STEMIs and NSTEMIs in the coronary care imit (CCU) in St 

James’ Hospital. The second phase of evaluation was the experimental techniciue 

for monitoring the ECGs of patients during percutaneous transluminal coronary 

angioplasties.
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5.1 Evaluating D iagnostic and Teaching Tools

5.1.1 C ase Studies

Although case studies do not have a well-understood theoretical basis compared 

to formal experiments and surveys, they can provide excellent and cost-effective 

evaluation (KP1^95). In the field of medical software development, case studies 

are especially useful. Not only is it easy to see the potential applications of such 

tools, a comprehensive description of the process is also tlescribed. This kind of 

evaluation is rommonplaco in the medical research field. Case studies are more 

practical for certain applications that require more time and more information. 

For example, in this project, although a quantitative study of the ECGs moni

tored in synchrony with PTCAs would be useful, a few strong case studies would 

be more i)ractical and produce sufficient results.

5.1.2 Q uantitative V alidation

When dealing with a well established condition where in-depth knowledge of 

each case is not needed when evaluating a certain tool, (juantitative validation 

is ideal (TSYM99). This kind of validation techni(iue is especially useful when 

performing a mass audit of how a certain tool is performing on a large scale 

and is normally more useful for a well established technology rather than an 

hiitial prototype (E.MS'0 2 ). In the field of automatic ECG interpretation, the 

developed algorithms iire often evaluated quantitatively (TRB03). This method 

gives strong sensitivity and specificity values since the bigger the population, the 

stronger the results.
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5.1.3 E xperim ental Techniques

Sornc^timcs it is particularly  beneficial to  (n'aluatc a certain  system  experimen

tally. This involves an initial educated guess as to  how it would perform under 

certain circumstances and then  testing this theory. These kinds of validation 

technicjues raise some im portan t safety aiid ethical issues if a p a tien t’s safety or 

confidentiality is a t risk, however small this risk (.l(;s01). Experim ental research, 

however, does have its merits. Some of the m ost im portan t drugs such as peni

cillin have been “stum bled upon” through this form of research. Nonetheless it 

is of param ount im portance to  have an excellent theoretical basis for each exper

iment performed and a justification for wliy the benefits outweigh any risks to 

the i)atient, no m atter how small. For this type of research, an ethics com m ittee 

is normally consulted before starting.

5.1.4 Q ualitative V alidation

Q ualitative evaluation has several sub-categories and each has advantages and 

disadvantages for different scenarios. S tr\ictured interview's are similar to  user- 

siirveys because they incorporate specific questions and do not deviate from the 

main design. On the other hand, sem i-structured interviews are particularly  

useful when feedback or open-discussion is reciuired (EWC^* 99). These kinds 

of interviews are well suited for the evaluation of medical tools, because the 

(juestions would allow the doctors or clinical workers to  give critical feedback 

with a view to future improvements. This also gives an approxim ate idea of how 

the tool would be accepted in the related field.

A user feedback survey or questionnaire is an effective \vay of gauging the 

application’s acceptance, especially if it is anonymous. In cardiology, how'ever.
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and especially in countries like Ireland tha t have limited numbers of cardiologists 

and a very busy health service, these surveys are not too attractive. This is 

l)ecause the cardiologists or cardiology workers generally do not have the time or 

I)atience to fill out questionnaires.

5.1,5 C om bined Evaluation

Rather than adhering to only one of the above techrii(}ues, a robust evaluation 

should include several techniques. This is especially applicable to our project 

where there are several layers of acceptance involved. Firstly, the basic detection 

algorithm would need to be evaluated quantitatively by having a large number 

of abnormal ECGs. To get more informative feetiback as to how' the interpreter 

would be working, a series of case studies would be very helpful. To measure 

how such a diagnostic and teaching tool would be accepted in the practitioner 

/  student population, a series of structured or semi-structured interview's would 

need to be performed as well as a user feedback questioimaire.

5.2 Initial C onsiderations for ECG R etrieval

There are several repositories tha t hold freely available recordings of ECG and 

other biological signal data. One of the largest of these repositories is that of 

physionet (http://physionet.org), which includes an archive of several biological 

signal categories. W ithin the ECG category there are links to several external 

archives, mainly the MIT-BIH, ANSI and European ST-T databases. Along with 

the ECG signals, there are annotations and references relevant to each of the 

ECGs. One of the main disadvantages with these databases is tha t the ECGs are 

mainly only holter (long-term ECG) or single lead recordings. The problem with
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this is that localizing and finding the extent of Mis depends on more than a few 

leads. Ideally, 12 synchronous leads should be used in the standaixl configuration. 

At the beginning of the project it was decided that, in order to attain  the best 

selection of ECGs and also to have thorough accompanying case information, w'e 

should perform the ECGs ourselves. After a few meetings with our collaborators 

in St James’ Hospital Dublin, it became apparent tha t this would be possible.

5.3 Recording the Electrocardiogram

Figure "'.1 shows the 12 lead EGG console tha t we used for the duration of this 

project (Gardioline Delta 3 Plus). It is connected via serial cable to a laptop, 

where the ECG is recorded using the manufacturer’s software. This software 

allows us to export the ECG in the SCP file format. This ECG is encoded with 

the default Huffman table (See Appendix A). For the coronary care \mit causes, 

the ward sister was telephoned every day and asked if there were new patients 

admitted that presented with Mis. If so, we travelled to the hospital and acquired 

the ECG using the standard 12 lead configuration. The patient was either in 

the supine or sitting i)osition and ECG was recorded for ten seconds. In the 

angioplasty cases, we were resident in the catheter laboratory for one tlay per week 

during the angioplasty clinic and if the patient’s angiogram revealed obstructions 

in the coronary arteries we applied the standard 12 lead ECG configui'ation. 

After CO seconds of balloon inflation, we recorded 10 seconds of ECG. These tw-o 

evaluation strategies will be discussed in more detail in the coming sections.
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Figure 5.1: Our 12 lead ECG console connected via serial cable to a laptop.

5.4 E thical C onsiderations and Proposals

In St Jam es’ hospital, it is standard procedure, if a research project will be us

ing confidential information or accessing patients as external collaborators, tha t 

ethical permission is reciuired. The ethics conmiittee reviews research ethics pro

posals and grants them permission if they are confident th a t the research parties 

are competent in maintaining confidentiality and the patien t’s best interests are 

sustained. Storage and disposal of information, as well as the type of information 

itself, are im portant considerations. Throughout this project no information was 

recorded tha t was not needed or relevant to the MI software. All information was 

stored in one place and remained secure for the duration of the project. Once 

the project is finished all the information will be deleted. At the beginning of 

the evaluation stage, we applied for and were granted ethical clearance. Since 

it was not in the scope of the project to employ a cardiac technician for the
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acciuisition of ECG data, it was of key importance to be qualified and registered 

in a medical discipline. There were several reasons for this. Firstly, from an in

surance perspective, a regular computer scientist would not be insured to access 

and monitor patients, even on a joint departm ent of physiology /  departm ent of 

computer science project. There were also reasons on a patient-care and coping 

level. Because of the critical nature of most MI patients, it was im portant to 

have experience in dealing and coping with these kinds of patients.

5.5 The Training Period

It was necessary to gain skills in the area of ECG acquisition for the da ta  col

lection section of the project. A training period of 3 days was spent in the 

cardiology departm ent acquiring standard 12 lead ECGs and stress-test ECGs. 

Once this training period was completed it was j)ossible to gain access to MI 

patients in the coronary care unit, the catheter laboratory (angiography suite) 

and the accident and emergency dei)artment. It was very im portant to learn the 

exact positions of the ECG leads so tha t all the ECGs taken during the project 

were verifial:>ly correct. Common artefacts and prot)lems were identified such as 

muscle noise, electrical interference and loose leads so tha t should this happen 

during accjuisition these problems were rectifiable.

5.6 The Coronary Care U nit

The coronary care unit in St Jam es’ hospital is one of the largest in the country 

and provides access to a large selection of coronary diseases and abnormalities. 

Once ethical permission was attained it was i)ossible to perform ECGs on suitable
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])atients.

