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Abstract 

117-lead body surface potential maps (BSPM) and 56-point magnetic field maps 
(MFM) of human cardiac electrical activity were recorded and analysed to establish 
the feasibility of spatially separating concurrent electrophysiological events of the 
heart cycle. 

The present study focusses on events in the PR interval and was broken up into 
4 parts: development and evaluation of signal-extraction protocols; characterisation 
of atrial activation; detection and isolation of the His-Purkinje system (HPS) signal 
from atrial repolarisation during the late PR segment; and, finally, enhancement of 
the 6-wave maps and localisation of accessory pathways associated with ventricular 
pre-excitation in patients suffering from Wolff-Parkinson-White (WPW) syndrome. 
The atrial activation and WPW studies included a comparative analysis of the BSPM 
and MFM patterns. 

The signal-extraction protocols studied were orthogonal expansion techniques 
(SVD, KLT), a correlation technique, and a simple averaging method. We con­
clude that the orthogonal expansion and correlation techniques have inherent diffi­
culties, primarily associated with their mathematical constructs. The signal averag­
ing method, though it does present some limitations, can be used successfully in the 
WPW problem. 

The dominant dipole direction associated with atrial activation is tangential to 
the atrial blood masses, resulting in a higher sensitivity of the magnetic field, than 
the potential measurements, to atrial electric events. Results show that atrial repo­
larisation starts immediately after P-wave offset and is not delayed until ventricular 
activation, as has been suggested by some authors. We determined that no HPS sig­
nal is present in the extracted maps of the PR segment. Further, the spatial patterns 
and ramps in the PR segment that were previously associated with the conduction 
system, actually reflect the continuous changes in the electric source due to atrial 
repolarisation as a function of time in both magnetic and electric signals. 

On the other hand, the decreased sensitivity to atrial repolarisation in BSPM mea­
surements the detection of the early 6-wa.ve signal in patients with left-sided accessory 
pathways (AP). We used pattern-matching techniques (12-lead ECG, BSPM distri­
butions) and inverse-solution localisation of AP to confirm the successful extraction 
of the atrial repolarisaiion signal. With identified limits to the present accuracy of 
localisation procedures based on inverse solutions, we make suggestions for improved 
12-lead and BSPM pattern-matching criteria and present a basis for the development 
of MCG criteria to locate the site of the AP. 
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Preface 

The history of electrocardiography predates magnetocardiography by some 75 years. 

The first electrocardiogram (ECG) was recorded by Waller [1] in 1887, while the first 

magnetocardiogram (MCG) was published by Baule and McFee [2] in 1963. Both the 

electric potentials and magnetic fields at the body surface are due to the movement 

of ions across cell membranes in the myocardium. Through the years, there was a 

widespread belief that the different nature of the electric and magnetic fields and 

ECG and MCG recording systems would provide independent, complementary infor­

mation about the cardiac electrical processes. To date, very few studies deal with 

ECG and MCG data recorded from the same subjects. So far, these studies have not 

shown conclusively that any significant differences, leading to clinical application for 

the MCG, can be found in the information obtained from these signals. Because of 

its shorter history, and a significantly higher cost, the MCG has remained primarily a 

research tool. Nevertheless, some research directions in the biomagnetism community 

(i.e. inverse solutions) have contributed to new directions in clinical electrocardiog­

raphy and research. In addition, there are technical advantages of magnetic over 

potential mapping techniques. With multi-channel MCG systems, a recording ses­

sion would be faster and easier than ECG mapping, since no equipment (electrode 

paste) or patient preparation (e.g. skin rubbing, shaving) is required. The cost of 

the MCG technology is also becoming much lower than in previous years, reducing 

financial detractions. 