5.6.1 Patient Selection

Since this was the first evahuvtioii step and also overlapped with some of the 

development, there was an evolution of prerequisites for ECG monitoring. When 

this phase began it was decided to only monitor patients presenting w'ith ST 

segment elevation Mis (STEMIs). However, as time went on, it became apparent 

th a t NSTEMIs (Non ST segment elevation Mis) were more common. At one 

stage, one of our cardiologist collaborators referred to this lack of STEMIs ai; 

a. growing trend since a lot of the patients ST segments become closer to the 

iso-electric line once they receive thrombolytic treatm ent. After this, some of 

the more acute and extreme NSTEMI patients were considered for input to our 

database. T wave abnormalities then became of interest in the development of the 

software. After several months of monitoring we had acquired enough variations 

of different MI locations in CCU from adequate representation of this area of the 

patients process.

5.6.2 Recorded Inform ation

The following is a list of param eters tha t were recorded on each CCU patient. 

This list w'as collated with some advice from a cardiologist collaborator. Not all 

the information was necessary, but it was im portant to record all relevant data. 

It was decided to record this information directly from the patien t’s notes a t the 

same time as the acquisition of the ECG data. Not all fields were completed on 

all patients because of incomplete j)atient notes.

P a t ie n t  Id e n tif ic a tio n  In fo rm a tio n  This ŵ as recorded for future reference.
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shoukl a revisiting of the notes/records or subsequent exam inations such as 

angiograms and echo-cardiograms be needed.

D a te  o f  B ir th  a n d  A ge To calculate the mean age of MI and retrieve any in

formation relevant to the age or D.O.B.

S ex Necessary to find the gender distribution of MI patients and evaluate any 

relationships between gender and any other parameters.

E C O  F ile  Id e n tif ie r  Im portant for the cross referencing of this da ta  and the 

ECG data.

D iagnosis  as R e c o rd e d  on  N o te s  Irni)erative for the comparison of the soft

wares findings compared to those of trained and expert cardiologists and 

clinicians.

H is to ry  - G e n e ra l This is a general history including information about pre

disposing factors to MI e.g. family history and lifestyles such as high-stress 

jobs, obesity etc.

H is to ry  o f M I Re-stenosis or re-infarction is quite conmion and is relevant to 

this j)roject.

H is to ry  o f  C A B G /P T C A  Coronary artery bypass grafts (CABGs) and per

cutaneous transluminal coronary angioplasties (PTCAs) are directly related 

to Mis and therefore previous exams of this type were recorded.

S m o k in g  S ta tu s  Smoking has been proven to cause various coronary disorders. 

The smoking status was recorded for an approxim ate indication of how 

many MI patients in our study were in this category.
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B lood P ressu re  The blood pressure levels throughout the patient’s stay is rele

vant because high blood pressure is an indicator of a patient’s susceptibility 

to MI (LRR+94).

D iabetes  S ta tu s  Diabetes is well established as a predisposing factor for cardiac 

disorders (EWM02), and was therefore relevant to this project.

T im e of O nset of M I Sym ptom s MI signs on the ECG progress through time. 

Therefore, it was inij^ortant to understand the full time-line of each patient’s 

conditions.

T im e of P re se n ta tio n  a t A ccident an d  E m ergency D e p a rtm e n t This is 

important because this is also the time that the patients treatment may 

have begim and also the acquisition of i^reliminary ECGs.

T im e of EC G  This is essential l)ecause it shows how long along the time-line 

of MI for this i)atient is.

W h ite  B lood Cell C oun t (W C C ) WCC is a bio-chemical marker of myocar

dial Infarction and also for the prediction of recurrence of MI (LMK+85).

H aem oglobin  co n cen tra tio n  (H b) The haemoglobin concentration in blood 

correlates with coronary artery disease (TMN+98).

C rea tin e  K inase (C K ) CK is a bio-chemical marker of myocardial necrosis, 

although troponin I and T are preferred as they are more specific and 

reliable (GR03).

T ropon in  Troponin I and T bio-chemical markers are highly specific and sensi

tive for myocardial damage (MSRAOO).
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D id th e  p a tie n t go for echo-card iogram ? This was useful for a possible cross 

reference.

D id th e  p a tie n t have an  angiogram ? This was useful to see an outcome and 

verify a location

5.6.3 G eneral Findings in the CCU

30's 40's 50's 60's 70's 80's
Age G roup

Figure 5.2: Age Distribution.

Out of the 27 patients monitored during this phase the mean age was 63. 

This compares favourably with previous studies (FBC^02), with similar mean 

ages. Out of the 27 patients, 74% were male. This distribution is comparable 

with previous studies (FWH“''96).

Out of the initial 27 patients with MI, the smoking status was retrieved for 

19 cases. Out of these, 42% of patients were smokers, 47% were non-smokers and 

11% were ex-smokers. Figure 5.4 demonstrates this distribution.

Although it was aimed to retrieve the blood-pressure, diabetes and choles

terol values, this became more difficult in practice due to incomplete patient 

notes. Of the 19 blood-pressure measurements w'e acquired, 58%(11) had high
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m F em a le  

■  Male

Figure 5.3: Gender Distribution.

■ Smokers
■  Non-Smokers 
□  Ex-Smokers

Figure 5.4: Smolting S tatus Distribution.

blood-pressm’e. O ther pre-disposing factors were more ambiguous. Of the two 

patients we retrieved diabetes status on, one was diabetic and of the three pa

tients we received cholesterol measurements on, all three had high cholesterol. 

Eight patients had a previous history of cardiac problems and seven patients had 

a family history of MI. One patient suffered from clinical depression.
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Figure 5.5: Angiography Sequence of Coronary Arteries.

5.7 T he A ngiop lasty Limb

5.7.1 Experim ent Design

The original idea for this phase of evaluation was conceived a t a meeting with 

our clinical collaborators. After the acquisition of the coronary care unit ECGs, 

extra evaluation techniques were being considered. An evaluation of the local

ising algorithm was needed and the best idea was tha t of recording an ECG at 

the same time as the balloon toeing inflated during a percutaneous translum i

nal coronary angioplasty (PTCA) procedure. On inflation, the coronary artery 

becomes blocked temporarily and causes a tem porary ischemia which results in 

ST change. This is an ideal method for testing the localization feature of our 

software since there are recorded angiography videos tha t can be cross-referenced 

for the confirmation of location. It was decided to work with our cardiologist col

laborator once a week in the catheter laboratory until enough ECGs were taken. 

The amount of PTCA procedures performed varied from none to  four in one day.

5.7.2 Lead P lacem ent and D isplacem ent

During an angioplasty the angiography x-ray C-arm pivots around an iso-centre, 

in this case the heart, giving various different views of the heart and coronary ar

teries. It was im portant, in placing the leads, tha t none of them would run under 

the patient and overlay the x-ray image. It was also very im portant to inform the
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patient not to move during the procedure, because chuing the first set of angio- 

jjlasties several problems emerged. Firstly, if the patient moved, the leads might 

have moved into the path of the x-ray image and also the electrodes may have be

come loose or fallen off. Pre-planning was a crucial j)oint for this phase because, 

once the sterile coverings were placed, it was im portant not to  have to change the 

leads, just in case the sterile area was infiltrated and the pa tien t’s safety thereby 

jeopardised. The leads also could not obscure the movement of the angiography 

equipment, so they had to be tucked close to the patient, but not close enough 

to occlude the relevant anatomical structures on the angiograph. Generally, the 

leads all led to the left of the angiography table since the cardiologists and other 

staff were working from the right side. The standard configuration of the 12 lead 

ECG was sometimes altered because the chest leads obscured the cardiologists 

view on the angiograj)h. Although our cardiologist collal)orator often made some 

of the views more oblitjue to allow for the leads, this was sometimes not enough. 

In some of the cases the chest leads were lowered to the next intercostal space. 

Although this is not ideal for localisation, it w'as considered sufhcient for this 

project and this displacement did not impact on the results {i.e., the regions on 

the heart model were approximately the same as non-displaced chest ECGs).

5.7.3 A cquisition of ECGs and V ideo F luoroscopy Footage

Preliminary ECGs were taken at the start of every procedure. These ECGs 

provided a base-line from w'hich to compare the ST change, if any. Also, the 

finishing ECG may have some resulting ST segment deviation due to the earlier 

blockage. Once the balloon was inflated we waited for between 40 and 60 seconds 

to allow a reasonable amount of ischaemia to occur, thus producing ST segment 

deviation. Then an ECG was recorded for 10 seconds. If the procedure involved
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multiple angioplasties for more than one vessel, an ECG was taken each time 

(luring inflation. After the procedure, once the cardiologist had completed all 

necessary tasks, a final ECG ŵ as taken for each patient. This ŵ as to see if there 

was still some ST segment deviation or if it had decreased.