This work will represent one of the few studies involving both magnetic field map­

ping (MFM) and body surface potential mapping (BSPM). Subject data presented in 

this study consist of both MFM and BSPM data recorded during the same session for 

most subjects. This complete set permits parallel MFM and BSPM studies, which 

1 
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allows not only conclusions about the individual data sets, but also a comparative 

analysis. Further, the data sets are found to be truly complementary in that com­

parison of the two data sets can lead to observations and conclusions which might be 

otherwise missed. 

The direction of this study was inspired by an increasing effort in both the bio­

magnetism and body surface potential mapping communities to identify, extract and 

localise signals in the heart which one might label as superimposed sources. This 

terminology is chosen to identify a number of signals generated by the heart which 

are distorted by larger background signals. 

The His-Purkinje system (HPS) signal, the 8 wave associated with Wolff-Parkinson-

White Syndrome (WPW), late QRS potentials and the U wave are all superimposed 

signals. The HPS and 8 wave occur during the PR segment, which (although clas­

sically considered isoelectric) reflects the repolarisation of the atria (Ta wave) as a 

background source. Late potentials are superimposed on the STT segment, and the 

U wave, whose origins remain controversial, often rides on the tail of the much larger 

T wave. 

WPW syndrome and late potentials are both of eminent clinical interest because 

they can cause life-threatening ventricular arrhythmias. The ability to detect the HPS 

signal at the body surface was initially thought to be clinically useful but has evolved 

more as an exercise in testing and developing high-resolution mapping techniques 

and, to validate inverse solutions. The source of the U wave is still plagued with 

controversy, and as such has not been of any clinical interest. As a result, studies on 

U waves still focus on unravelling its origins. 

The questions which will be explored in the following pages relate specifically 

to mapping techniques, and will focus on events in the PR segment (Ta, HPS and 

WPW). In the author's M.Sc. thesis [3] dealing with the extraction of the HPS signal 

from MF maps, questions were raised about the reliability of the numerical techniques 

used and validity of assumptions required. Most important is the question of the 

physiological significance of the extracted maps. The same or similar techniques 
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were in use by other groups to isolate the HPS source. After initial confidence in 

these methods was established, most groups proceeded to use similar methods to 

extract and then validate the localisation of the accessory pathways in the hearts of 

WPW patients. In the present study, some of our previous questions are answered. 

We then proceed to apply this experience to a comparative study of the MF and BSP 

maps of a group of patients with WPW syndrome. 

A review of the Dalhousie combined mapping systems, data averaging and display 

is presented in Chapter 1. Reference in this chapter will be made to 3 appendices. 

Appendix A presents an itemised guide to the recording session. Appendix B is a 

brief description of DALECG (the ECG/MCG averaging program) and post-average 

file handling. 

A brief theoretical presentation of the forward and inverse problems in electrocar­

diography and magnetocardiography, with simulations of particular interest in this 

study, are presented in Chapter 2. 

A second part of theory and simulations, for various extraction techniques, are 

presented in Chapter 3. These simulations are crucial to the extraction and interpre­

tation of HPS data. 

The first part of results from recorded data is in Chapter 4. The comparative 

analysis of BSP and MF maps of atrial excitation and recovery during the PR interval, 

in a group of 30 objects, is presented. This analysis provided an important basis for 

understanding the results of the HPS and WPW studies. 

The next two chapters deal with the application of the signal extraction tech­

niques. In Chapter 5, an attempt to isolate the superimposed HPS source from the 

background atrial repolarisation signal is described. The relevance of these results, 

and their relationship to previously published work, are discussed. Appendix C is a 

brief presentation of the time-shift technique used by another group [4]. 

Chapter 6 is a study of a group of WPW syndrome patients. The characteristic 

8 wave associated with this syndrome is larger than the HPS signal, but at onset 

it is also distorted by atrial signals. The ability to accurately localise the source of 
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the 6 wave is of clinical interest. For some subjects with small 8 waves, present non­

invasive ECG techniques have limited value. In addition, MFM and BSPM inverse 

solutions will most accurately reflect the site of pre-excitation early in the 8 wave. 