Video fluoroscopic sequences were recorded during every angioplasty proce

dure. These video sequences are very helpful in confirming the location of the 

l^alloon catheter on inflation. It was possible to get copies of these recordings for 

some of the patients tliat had angioplasties on recordable CDs. The file format 

for these recordings w'ere in DICOM file format. This format ha.s become the 

standard throughout the medical equipment world. Therefore, it w'as not diffi

cult to find freely available software for the viewing of such recordings. We used 

a free-ware application called “ezDicom” for the reviewing of these files. Tliis 

software allows the outi)ut of stills from the recorded angiography footage.
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Chapter 6 

R esults

In the previous dia])ter, we described our evakiation strategy and the related 

logistics. In this chapter, we will show' the results of these evaluations and discuss 

the findings in detail. Firstly, ŵ e will illustrate the findings of the CCU phfxse 

of our evaluations. Then, the angioi)lasty validation results will be discussed 

and finally, other results including graphical issues, clinical feedback and T wave 

abnormalities will be discussed.

6.1 The CCU Findings

6.1.1 R efining th e  P a tien t List

A noticeable trend in this phase of the project was tha t, by the time the patient 

got to the CCU ward, either their ST segments became less elevated or their 

waveforms changed into NSTEMIs. Although these are still of interest in this 

project, the patient list was filtered to just STEMIs for the validation of the 

software. Of these 17 filtered patients, the software produced representations 

tha t were compatible with the cardiologist’s diagnoses.
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6.2 CCU - Case Studies

Of the 17 STEMI patients, we will present the case studies and results of patients 

with six representative locations of MI. We have presented the results in a clinical 

format by presenting a clinical history and EGG dem onstrating a myocardial 

infarct in specific anatomical locations in the 6 patient histories described in the 

next six sub-sections.

All six patien t’s EGGs were interpreted correctly by om- software and repre

sented within the model’s volume as green areas. Patient I ’s EGG showed ST 

segment elevations on leads I and aVL. Glinically this is seen as a lateral MI (z.e., 

an area of infarction on the lateral wall or left side of the heart). Therefore, our 

model’s representation is correct(Figure 6.1). Patient 2’s EGG had ST segment 

elevations on leads v2 and v3, w'hich is seen clinically as an antero-septal infarc

tion {i.e., an area of infarction within the septal wall or the anterior myocardium). 

The models representation is an accurate portrayal of this phenomenon (Figure 

6.2). Patient 3’s EGG dem onstrated ST segment elevation on leads I, II, v4, v5 

and v6. This infarction is more extensive than the previous two. All the leads 

are in agreement of the area and there are no conflicts. Glinically this is seen 

as an antero-lateral infarction and our software’s representation of this da ta  is 

anatomically correct (Figiu'e 6.3). Patient 4’s EGG diagnoses clinically as an 

infero-lateral MI [i.e., on the bottom  and left side of the heart) with ST segment 

elevations on leads I, II, aVF and v6. Again, our software interpretation is correct 

(Figure 6.4). Patient 5’s EGG dem onstrates a true inferior MI {i.e., purely on 

the bottom  of the heart). The software represents these ST elevations on leads 

III and aVF correctly (Figure 6.5). Interestingly our software has picked up on 

patient 6’s left bundle branch block (LBBB) correctly (Figure 6.6).
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6.2.1 P atient 1: Lateral MI

48 year old male presented with chest pain which started  12 hours previously while 

driving. He was a recently diagnosed type II diabetic and was a current smoker 

with hypertension and hyperlipidaemta. Presenting ECG revealed sinus rhythm  

with 1mm ST segment elevation in the lateral leads. He was treated  with aspirin, 

clopidogrel, betablocker, statin  and low molecular weight heparin. The peak 

troponin T  =  0.71 mg/L. Diagnostic angiography dem onstrated a critical stenosis 

in a high obtuse marginal branch of the left circumflex. He was treated directly 

with angioplasty and stenting with a drug eluting stent. His post procedure course 

was uncomplicated. Figure 6.1 demonstrates the results of this case study.

Patient: 1 Abnormal Leads: I, AVL
Age: 48 Diagnosis: SR, Lateral Mi
Sex: Male

* V ^ ‘ ___

J - '  i :  

>

MI vc*el»: Infarr: C«ter«:0.272727
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Figure 6.1: Patient 1 - Lateral MI (Green represents area of infarcted tissue). 
Clinically, lateral refers to the left side of the heart, thus our software’s interpre
tation is correct.
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6.2.2 P atient 2: A ntero-Septal MI

81 year old male presented with a 2 day history of interm ittent episodes of se

vere central chest discomfort. He had documented coronary artery  disease on an 

angiogram performed 6 weeks earlier and was awaiting elective percutaneous coro

nary intervention (PCI) to the left anterior descending (LAD) coronary artery. 

The EGG was taken 12 hours after presentation. Peak troponin was 0.38 mg/L. 

He was stablised on medical therapy and then underwent PCI to the LAD the 

day after admission. Figure 6.2 dem onstrates the results of this case study.

Patient: 2 Abnormal Leads: V2, V3
Age: 73 Diagnosis: SR, Antero-Septal Ml 
Sex: Male

Y ' -  1 r ' 1

VI Voxels: 81531 In fn 'c t C x ten t:0 ;533333

Figure 6.2: Patient 2 - Antero-Septal ML A stress area in the anterior region or 
the septal wall. Our software’s interpretation is anatomically correct.
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6.2.3 P atient 3: Antero-Lateral MI

65 year old female presented with a 2 day history of epigastric pain. The ECG 

demonstrated sinus tachycardia with ST elevation in leads V2 - V5 and Q waves in 

the same leads. The peak CK was 4460 lU/L and peak troponin was 5.21 mg/L. 

The patient developed symptomatic left ventricular failure which responded to 

medical therapy with diuretics, betablockers and ACE inhibitors. Figure 6.3 

demonstrates the results of this case study.

Patient: 3 Abnormal Leads: I, II, V4, V5, V6
Age: 65 Diagnosis: SR, Antero-Lateral Ml
Sex: Female

MI Voieis I ?7791 lnf4 t t  Extent. 1.06C<.06
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Figure 6.3: Patient 3 - Antero-Lateral MI. Again, our software’s interpretation is 
correct.

105



6.2 CCU - Case Studies

6.2.4 P atient 4: Infero-Lateral MI

58 year old male presented to a district hospital with an acute inferolateral MI. 

He received thrombolysis within 3 hours of the onset of symptoms but failed to 

reperfuse. He was transferred to our hospital for rescue angioplasty. He had a 

VF {ventricular fibrillation) arrest during the diagnostic angiogram and following 

successful resusitation he underwent PCI to the dominant left circumflex/obtuse 

marginal bifurcation (arteries). The ECG was recorded 16 hom s after successful 

PCI. Peak CK was 3769 IU/1 and peak troponin was 6.05mg/L. He made an 

excellent recovery after the coronary intervention. Figure 6.4 dem onstrates the 

results of this case study.

Patient: 4 Abnormal Leads: I, II, AVF, V6
Age: 58 Diagnosis: SR, Infero-Lateral Ml
Sex: Male

Mt V'OKcls. I n f a x ?  f« te n t.C .7 0 5 C 9 * .

/ ( > >  I  f. k j  Si- l i .g s '  ( I> M.
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Figure 6.4: Patient 4 - Infero-Lateral MI. Green region on inferior and lateral 
aspects of the heart model. This verifys the softwares interpretation.
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6.2.5 P atient 5: Inferior MI

56 year old female presented with an inferior STEMI of three hour’s duration. 

She was randomised in the CLARITY (TIMI 28) trial and was treated with 

intravenous rapilysin (a new drug). The ECG was recorded 16 hours after pre

sentation. Peak troponin was 1.08mg/L. This patient’s hospital coiu'se was com

plicated by a urinary tract infection which required intravenous antibiotic treat

ment. She was discharged home on day 8. Figure 6.5 demonstrates the results 

of this case study.

Patients Abnormal Leads: III, AVF 
Age: 56 Diagnosis: SR, Inferior Ml 
Sex: Female

_—  VW wr ^

\ ( i  ̂ r »

Figure 6.5; Patient 5 - Inferior MI. Green region on the inferior aspect of the 
heart. Our software’s interpretation is correct.
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6.2.6 Patient 6: LBBB

70 year old male who had an acute coronary syndrome after a femoral endarterec- 

tom.y. He had a past history of ischaemic heart disease and had a previous MI 

in 1988 and underwent CABG  at that time. The ECG was recorded 24 hours 

post operatively and the peak troponin was 0.53mg/L. The clinical course was 

complicated by the development of cardiac failure which required intravenous 

therapy. He eventually settled and was discharged on medical therapy. Figure

6.6 demonstrates the results of this case study.

Patient: 6 Abnormal Leads: V1, V2, V3 
Age: 71 Diagnosis: SR, LBBB 
Sex: Male

1 f :
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Figure 6.6: Patient 6 - with left bundle-branch block. The software picks up on 
the region of stress.
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6.2.7 The M etrics - A Comparison

Figure 6.7 sliows a graph th a t compares the above six patien ts’ MI extent mea

surements. The values of all six measurements are percentages of the to tal and 

the ST accunuilator (pink) is chosen as the ascending value to compare the voxel 

count (navy) against. The ST accumulator was chosen as the stronger metric 

because it correlates directly with the actual electrical values of the ECG data. 

This comparison was basically a test to see how the voxel count metric correlates 

with the ST accumulator. From the graph, we can see th a t the voxel count metric 

is unpredictable. Before doing this test the spherical nature of the infarct areas 

meant tha t there would be a problem of the count increasing exponentially. How

ever, after testing, it appears tha t the problem is more complex. These offsets are 

probably due to the placement of the central lead voxels, i.e., infarct areas might 

run out of the myocardial areas into some sections more than  others. Another 

reason for these offsets could be that, even though some of the infarct regions 

overlap, the voxels are counted for both full regions. Further research would be 

needed in this area to develop a more solid metric.

35  - |

2 3 5 61 4

- Voxel Count % 
ST Accumulator ‘

Figure 6.7: Comparison of metrics, with the ST accumulator ascending.
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6.3 V alidating the System  in th e C atheter Lab

oratory

Over a period of three months we monitored patients in the catheter laboratory in 

St James’ Hospital Dublin. Patients undergoing angioplasties were selected and 

asked to participate in our study. The main aim of this phase of evaluation was to 

validate the locations of MI that oiu' system detects. As discussed in the previous 

chapters, during an angioplasty procedure a balloon catheter is inserted into the 

vessel that is occluded. This balloon is then inflated and causes a temporary 

elevation of the ST segment on the ECG leads concerned. By recording a 12 lead 

ECG while a patient is undergoing an angioplasty, we can prove whether or not 

the location demonstrated within our system is correct. We found that, if the 

patient demonstrated an elevation in the ST segment due to balloon inflation, 

our software accurately represented the location involved, hi each case, a ten 

second ECG was taken after 6(3 seconds of balloon inflation.

l:gT[tirtii

Figure 6.8: Initial Angiograms
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6.3.1 P a tien ts  w ith  M inor ST  E levation

Some of the patients experienced more ST change on balloon inflation than others. 

This patient demonstrated very httle ST change and has a more localised stress- 

area than other patients. A coronary angioplasty was performed on the right 

marginal branch of this patient’s right coronary artery. Figure 6.8 A shows an 

angiogram capture with an arrow pointing at the offending artery. Figure 6.8 B 

shows an angiogram capture without contrast agent demonstrating the guide-wire 

and inflated balloon in the same artery.

Figure 6.9 A shows an angiogram with an arrow pointing at the stent that 

was placed after the balloon was inflated and Figme 6.9 B shows an angiogram 

with contrast agent post inflation and stenting. Note the difference in vessel 

diameter between Figures 6.8 B and 6.9B.

Figure 6.9: Angiograms After vessels were re-opened

Figure 6.10 shows a screenshot of our system’s results and also the corre

sponding ECG. Although, the Ml or stress area is quite small, this is an accurate 

representation of the area that is normally supplied by the marginal branch of
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the right coronary artery.

Figure 6.10: The software’s interpretation and corresponding ECG

Patient 8 also showed minor ST changes. In Figure 6.11, there is a small 

region of stress at the lateral side of the heart. This is due to a small ST segment 

elevation on v6.

6.3.2 P atients w ith  M ore E xtensive ST Elevation

After a preliminary ECG with no ST segment elevation, patient I ’s ECG showed 

the predicted abnormalities in leads II, III and aVF. On Figure 6.12 the ST 

segments on both the II and III leads are raised in the post-inflation ECGs. 

These elevations are then reflected in the software’s interpretation (Figure 6.13). 

Figure 6.14 demonstrates the results from patient 7’s ECGs.
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Figure 6.11: Patient 8’s interpretation and ECG 

6.3.3 The Standard Progression

The standard progression of the patients ECGs chiring these procedures was to 

be normal or slightly elevated before the j^rocedure, then, on balloon inflation 

the ST segment would be elevated temporarily. After the procedure, the ECG 

would typically return to normal again. Patient 6 was a good example of this 

progression. The ECG acquired prior to the exam (Figure 6.15 A) demonstrated 

no ST elevation. Then, on inflation, the ECG demonstrated ST changes on 

the anterior and inferior aspects of the myocardium (Figure 6.15 B). Finally, 

on deflation of the balloon, the ECG corrects itself and becomes normal again 

(Figure 6.15 C).

6.3.4 P atients w ith  Initial ECG A bnorm alities

Because PTCA is a treatment for abnormal blood-flow in the coronary arteries, 

it is quite common to see abnormal ECGs at the beginning of the procedure.

113



6.3 V alidating  th e S ystem  in th e  C ath eter  L aboratory

Pre-Inflation
 ■ J ________ J _ _ .... . { ________ J

Post-Inflation

Figure 6.12: Comparison of ECGs, leads 11 and 111.

Patient 9 appears to have the most abnormalities and liad undergone a multi

vessel angioplasty. In the first three angiograms of patient 9’s procedure, the 

crocodile-chps of the ECG leads are visible. For some of the patients, these leads 

had to be moved lower on the patients chest if the cardiologist could not see the 

arteries of interest. In this case, the abnormal arteries were visible just over the 

leads. The occluded artery appears as an indentation from the bottom  (Figure 

6.16). The inflated balloon is then visible in Figure 6.17. In Figure 6.18 the 

same vessel (left anterior descending coronary artery) is re-opened w ithout an 

occlusion.

Figure 6.19 dem onstrates the progression of patient 9’s ECGs throughout the 

procedure. Figure 6.19 A corresponds with the ECG taken when the balloon was 

inflated in the mid left anterior descending artery and Figure 6.19 B corresponds 

to the ECG taken when the stent was being placed with the balloon still inflated 

in the same vessel. Figure 6.19 C ’s ECG was taken during the balloon inflation 

in the second artery (the left main, trifurcation marginal). Figure 6.19 D corre

sponds with the final ECG. This progression shows a gradual improvement while 

the patient is undergoing the procedure.
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MI V oxels:

Figure 6.13: Patient 1; Inferior stress-area.

6.3.5 Sum m ary of the A ngioplasty Phase Findings

Overall, the software wa.s accvuate in representing all of the induced abnormalities 

seen in this section of the evaluation. One of the hmitations of this phase was 

tha t some types of infarctions were not explored. A typical example is th a t of 

posterior infarction. However, it is very rare for an angioplasty to be performed 

for posterior coronary arteries. For this reason, it was outside the time-line of 

this project to wait imtil we covered all possible infarctions. We chose to finish 

acquiring ECGs after the eighth week of angioplasties. Some of the days yielded 

no cases. A to tal of nine cases were considered to be adequate for the needs of 

this project. This is based on the criteria tha t we had covered all the common 

vessels tha t are treated in angioplasties.

Patients 3 and 8 dem onstrated minor ST segment changes during the balloon 

inflation process. Our software accurately represented these minor stress areas 

as smaller regions and the locations were anatomically correct (Figures 6.10
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Figure 6.14: Patient 7: Inferior and anterior stress-areas.

Figure 6.15: Standard Progression of Angioplasty ECGs.

and 6.11). Patient I ’s EGG demonstrated more ST change than these previous 

examples. The raised leads of II, III and aVF are normally indicative of infe

rior MI because these regions are supplied by the same vessel that was blocked 

temporarily by the balloon catheter. This is a good example of the software’s 

capability to accurately diagnose the extent and location of MI (Figure 6.13). 