The extraction techniques are applied to this group with an interest to enhancing the 

early 8 wave, simultaneously addressing both these limitations. 

Appendix D is a short discussion f,nd simulations examining the dependence of 

magnetic field patterns on gradiometer design. Appendix E is a review of cardiac 

anatomy, and the relative orientation of the heart in the torso; as well, the standard 

nomenclature applied to ECG and MCG traces is summarised. Appendix F is a 

case study of a WPW patient, whom we could not include in the main WPW group 

because of the presence of 2 accessory pathways and 2 different atrial pacemaker sites. 



1 Body Surface Potential and Magnetic 
Field Mapping 

The first MCG at Dalhousie was recorded in 1976, but research effort in the labora­

tory's earliest years was directed primarily toward technological advances and design 

of a low-noise environment for magnetocardiographic recordings [5,6,7]. Eventually, 

through the 80's, efforts turned more toward recordings and data analysis. In the 

mid 80's a BSPM system was built and installed for the Biomagnetism Laboratory 

and it became routine to obtain both MCG and BSPM recordings on all participants. 

There is a vast array of literature available covering the topics of electric and 

magnetic field mapping of the myocardium in general [8,9,10,11,12,13,14,15] and at 

Dalhousie in paiticular [3,5,6,7,16,17,18,19,20,21,22,23,24]. A detailed review is be­

yond the scope of this work. So after a general overview, only those features of the 

recording system and protocols that are of particular interest to this study, will be 

described. 

1.1 BSPM and MCG instrumentation 

Presently, the MCG and BSPM instrumentation form one complete integrated record­

ing system, of which the schematics are shown in Figure 1.1 and the details of the 

instrumentation specifications listed in Table 1.1. The subject is placed in an eddy-

current shielded room which reduces the 60 Hz magnetic noise and its harmonics in 

both the MCG and BSPM signals. The output from the magnetic and electric sensors 

are both recorded by a common data acquisition system based on a PDP-11/24 micro­

computer. Both the hardware and software for the data acquisition system have been 

designed in the Dept. of Physiology and Biophysics. The asymmetric 2nd order RF 

SQUID gradiometer Model SQP-400 and superinsulated dewar with quartz tail was 

5 
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Instrumentation specifications and recording parameters 

Noise W 
• instrumentation 
• patient 

Sensor 

No. channels 
Total gain 
Bandwidth 
Sampling frequency 
Sampling time 
12-bit ADC range 
Bit resolution 

Average peak signal 
(R-max) M 
Noise after 
averaging '3'4^ 
Typical max. S/N M 

MCG 

30 fT/Hz1'2 

30 fT/Hz1/2 

2nd order asymmetric gradiometer 
- 2.5 cm front end coil 
- 4 cm baseline 
56 sequential 
1.3/n 
DC-125 Hz 
500 Hz 
30 s 
± 150 pT xn 
75 fT xn 

~16 pT 

~54 fT 

~300 

BSPM 

70 nV/Hz'/2 W 
UOnV/Hz1 '-

Ag/AgCl electrodes 
referenced to Wilson 
Central Terminal 
120 simultaneous 
2000 
.05-125 Hz 
500 Hz 
30 s 
± 5 mV 
2.5 /iV 

~1.8mV 

~1.3/*.V 

~ 1700 

Table 1.1: MCG and BSPM instrumentation specifications and recording parameters. 
Several recording parameters are hardware variable but only the standard settings 
have been quoted, n is the DSQ-400 SQUID controller DAC output range (typically 
n =1/2 or 1). 
[1] Average obtained in the 70-170 Hz bandwidth. 
[2] Input shorted. 
[3] Computed from data of 27 normals with an average age of 47.7 (7.6) years. 
[4] Computed in the UP interval. 
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- W 0> 

Figure 1.1: Schematic of the MCG and BSPM combined recording system. 

manufactered by CTF Systems Ltd., Port Coquitlum, BC. The noise spectrum for 

the magnetic and body surface potential mapping systems are shown in Figures 1.2 

and 1.3, respectively. These figures show that, except for 60 Hz, the patient noise 

limits the BSPM system performance. The MCG patient noise contributes only to 

frequencies below 10 Hz; above this, instrumentation noise is the limiting factor. This 

brief summary of the MCG and BSPM systems deserves some discussion. The issues 

of interest will be addressed in the following sections. 