Patient 7’s EGG had raised leads on II, 111, aVF and vl. This is indicative of 

stress in both the anterior and inferior regions. Our software demonstrates these
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Figure 6.16: Angiogram dem onstrating initial views of the occluded artery.

phenomena acciu'ately (Figure 6.14). Patient 6’s three ECGs show the standard 

progression from no ST segment elevation (Figure ??) to an elevated ST segment 

(Figure ??), and finally, back to no ST segment elevation (Figure ??). Patient 9 

was a complex case and needed multiple angioplasties. Nonetheless, our software 

accurately showed the progression from abnormal ECGs to more normal ECGs 

(Figure 6.19). The recorded angiograms were helpful in verifying th a t the lo

cations were correct. There is ample scope for future work in this area and our 

angioplasty evaluation strategy has been shown to  be successful.

6.4 C linical Feedback

Throughout the duration of this project we have collaborated closely with several 

medical experts and cardiologists. Both of the previous evaluation phases were 

closely monitored by our main cardiologist collaborators and advice was given 

throughout. This is one of the reasons why an in-depth feedback survey was not 

performed. Another reason for this was tha t, by the time we had finished all
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Figure 6.17: Angiogram dem onstrating the same artery with inflated balloon.

the clinical trials and evaluations, it was considered th a t these results provided 

sufficient proof tha t our software worked. It is im portant to  consider tha t, when 

seeking feedback from medical professionals such as cardiologists, they may not 

have the time to give detailed feedback. This is especially true in Ireland, where 

there is already an under-staffed and over-worked health-service.

Our project was presented and dem onstrated a t a forum th a t is held every 

few months within St Jam es’ hospital. Among the attendees were cardiologists, 

accident and emergency consultants, registrars, nurses and other staff. This was 

a good opportunity to get feedback. Oiu' system was recognised as having several 

merits. Firstly, as a diagnostic and monitoring tool, our tool helps to solidify the 

quantitative diagnosis of Ml extent and location by providing a visualisation of 

both factors. One feature th a t was seen as particularly useful was th a t of the 

ST accumulator metric. This was seen to give a good indication of MI extent. 

Another recognised merit of this system was th a t of an educational tool. It is 

often difficult to grasp the concept of three-dimensionality for 2D ECG tracings.
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Figure 6.18: Angiogram post-reperfusion.

W". -V.'

Figure 6.19: Progression for Patient 9.

This software was recognised as giving the user both the standard  ECG tracings 

and the corresponding visuaUsations of this data. Another merit was th a t of a 

patient information tool. A patient could see his/her abnormality on a heart 

rather than cryptic ECG tracings. Although not tested within this project, a 

patient evaluation would be useful to gauge the level of usefulness in this area.

6.4.1 A n Interview  w ith a C onsultant Cardiologist

Our main clinical collaborator, Dr Niall Mulvihill, is a Consultant Cardiologist 

and lecturer in Physiology and Cardiology at St Jam es’s Hospital and Trinity
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College Dublin. We interviewed him about his thoughts on our project. The

following is the transcript of the audio recording of the interview:

Q uestion  1. In th e  fields o f d iagnosis and m on itoring , w hat do you  

th ink are th e  m erits o f our application?

“In term s o f diagnosing S T  segment infarction, it aids the 12 lead E C G  and 

the clinical assessm ent in  the correct diagnosis o f this condition. A nd  it also 

aids in  diagnosing the location and extent o f the myocardial infarct. Having 

aided in  the diagnosis, it can also help in the dynam ic m anagem ent o f the 

patient, by allowing you to assess the response to reperfusion strategies such 

as thrombolysis or infarct angioplasty. ”

Q uestion 2. In th e  field o f m edical education , how  do you  feel our 

application  w ould contribute?

“This is one o f its greatest potential benefits because, teaching medical s tu 

dents, niirsing colleagues and doctors to intei'pret EC G s is very difficult 

and complicated, and having an application that would generate a 3D im 

age from  a 12 lead EC G  has huge educational im plications because it allows 

an EC G  to be interpreted in the setting o f a 3D image, which allows the 

assim ilation o f knowledge much easier fo r  trainees. ”

Q uestion  3. H ow  appropriately  do you  feel th e  m od el rep resen ts th e  

heart (C olours, a esth etics , accuracy)?

“I  think it represents theoretically what woidd be knovm as a norm al sized  

heart, a non-diseased heart. It is also im portant to differentiate between the 

right-sided cardiac structures from the left-sided cardiac structures. A nd  

then representing the infarct in green to separate it from  the right and left
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side.d structures is very important. So in practical ten n s  I  think i t ’s a good 

model and the fa c t that it can be utilised by the user and rotated around to 

show the three-dim ensional structures is very useful. ”

Q uestion  4. T h e single EC G  w indow  was designed  for w orking on  one  

lead at a tim e. Is th is a factor?

“It is a factor, because it is more time-consxnning to interpret each lead 

separately. Bxit ultimately, in the sam e way as software has been developed 

to autom atically interpret 12 lead ECGs, I 'm  sure there are applications 

that can be developed to automatically interpret the S T  segm ents w ithin  

this model. A s  a teaching tool though, it is useful fo r  people to be able to 

use the software themselves, and, i f  they want to override the m achines  

interpretation to be able to identify the deviaiions from  the iso-electric lines 

themselves. ”

Q uestion  5. Y ou have previously  seen  our an im ations o f  th e  e lectr i

cal propagation  o f th e heart. H ow do you  feel th ese  an im ations  

perform ?

“W hether it is xiseful in  the setting o f assessing myocardial infarctions. I ’m  

not sure. But in term s o f educating people about electrical propagation in  

the myocardium, i t ’s very useful. There are already som e o f these programs 

available, but they are specifically designed with therapeutics in  m ind  and we 

use them  iji cardiac cath labs in perform ing electro-physiology procedures, 

but they are not widely available as a teaching tool because they are part o f  

fixed system s within a cath lab. ”

Q uestion  6. O ne o f th e  features o f th e  an im ation  sy stem  is th a t a slice
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of th e  volum e can be view ed  as th e electr ica l cycle  progresses. 

W hat do you  th ink  about this?

“T ha t has fa n ta s tic  p o ten tia l educational applications because again, like 12 

lead E C G , educating people about cardiac electrics can be d ifficu lt and, to 

aid the education w ith  im ages ivould be very useful. ”

Q uestion  7. D o  you  feel th a t th e  C C U  evaluations w ere successful?

“I  th ink, as a f ir s t  a ttem p t at a clinical eva luation , it has been highly su c 

cessful in  tha t w e 've  been able to use the so ftw are to correctly d em onstra te  

anatom ica l locations o f m yocardial infarcts. W e ’ve also com e up w ith  a 

ra ther vague a ssessm en t o f  in farct size. W hen I  say  vague, I  m ean  i t ’s 

vague because, we h a ven ’t specified in  advance, the tim in g  o f  the E C G  in  

relative te rm s to the clinical p resen ta tion . So I  would see tha t the fu tu re  

projects tha t we can undeH ake, w ith th is softw are, w ill be to assess its  ability  

to d e term in e  a m yocardial in farct size, location and response to trea tm en t  

at each stage a fter  acute clinical p resen ta tion . B u t, fo r  a f ir s t  a ssessm en t 

o f the softw are, I  th in k  it has been very  successfu l in  the C C U  evaluation .  ”

Q uestion  8. D o you  feel th a t the angiop lasty  eva luations w ere su ccess

ful?

“T his part o f  the project ‘was very clever because it allows us to assess the  

so ftw a re ’s se n s itiv ity  at detecting very  early S T  segm en t d ev ia tions w hich  

occur w hen rue in fla te  a balloon inside  a coronary artery. T he fa c t th a t w e ’ve 

been able to successfu lly id en tify  a very  rapid onse t o f  S T  seg m en t dev ia tion  

w ith this soft,ware, ind ica tes tha t it is very useful at detecting  early onse t 

o f acute coronary occlusion. Also, we dem onstra ted  tha t we can rapidly  

resolve the S T  segm en t resolution and  this is, again, d em o n stra ted  w ith in
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the system . So, it certainly supports the case that we can use this software 

over a temporal phase o f the assessm ent and m anagem ent o f patients with 

S T  segm ent elevation in the CCU fo r  fu ture stxidies.”

Q uestion  9. W e used  a hum an-guided  algorithm  for th e  estim a tio n  o f  

M I ex ten ts . D o you  feel m ore or less confident th a t you , as a user, 

are d etec tin g  th e  ST segm ent rather than  a com p u ter algorithm ?

“I  think, the fa c t that one can identify  each o f the components o f the entire 

EC G  waveform  fo r  each lead and then be able to define the iso-electric line 

and m ark out yourself where the deviations are, takes out any potential 

flaws in  the software. But, viith software developments, there are no doubts 

that uie can design programs to do this. We still have the hum an model that 

allows the individual operator to override the computer-based approach in  

the detection. ”

Q uestion  10. W h at do you  th ink  o f th e  layout (i.e ., th e  graphical w in

dow on top , th e  EC G  below  and th e  controls to  th e  s id e), o f th e  

softw are application?

“Yes. It works venj well. I t ’s a very user-friendly windoiv. The images are 

very clear. The E C G  controls are easy to use. ”

Q uestion  11. D o you  th ink  th at th e softw are is easy  to  use?

“Yes. In  term s o f estim ating cardiac size, i t ’s a hell o f a lot easier to derive 

a model like this f iv m  a 12 lead E C G  thaji it is to do a trans-thoracic  

echo, which is going to take 20 m inutes o f a technician’s tim e plus the 

m ovem ent o f a big m achine around the hospital. So, this has huge potential 

im plications fo r  CCU  applications.”
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Q uestion  12. W ith in  th e im m ed iate future, w hat im provem ents do you  

th ink  th e  softw are w ould benefit from?

“I ’m  not sure there are any im provem ents to be made initially. I  think, 

what we need to do is define more exterisively what the clinical benefits o f the 

softxLtare are and have a fixed system  within our coronary care unit, so that 

we can train the nurses to use the system  and to collect the data. Therefore, 

we could utilise these patients by having serial EC G s o f each patien t and 

have it very well defined with the tim e o f the EC G  recording, the onset o f 

sym ptom s, the in itia tion  o f treatm ent and the response to treatm ent. ”

Q uestion  13. D o you  b elieve th at there are com m ercial p ossib ilities  

w ith  th is project?

“Undoubtedly!”

6.5 Other R esults

As well as the aforementioned evaluations of our software, there were several 

other outcomes of the project.

6.5.1 Graphical Issues

The ECG recognition and interpretation needs of our system benefit from the 

extra scope made available by using the slice-based technique. Another advan

tage of this method is aesthetics. This style of volume representation seems to 

be more uniform and, generally, looks better than its counterparts. Graphics 

hardware may be exploited to alter textures. This is yet another advantage of 

using this technique. Our earlier systems (MORB03) (ROBM04) depended on
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either 20 minutes of pre-com putations and displayed at a rate  as slow as 2 fps 

(frames per second) or ignored anatomical boundaries. The newer slice-based 

system displays a larger volume at between 10-20 fps with real-time com puta

tions. Speed optimization is an im portant issue with this software because of the 

large amount of processing required by vohunetric animation. The im portance of 

speed optimization is reinforced by the need for real-time interactivity within the 

system. To provide for this, a frame indexing system was implemented to record 

the frame luunber where each cell is depolarized and repolarized. This informa

tion is collected dining one iteration of the sinmlation and then reorganised into 

a speed friendly structure and outputted to a file for every other time the same 

ECG file is used. This frame indexing system has increased the frame rate  from 

approximately Ifps to 20 fps. One of the major advantages of this method is 

th a t the cell structure can become more complex without affecting the animation 

speed, as just the initial iteration takes longer. The cellular progression algorithm 

is more accurate than previously, yet using the frame indexing technique, running 

speed is not compromised. In fact, the running speed has improved drastically. 

The ECG synchronization system is effective in defining markers with which to 

determine the exact points within the animation. Figure 6.20 dem onstrates the 

electrical progression of a normal non-pathological ECG within our system.

6.5.2 The “H um an in the Loop” Approach

Human in the loop algorithms can have many benefits over conventional fully 

automatic algorithms. We found th a t using this approach had several advantages 

for our project. Firstly, there was a time benefit. Rather than  spending weeks or 

months researching and developing an ST segment detection algorithm, we simply 

used one of the best established methods of recognising such a waveform, i.e., the
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Figure 6.20: Animation Strip of Cardiac Electrical Cycle.

user /  cardiologist. The ease of use of the system ’s GUI also brings the advantage 

of user acceptance. Clinical acceptance is a major factor in the development of 

medical tools. This factor dejjends on the clinical effectiveness i.e., the sensitivity 

of the algorithm and also the ease of use or integration into a clinical setting. 

Tlie GUI was designed with this in mind. Our collaborators favored the human- 

guided technique over autom atic algorithms tha t were ineffective with common 

ECG pitfalls such as electrical or muscular noise. We confirm th a t this branch of 

interactive optimisation is very useful for these types of medical tools.

6.5.3 T W ave Inversion

We experimented with interpreting T  wave abnormalities by using the classified 

wave-markers to  acquire the actual electrical value from the ECG data. All 

T wave abnormalities were interpreted and diagnosed correctly. Most of the 

NSTEMIs had at least one T  wave inversion. However, this is an area th a t is 

quite ambiguous and abides by the principle of ’’rubbish in - rubbish ou t” . The 

problem is tha t, although T  wave inversions may represent MI in the later stages, 

this not the only reason for this phenomenon and even in some cases this may not
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even be an abnormality. This T  wave inversion system can only be reliable if the 

clinician knows these limitations and the patient has an already diagnosed MI. 

This area would require further research. Figure 6.21 dem onstrates an example 

where the system produced this kind of conflicting information.

orw«i eco

Figure 6.21; Example of conflict between T wave inversion and ST change, blue 
represents T wave inversion and green ST change.
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Chapter 7 

Conclusions and Future Work

In this thesis, we presented several new technifiues for the diagnosis and man

agement of myocardial infarctions. We described the develo[)ment of a com])uter 

graphics toolkit tha t aids the cardiologist or clinician in this fi('ld. This tool 

is also valuable for both student and patient education. This thesis i)rovides 

cont.ril)utions to the domains of computer grajjhics, ECG detection algorithms, 

cardiology and medical education. These contributions are a.s follows:

1 F or th e  C ard io lo g is t /  M ed ica l P ra c ti t io n e r

In the field of electrocardiography, visual feedVjack tools are rare and nor

mally limited to 2D tracings. This thesis has described a novel E C G  

v isu a lisa tio n  a p p lic a tio n  for use in  th e  d iagnosis  an d  m o n ito rin g  

o f m y o card ia l in farc tions . The standard 12 lead ECG ('onhgnration is 

used and the user has a large ini^ut in the detection i)hase. We also (jlfer a 

new  m e tr ic  tha t is a cu m u la tiv e  in d ic a to r  o f ST  seg m en t dev ia tio n . 

There is a need for future validation of this metric by a concurrent com

parison with blood analyses. ECG measurements are established as more 

accurate than blood-chemical markers, so a connnon metric like this is very 

useful in the credil)ility of such a tool. Very positive feedback has been
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received from consultant cardiologists and several other medical workers.

2 For tlie  M edical S tu d en t /  P a tien t

This tool provides the student with a 3D vo lum etric  rep resen ta tio n  of 

th e  card iac  electrical cycle. Our system also provides rep resen ta tio n  

of m yocardial infarctions and any ECG SCP file can be read and repre

sented both within the volume and the animation system. When learning 

electrocardiograi)hy, the abstract concept of 3D localisation is difhoilt to 

visualise. This tool provides the student with a greater spatial awareness 

of the heart’s fimctions and abnormalities, allowing the student to see both 

the relevant ECG and the corresponding visualisation. After an interview 

with a lecturer of medicine and cardiology, he confirmed that this is one of 

the main benefits of this system. Even though a medical lectiu'er can imme

diately recognise the benefits, an iu-depth validation study would be needed 

to reinforce the educational benefits over conventional teaching methods. 

This tool also provides the patient with a visual representation of his/her 

condition. Rather than seeing cryptic ECG tracings, the patient can see an 

actual heart with MI regions.

3 In  th e  Field o f EC G  D etec tion  A lgorithm s

The approach  to  evaluating  our EC G  de tec tion  a lgo rithm  is novel.

The ECGs and corresponding angiographs were recorded while a patient’s 

coronary arteries are being operated on during an angioplasty procedm'e. 