1.2 Comparison of instrumentation and proto­
cols 

1.2.1 Simultaneous versus sequential measurements 

The single-channel MCG system requires that the signal at the 56 grid points be 

recorded sequentially. The concern in this mode of recording is twofold. The first 

problem to be dealt with is the alignment of (presumably) the same events recorded 
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Figure 1.2: MCG noise spectra. 
(Top) The instrumentation noise spectrum was obtained with the gradiometer in the 
shielded room, but no subject present. (Bottom) The patient noise was recorded by 
positioning the gradiometer at the level of a subject's knee, where no heart, signal 
would be detected but muscle tremors and equipment vibration due to respiration 
and the beating heart would be detected. 
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Figure 1.3: BSPM noise spectra. 
(Top) The instrumentation noise spectrum was obtained with inputs to the ECG 
amplifiers shorted. (Bottom) The patient noise was obtained by taking the difference 
between 2 electrodes placed 4 cm apart on a subject's arm. thus removing the common 
cardiac signal but not the random muscle noise. 
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at the 56 different sites, and then between the MCG data and the BSPM data. The 

second problem arises because the heart rate may vary from the beginning to end of 

the BSPM and MCG recording session. 

The first problem, we feel, has been dealt with satisfactorily - given the limitations 

of our single-channel MCG system. Simultaneously with the recording of the MCG 

signal, a set of 3 ECG leads are recorded. These are the 3 limb leads (right arm (RA), 

left arm (LA), left leg (LL) referenced to the Wilson Central Terminal (WCT)). The 

limb leads provide a common template for the averaging process, allowing decisions 

on inclusion or exclusion and alignment of heartbeats to be made with the same 

signal for all 56 points. 

After the average of each of the 56 MCG signals is obtained, the 3 ECG leads are 

used to align the MCG from 56 sites relative to one another. This is accomplished 

using a correlation technique. From the first site, a window centered on the QRS 

complex of the largest ECG lead, and twice the width of the QRS, is compared to 

the same window for all the other 55 sites. The two windows are slid relative to 

one another until a maximum correlation is obtained. The temporal difference in 

alignment is used to adjust the detected time point of the R-wave maximum in all 

leads to correspond with that of the first. The 3 limb leads are also available in the 

BSPM data, so the same routine is used to then compare the MCG from site 1 with 

the BSPM data. Since the 120 BSPM leads are recorded simultaneously, they will 

be averaged simultaneously and have the same time lines. Generally, at most only a 

1-sample-point variation (corresponding to 2 ms) is found between the different MCG 

points, but time-alignment differences amounting to several sampling intervals may 

be found between the MCG and BSPM data. The consistent MCG alignment results 

from the excellent R-wave maximum detection algorithm in DALECG (precision of 

±1 sample point [20]). The large difference in the MCG and BSPM alignment after 

averaging by DALECG is discussed in more detail in Appendix B. Briefly, it results 

from the fact that a different set of 3 leads is used by DALECG to determine time 

lines (limb leads vs. orthogonal X, Y and Z leads). 
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Measurement sequence 

Figure 1.4: Heart-rate variability as a function of time during an MCG recording. 