This provides definitive feedback about the MI extent and location and is 

more credible than a random ECG file from an online repository. This is 

mainly because the experiment was designed purely for the validation of 

the algorithm and also, a more detailed case study could be performed.
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H um an in the  loop algorithms are becoming more popular as proof of 

the benefits emerge (AAL -()0). Our MI detection system uses such an 

algorithm in the classification of the ST segments within onr toolkit. This 

approac;h has saved development time and also improved the accuracy of the 

system. We found this featiu'e to be very attractive to cardiology workers, 

since they trust their own judgements more than those of an automatic ST 

segment detection algorithm.

4 In  the  D om ain of C om puter G raphics

We have presented a novel app lication  of rea l-tim e in te rac tive  volu

m etric  an im ation  techniques in the representation of the electrical de

polarisation and repolarisation of cardiac cells. This visual representation is 

automatically synchronised w itli th e  e lec trocard iogram  (ECG) input 

data. Other projects in this field have used high performance conif)uting 

techniques or vastly complex cellular structures (SFE+03). This project, 

how'ever, was more concerned with simplifying this process for real-tim e 

optim isation. We use tex tu re -b ased  slices in the representation of the 

myocardial volume to improve speed. Our system has been accepted within 

cardiology circles as a useful fliagnostic and monitoring tool as well as a 

medical education and patient information tool. Our current collaborators 

are currently writing papers in cardiology and other medical journals about 

the results of our system.

5 T he EC G  File Form at D om ain

The s tan d a rd  com m unications p ro toco l (SC P) ECG file format is 

relatively new. We provide a visualisation toolkit that uses this new file 

format. By u.sing this file format, we are promoting its integration into a
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clinical or educational setting.

7.1 Future D irections

The scope of this project and the sheer magnitude of this area of researc;h meant 

tha t a lot subjects were left open for future work and even though some topics 

would require a whole research team, there are others tha t are achievable in the 

short term.

In our software, the areas of infarction are represented as spherical regions 

around central lead voxels. Although this has been proven to be visually useful it 

may not l)e as acciu’ate as possible. If there are two or more regions of infarction, 

a blending algorithm may further strengthen this toolkits rejjresentation. Also, 

experimenting with translating surface maps of infarction areas into the volumet

ric data would l>e interesting. The only way to assign an accurate weighting for 

the volumetric representation of MI would be to perform an in-depth evaluation 

of actual physical MI extents with corresponding ECGs.

Both clinically and connuerc;ially, the area of automatic ST segment detec

tion has many applications and is a richly researched area (SLMM9-5) (MOLOO) 

(JSH+98) (GSOLOO) (JMM98). The integration of an automatic detection 

algorithm within our system would probably speed up the process of MI repre

sentation. Further research in this area would be very beneficial. Both methods 

could be compared ciuantitatively in a thorough study.

W'e mainly addressed in this thesis the problem of visually representing ST 

wave abnormalities. Other abnormalities such as T  and Q w'ave pathologies 

shovdd be researched further. We discussed in the {previous chapter tha t our 

software displav(xl conHic:ting information w'hen representing T  wave inversions.
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The reason for tliis is because, even though this nia.y be seen as an abnorniahty, 

in some cases T wave inversions occur normaUy. An improved technique would 

include the incorporation of more specific information and mayl)e even previous 

ECGs tha t could be used to see if T wave inversion is normal in tha t particular 

patient’s case. Q wave pathologies are also indicative of Ml and normally occur 

after the ST segment had normalised. The inclusion of these abnormalities would 

be useful.

The current animation system is quite crude and was developed as an approx

imate representation of the electrical cycle for use as a teaching tool. A possible 

ftiture direction of this project would be to incorporate a more detailed animation 

by including fibre orientations and full ionic modelling of cells.

Sf)eed optimisation is another area that c’ould be improved on. Graphics 

hardware could be exploited to improve the sjjeeds of animation. Shatlers are 

currently available for speetl optimisation in real-time graphics and could provide 

an upgrade for the animation system. High performance computing would be 

another way of improving speed.

In the field of cardiology, in order to give our software more credibility, an 

analysis of how our metrics correlate with blood-cliernical markers w'ould be very 

helpful. In order to do this, we w’ould have to take ECGs at different stages of the 

patient’s stay in hospital and compare them with the Troponin and CK levels at 

the same stages. We already know tha t the EGG is generally the better solution 

because it gives information about the location of MI, but we w^ould need to test 

how the metrics perform regarding extent. The ST accumulator metric would 

be chosen because of its previously discussed benefits. Stress-testing, connnonly 

used as a diagnostic technique for heart abnormalities, is another area within 

cardiology tha t could be used for the evaluation of this tool.
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7.1 Future D irections

A more recent ackiition to the j^roject was the evaluation of the tool within 

an animal testing laboratory. One month previous to our visit, as part of an 

external stiKly, 15 pigs w'ere induc;ed w'ith Mis. This ŵ as performed by injecting 

alcohol into the spccifit; coronary arteries. During our visit, we acquired the 

ECGs of all 15 pigs. The EGG leads were obviously placed in different locations 

compared to the 12 lead configuration of human EGG. This conftguration was 

previously developed by one of our cardiologist collaborators. Preliminary results 

suggest that our software can be extended into the animal realm and because 

blood samples w'ere taken for all the pigs, we aim to validate the ST-accmtiulator 

metric.

We are currently in discussions regarding the conunercialisation of this project. 

This route is the best if the software is to become available for clinical use.



Appendix A

The SCP File Format

SCP is an ECG file form at th a t was dcvclopcxl w ith the aim of creating a s tan 

dard form at for the transfer of ECG d a ta  between equipm ent m ade by different 

m anufacturers. Its initial rationale was the same a.s th a t  of the DICOM medical 

image file form at. Now, the DICOM  file form at now incorporates handling for 

SCP. The SCP file form at has an initial and then several different sections. Each 

section has the same structure, as seen in Figure A.I.  It is a lainary file form at 

and incorporates a compression feature. The compression is based on Imffman 

encoding. The m anufacturer or program m er can specify their own huffman ta 

ble or they can make use of a standard  default huffman table as seen in Figure 

\.2 . ECG d a ta  can also be recorded as raw values. The compression is very 

valuable w'hen dealing with large am ounts of ECG inform ation such as the do

m ain of Holter ECG recording. Otfier features of the SCP file form at include the 

recording of notes, annotations, beat references etc.



Section ID Header Section Data Part

CRC Section 
ID No.

Length Section 
Ver. No.

Protocol 
Ver. No. Reserved

Figure A .l: SCP Section Header Structure.

No.
num ber ofbils

table mode base value prefix  code 
(m b its )

store binai7  
asen tire code prefix

1 1 1 1 0 0 Od

2 3 3 1 1 100 Id

3 3 3 1 -1 101 5d

4 4 4 1 2 1100 3d

5 4 4 1 -2 1101 l i d

6 5 } 1 3 11100 7d

7 5 3 1 -3 11101 23d

8 6 6 1 4 111100 15d

9 6 6 1 -4 111101 47 d

10 7 7 1 5 1111100 31d

11 7 7 1 - } 1111101 9 id

12 g 8 1 6 llllllD O 63d

13 8 g 1 -6 11111101 191d

14 9 9 1 7 111111100 127d

13 9 9 1 -7 111111101 383 d

16 10 10 1 8 iniiiiioo 2JJd

17 10 10 1 -8 1111111101 767 d

18 18 10 1 8 bit orig. 1111111110 i l l d

19 26 10 1 16 bit orig. 1111111111 1023 d

Figure A,2: Default Huffman Table.



A ppendix B

The OBJ File Format

Tlu; OBJ fik̂  format was firstly developed for tJu; Wavcl '̂rcjiit 3D package by 

Silicon Graphics. The file format is open source, therefore is very popular among 

many 3D packages like Maya and 3D Studio Max. The key feature tha t made 

it ideal for this project was i t ’s object definitions. This allows multiple objects 

with the file with all their charateristics such as vertices, faces, normals, texture 

coorduiates etc. Mostly it is ASCII based so it is quite easy to implement. This 

characteristic also means tha t the OB.I file can be edited in a text editor. This 

made it very useful when reordering and deleting certain objects such as the 

bi mdle-branches.

Each line within the OBJ tile begins with a conunand. For example, the 

corrmiand #  means tha t the line is corrnnentetl out. The following table ( 1:5.]) 

describes the actions of each command instruction.

The following is some sample instructions from the heart model’s OBJ file.