The second problem is more difficult to quantify and impossible to avoid with a 

single-channel MCG system. With 30 s per recording site and approximately another 

30 s used to position the bed and adjust instrumentation, the total time elapsed 

between the measurement of the first and last sites is usually about 1 hour. Initially, 

the subject may be somewhat active, but he/she relaxes and at times falls asleep 

as the MCG recording progresses. In a relaxed state the heart rate (HR) is usually 

slower, hence as the MCG session progresses we find that the HR decreases. This is 

shown in Figure 1.4 where we have plotted the heart rate of a subject as a function 

of the recording sequence (effectively time). The trend seen, where there appears 

to be an initial decrees in the HR by approximately 5-10% during the first half 

of the session and then a relatively stable rate, is typical. Variations in HR can be 

accompanied by changes in the timing of events during the heart cycle of similar 

proportion. 
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These changes are of particular concern when constructing and analysing instan­

taneous magnetic field maps (MFM). When the HR does vary, it is possible that at 

a given instant the same event would not be measured in all 56 leads. Fortunately, 

the effects of such variations can be offset by the nature of the signal of interest. The 

largest instantaneous changes in the signal strength occur during the QRS, but this 

is the event whose length varies least when the HR changes [25]. Intervals such as 

the PR interval and STT segment will vary proportionally with the HR, but since 

the dynamical changes during this time are much slower, the effects on maps become 

less critical. 

1.2.2 Recording bandwidths 

The MCG and BSPM recording protocols both use low pass cut-off frequencies of 

125 Hz, since most ECG (and MCG) power lies below 40 Hz. Significant amounts of 

signal energy can be measured at 100 Hz and above [26], but the choice of 125 Hz 

cut-off (dictated by the sampling rate of 500 Hz) for both systems is reasonable. 

The lower cut-off frequencies of the two systems do differ. The recording of ECG 

signals requires the use of a high-pass filter since a DC-coupled input would make the 

preamps susr - Aible to saturation (at 10-20 mV) by the DC potentials arising from 

the electrochemical cell formed at the electrode-electrode gel-skin interface. The AC 

coupling also handles preamp drift. Since the bandwidth of SQUID magnetometry 

extends to DC no high-pass filter is used, to avoid filter-induced distortion of the 

waveforms. The measurements are still susceptible to some low-frequency drift, but 

this can be controlled by adjusting the DC level of the DAC output of the DSQ-400 

to a 'rough' zero at every grid point, inducing an arbitrary DC level for each site. 

The low-pass filter built into each analog BSPM (and MCG) channel is an anti­

aliasing filter kept at 1/4 of the sampling frequency, so with its modest roll-off its 

effect on the signals is minimal. The high-pass filter may be of concern. Unless 

its cutoff frequency is far below the frequencies of interest, such a filter can cause 

distortions. These effects were pointed out by Berson and Pipberger [27] who showed 
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that a .05 Hz 6 dB/Oct high-pass filter can lead to distortions of the Frank leads 

during the T wave exceeding 50 /iV in (3-6)% of 35 subjects. 

Since 50 /zV is only 3-4 times smaller than typical ECG P-wave maximum signals, 

the effects of this filter were explored in a DC BSP recording. This recording has been 

discussed previously [20], but we wish .<> present it again since it does have particular 

relevance to this project. A 56-lead sequential BSP recording was made from the 

anterior torso of a 15-year-old normal male, using a roving electrode whose potential 

was measured relative to the WCT. The electrode locations corresponded roughly 

to our standard MCG measurement grid. The roving electrode was connected to a 

regular AC-coupled mapping system input channel and a DC-coupled channel which 

were sampled at the same reduced gain to avoid saturation of the DC channel by 

the electrode offset potential. A second DC-coupled channel recorded the amplified 

difference between the input and output of an RC filter identical to that used in the 

AC channels. A manually adjustable offset circuit compensated for the DC electrode 

offset on the amplified difference channel so that the gain could be kept high on this 

channel. Due to the numerous adjustments required to keep the high gain difference 

channel from saturating, the recording took 2.5 hrs. 