# object VENACAVA 

g VENACAVA
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Table B.l: OBJ Instructions

In s tru c tio n D esc rip tio n

\’ This corriniand specifies a vertex and is followed by three 
coordinates: x, y and z

vt This command specifies the vertex coordinate of the as
sociated vertex and are grouped by the face comrnarid. 
The following coordinates inchule U, V" and optional W

vn This connnand specifies the vertex normal. These are 
also grouped by the face connnand.

f This command specifies a polygonal made from indexing 
the vertex list. If the texture or normal information is 
included the indices are separated by “/ / ’’.

s Specifies an object name.

# Instructs tha t this line is connnented out.

usenitl Specifies the name of the material to use.

V -0 .64871  -2 .80456  -4 .06704

V -0 .867482  -3 .77842  -2 .87575

V -0 .614586  -2 .98606  -4 .01476

V -0 .847655  -4 .49586  -2 .94996

V -0 .590756  -3 .09794  -3 .98395

V -0 .811549  -1 .72977  -4 .39639

V -1 .04407  -2 .9 9 6 8  -2 .72899

vn 0.206465 -0 .589691  0.780792 

vn 0.280385 -0 .426326  0.860018 

vn 0.343528 -0 .246573  0.906196
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vn 0.393472 -0 .057347  0.917546 

vn 0.428296 0 .134079 0.893636 

vn 0 .446656 0 .32036 0 .835385 

vn 0 .447855 0 .494325 0 .74503

v t  0 .530248 0 .223513 

v t  0.508659 0.241467 

v t  0 .412959 0.237206 

v t  0 .482309 0.231049 

v t  0 .425436 0.240799 

v t  0 .435608 0.255098

u sem tl ( n u l l )  

f  8492/1664/8483 

f  8495/1667/8486 

f  8496/1668/8487 

f  8496/1668/8487 

f  8498/1670/8489 

f  8499/1671/8490 

f  8502/1674/8493

8493/1665/8484

8492/1664/8483

8492/1664/8483

8497/1669/8488

8495/1667/8486

8500/1672/8491

8503/1675/8494

8494/1666/8485

8496/1668/8487

8494/1666/8485

8495/1667/8486

8497/1669/8488

8501/1673/8492

8500/1672/8491
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Appendix C 

Sample ECGs

Tiiree 12 lead ECG printouts from this project are iiichided.
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Figure C .l: ECG taken during the CCU evaluation phase. There is noticeable 
ST segment elevation on leads III and aVF. There is also ST depression in I, 
aVL, v2, v3 and v4
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Figure C.2: ECG taken during the CCU evaluation phase. There is noticeable 
ST segment elevation on leads II, III and aVF.
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Figure C.3: ECG taken during the angioplasty evaluation phase. There is no
ticeable ST segment elevation on leads III, aVF, v l and v2.
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Appendix D

Glossary

ACE In h ib ito rs  Drugs used in the treatment of high blood pressure.

A ngiography The branch of x-ray imaging concerned with the uiiaging of ar

teries. Normally a contrast agent /  dye is administered to highlight the 

arteries.

A ngioplasty  The opening of an ol)Structed artery using a mechanical device 

such as a balloon catheter. The obstruction is generally due to utherorna.

A o rta  The largest artery in the body and runs directly from the heart.

A tria  The atria are the upper tw'O chambers of the heart. (Atrium. - singular)

A trio -V en tricu lar (AV) N ode The AV node is part of the heart’s nerve sys

tem and is the pathway between the atria and ventricles.

A therom a An abnormal growth of tissue within an artery.

A therosclerosis A build up of cholesterol and other deposits on the inner wall 

of an artery.



B etablockers Drugs commonly used in the treatment of coronary diseases that 

help calm the heart.

B undle of His The upper jjart of the buridle-branch nerve network within the 

heart.

C oronal P lane  Also called the frontal plane, this refers to the plane directly 

parallel to the view-plane if the human model was facing the camera. This 

is normally parallel to the XY plane.

C oronary  a r te ry  bypass g raft (C A B G ) A smgical procedure that uses parts 

of other vessels to bypass a disefxsed vessel.

D epolarisa tion  The reduction or process of neutralising the j)olarity in cells.

D iuretics Drugs that inc;rease the flow of urine and decrease the extracellular 

volume.

D rug E lu ting  S ten t A stent that gives off a drug from treatment during and 

after stenting.

E n d arte rec to m y  A smgical procedure that excises the imier wall of an artery 

to get rid of athersclerosis.

Fem oral Referring to the femoral artery of femur bone.

E p igastric  Referring to the upper middle region of the abdomen.

H olter Holter ECG refers to a process of monitoring a patient over 24 hours or 

more.

H ypertension  The medical term for high blood pressure.



H y p erlip id aem ia  Tlie uiedical term for high cholesterol.

In fa rc tio n  The process of death within cells or tissue. Normally referring to the 

heart or brain.

Ischem ia /  Isch aem ia  The lack of oxygen to a particular region of tissue/cells, 

normally caused l)y a blockage w-ithin the supplying blood-vessels.

Iso e lec tric  line This ECG term  is the line tha t corresponds to zero electrical 

activity wdthin the heart.

Isosu rface  An isosurface is a surface mesh made of polygons th a t is drawn in 

the volume.

M o rb id ity  The inc:idcnc;c or prcvalcncc; rat.e of a spcxdlic disease.

M o rta lity  A ratio tha t compares the immber of people who die from a specific 

disease from a population.

M y o card ia l In fa rc tio n  The infarction of an area of the myocardium.

M y o card iu m  The muscular tissue within the heart (the heart mainly comprises 

of this tissue).

N ecrosis  The process of cell-death or death of tissue.

N S T E M I Non ST segment elevation myocardial infarction.

O c tre e  An octree is a data  structure used in the organisation of three-dimensional 

space. This has a hierarchical tree architecture with each node being split 

into 8 children.



P e rc u ta n e o u s  T ran s lu m in a l C o ro n a ry  A n g io p la sty  (P T C A ) Percutaneous 

refers to gaining access to an organ via a needle-puncture rather than con

ventional surgery. Transhuninal refers to passing through a vessel. PTCA 

is the full medic;al term for conventional angioplasty.

P ix e l A single unit of a 2D image, typically represented by colour and trans

parency information.

P o lygon  A closed plane shape with tliree or more sides.

P r im itiv e  In computer graphics this refers to a basic, building block shape.

QR.S C om plex  This is the part of the ECG wave tha t starts at the Q waveform 

and ends at the S waveform.

R ep erfu s io n  The restoration of blood-llow to tissue or organ.

R e p o la r isa tio n  This occurs after depolarisation and means tha t the cells are 

regaining their polarity.

S a g itta l P la n e  This describes the plane tha t is perpendicular to the coronal 

plane and cuts the human model straight down the middle. This is normally 

parallel to the YZ plane.

S en s itiv ity  When used in medical papers, this term normally refers to the f)ro- 

portion of positive test results out of all positive cases.

S e p tu m  The internal separation of the two ventricles, a common area of infarc

tion.

S in o -a tr ia l (SA ) nodie This node is a nerve-node tha t begins the cardiac cycle 

and is located at the top-rear of the right atrium.



Sinus R h y th m  The normal electrical conductance of the heart. Normal PQRST 

elements and no a,rrhythmia.

S inus T ac h y card ia  An abnormally fast cardiac rhythm originating from the 

sino-atrial node.

S pecific ity  When used in medical papers, this term normally refers to the pro

portion of true negatives of all the negative samples.

S T E M I ST segment elevation myocardial infarction.

S T  S eg m en t The segment of the ECG between the S and T waveforms. See 

Chapter 2 - Medical Principles.

S tenosis  Blockage

S tre ss  T es tin g  A stress test is a common technique used in the assessment of 

(X)ronary artery abnormalities. The patient is asked to run on a thread- 

mill until they feel pressure within their chest. At this stage, an ECG is 

acquired. The ECG demonstrates areas of stress {i.e., ST elevation).

T exel The texture coordinate version of the pixel.

T h ro m b o ly s is  The treatm ent of thromboses by lysing or breaking it down.

T h ro m b o sis  Blood clot.

T ran sv e rse  P la n e  The same as the plane normally recorded by a CT seamier. 

This is normally parallel to the XZ plane.

V e n tr ic u la r  F ib r illa tio n  An abnormal coordination of the contraction of the 

ventricular muscles.
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V id e o  F lu o ro sc o p y  The recording of moving picture x-rays, commonly used in 

angiography.

V oxel A single unit of volume. The 3D version of the 2D pixel.
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