The first beat recorded at each of the 56 sites was extracted and written to 6 

different files. These files contained the following channels: AC, DC, AC-DC, RA, 

LA and LL. Because this was a sequential measurement, the limb leads were recorded 

and used for averaging and alignment purposes as is done in MCG recordings. The 

AC signal recorded at all 56 sites is shown in Figure 1.5 while Figure 1.6 is the 

AC-DC recording. The filter distortions appear to depend on the size and shape 

of the ECG signal (especially QRS) and seem to peak in amplitude early during 

the STT segment. The maximum (peak-to-peak) distortion is, as found by Berson 

and Pipberger [27], about 50 fiV. Relative to a peak-to-peak AC ECG amplitude of 

3.0 mV, this distortion, during the QRST, represents less than 1% of the signal. When 

we focus on the P wave, we find maximum distortions of about 2.5 /<V, corresponding 

to ~2% of the maximum P wave, and actually of the same value as the bit resolution. 
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Figure 1.5: 56-lead AC BSP recording. 
The interval -230/430 ms relative to R-maximum is plotted for one complex. 
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Figure 1.6: 56-lead AC-DC BSP recording. 
The difference of an AC and DC recorded 56-lead BSP is plotted in 
—230/430 ms relative to R max for a one complex. 
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Since our primary concern would not actually be the effects this distortion has on 

the P wave, but more so on the smaller atrial repolarisation, the 2.5 //V level means 

that our usual bit resolution will be more limiting (if at all) than will be the high 

pass filter distortions. 

1.3 Recording protocol, averaging and data dis­
play 

The details of recording, averaging and analysing the BSPM and MCG data are 

numerous. An attempt has been made to give the essence of the preparation and 

procedures required to obtain the data (see Appendix A). In addition, an overview 

of Dalhousie's ECG averaging program (DALECG) is in Appendix B. The more 

important and interesting aspects will be discussed formally in the next sections. 

1.3.1 A BSPM and MCG recording 

In 1986, a new isolation amplifier was designed for the BSPM system which would ac­

cept as input the DAC output from the DSQ-400 SQUID controller. Since that time, 

it has become routine to obtain both MCG and BSPM recordings for all participants. 

To date some 200 recordings have been performed in the shielded room. Approxi­

mately one-half of these have been normal subjects, recruited by various means, to be 

part of the normal-heart group. These recordings are used to determine normal MCG 

and BSPM features and to compare with patient groups. Before inclusion into the 

normal group, a standard 12-lead ECG and a cardiac physical exam by a cardiologist 

at the Victoria General (VG) Hospital were performed. Several patient groups have 

been studied. These include a myocardial infarction group, a ventricular taccliycardia 

group, 1st degree A-V block patients and Wolff-Parkinson-White Syndrome (WPW) 

patients. All these subjects are recruited through the Cardiology Department at the 

VG Hospital, after appropriate diagnosis. 

When a subject has been recruited, they usually arrive at the Physics Department 

via the VG with a cardiac research nurse. The nurse is in charge and takes care of the 
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Figure 1.7: The BSPM electrode locations. 
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BSPM recording. A member of the Biomagnetism group will assist the nurse and be 

responsible for the MCG recording. Together they will review the procedure with the 

participant and then a consent form is signed by the subject and witnessed. Though 

the description which follows assumes that a nurse and technician are present, at 

times, both recordings have been done entirely by the technician with the assistance 

of another member of the research group. 

Electrodes are prepared just before the subject is expected to arrive but not too 

far in advance since the conducting paste will begin to dry-up. Hence the BSPM 

recording is done first. A schematic of the relative locations of the 120 electrodes ap­

plied to the torso is shown in Figure 1.7. Electrode 33 is positioned at the intersection 
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of the sternum and the level of the first intercostal space1. Other electrodes (on strips 

of 4-8 electrodes) are positioned relative to this reference around the torso. Many 

of these positions are dictated by other anatomical features. The vertical distance 

between electrodes is 5 cm and the minimum horizontal spacing (limited by width of 

the electrode strips) is 2.5 cm. Once the electrodes have been applied, approximately 

20 minutes are allowed to elapse before obtaining the actual recording to allow the 

conducting paste to warm-up to the body temperature. After the recording is ob­

tained all but the 4 limb leads (RA, LA, LL and right leg drive) are removed. The 

nurse cleans the electrodes (about 1/2 hour) while the MCG recording is done. As 

much as one hour has elapsed since the patient has arrived, to the time the MCG 

session begins. 

Preparation of the subject for the MCG recording takes little time. He/she is 

positioned on the bed. The MCG measuring grid is shown in Figure 1.8. Grid 

location D3 is the common reference point and is located at the intersection of the 

sternum and 4th intercostal space, as is BSPM electrode 33. The dewar is positioned 

above the patient to within ~5 mm of the highest point of the anterior torso; the 

4 limb leads are connected to the MCG limb lead harness, and the subject is made 

as comfortable as possible, especially to ensure that he/she is not cold. During this 

whole process the technician relays as much information about the whole process to 

the patient, thus assuring their confidence in the safety of the procedure. 

Once the technician has confirmed that all preparations have been made and 

that everything is in working order, the recording can begin. Since there is only a 

single MCG channel, the measurements from the 56 points are obtained sequentially, 

by moving the bed relative to the probe in a set pattern (see Figure 1.8). This 

process normally takes 55 minutes. Since the BSPM and MCG amplifiers are battery 

t h o u g h much caution is taken to assure that this position is accurate, because of different body 
shapes and sizes, it is usually difficult to localise the 4th intercostal space to more than within 1 cm. 
It has been suggested that the error here can be as great as one intercostal space, even by the most 
highly trained professionals. 
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Figure 1.8: MCG measuring grid. 
A fixed 7 x 8 grid of 4 cm spacing is used for all subjects. The arrows indicate the 
order in which the different locations are measured. 
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powered, care must be taken not to exceed a total of about 1.5 hrs2 battery-operation 

time, since they may have discharged sufficiently after this period of time to be 

inoperable. 

With the end of the MCG recording, the last 4 electrodes are removed, the patient 

dresses and returns with the nurse to the VG. 

1.3.2 Noise reduction by averaging 

The term high-resolution ECG and MCG has almost become synonymous with signal 

averaging. The basic premise in temporal averaging of biological signals, as first 

suggested by Dawson in 1951 [28], is that, ideally, when N samples of a noisy signal 

are aligned temporally with respect to a reference point, and then summed, the noise 

will be reduced by l/y/N, while leaving the signal unaffected [29]. In other words, the 

additive combination of successive repetitions of a signal results in the reinforcement 

of the true coherent signal while the noise, if it is random and uncorrected to the 

signal, tends to cancel itself out. 

For optimal signal averaging of cardiac signals, two conditions must be met: 1) the 

noise contaminant must be both random and stationary, and 2) the signal of interest 

should be precisely synchronised to a stable reference point. Except for 60 Hz line 

interference, noise is satisfactorily random, that is, uncorrelated to the heart produced 

signal of interest [30], and its characteristics do not change significantly during a 

recording session. 

Synchronisation of the cardiac signal to a fiducial point is not as easily achieved. 

Cardiac excitation and contraction can vary on a beat-to-beat basis, and additional 

variations in size and shape of an ECG or MCG signal are caused by the respiration 

cycle. The amplitude of the R wave can vary by as much as 30% between inspiration 

and expiration [31]. Cardiac and respiratory abnormalities may amplify this normal 

variability. These variations in waveform from beat-to-beat impose some degree of 

2The amplifiers are actually turned-on only for about 5 minutes during the entire BSPM 
recording. 
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arbitrariness to any averaging process. Even if some fiducial point were established, 

such as the QRS complex, there is no assurance that other cardiac events are stable 

relative to that reference. The onset of His bundle potentials, for instance, may vary 

by several milliseconds from beat-to-beat in reference to QRS [22]. 

The theoretical decrease in noise level by l/y/N, where N is the number of com­

plexes averaged, was tested. In Figure 1.9 the RMS noise level vs. vN is plotted for 

MCG and ECG data. The data results from averaging, with increasing lengths of 

MCG recordings (e.g. 2 s, 5 s, 15 s, 25 s,...). Results for the averaging of the 3 limb-

lead ECG records are shown in Figure 1.9a, obtained during one of the MCG trials. 

Figure 1.9b shows the MCG results for 2 separate recordings. Logarithmic plots of 

the data in Fig. 1.9 confirm the 1/vN expected relationship. More interestingly, the 

ECG (or BSPM) noise level is found to reach a minimum at about 20 complexes, 

indicating that recordings longer than about 30 seconds would generally not reduce 

the noise significantly3. The MCG data does not appear to reach a minimum until 

about 100 complexes have been averaged. Unfortunately, because of time constraints 

(both patient comfort and battery limitations), recordings must be limited to 30 sec­

onds. According to actual noise levels obtained from many 30-second recordings (see 

Table 1.1) and Figure 1.9b, the average level of ~60 fT is no more than about 2-3 

times the minimum we might be able to achieve with longer recordings. Finally, the 

benefits of averaging are demonstrated in Figure 1.10. On the left is a single beat 

of raw data for an MCG (top) and BSPM (bottom) recording. The average of this 

same site/lead is presented on the right. 

The program DALECG [18,32] was developed over two decades in the Dept. of 

Physiology and Biophysics to average ECG, BSPM and MCG data. There are various 

versions of DALECG in use for different tasks, but the basic structure and approach 

to the averaging remains the same in all. An overview of this program, as is used by 

this group, is presented in Appendix B. 
3Since DALECG does not necessarily accept all complexes encountered for inclusion in the av­

erage beat, more than 20 seconds would be needed to guarantee this minimum. 
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Figure 1.9: Plots of the RMS noise vs. number of complexes averaged. 
(a) ECG Umb leads I, II and III. (b) 2 different MCG recordings. 
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Figure 1.10: Demonstration of the noise reduction by averaging. 
On the left are the raw MCG (top) and BSPM (bottom) recordings and on the right 
is the average for all beats recorded at MCG grid point 28 and BSPM lead 62 (MCG 
28 beats, BSPM 26 beats). The scale in the center, top applies to both MCG traces 
and the one center, bottom applies to both BSPM traces. 
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Figure 1.11 depicts the steps involved in getting data from the data collection tape 

into files containing single beat averages of the MCG, 3 limb leads and the BSPM 

data. The processing of the MCG and BSPM recordings is virtually identical. Minor 

differences result almost entirely from the sequential versus simultaneous nature of 

the two data sets. 

Routinely, there are bad leads in BSPM data, resulting in most cases from poor 

electrode-skin contact. With the large number of channels recorded, these bad leads 

do not represent a significant loss of information; nevertheless efforts are made to 

rectify these problems before the recording. A bad MCG recording is rare, but 

not impossible. These, when present, usually result from magnetic interference from 

patient's dental work or poor limb-lead contact which can affect the averaging of all 4 

channels. Due to the sequential nature of the recording, other potential disturbances'1 

can be dealt with at the time of the recording on an individual basis by repeating 

the recording. To indicate the status of particular leads or grid points, a bad lead 

array (IBADLEAD) is used. This is an array containing either zeros (0) or ones 

(1), denoting either a bad (0) or good (1) lead. Programs read this array so that 

processing and analysis of the data proceeds as if the leads designated as bad never 

existed. 

1.3.3 Standard post-average processing 

Figure 1.12 outlines the final steps required in processing the MCG and BSPM aver­

aged data files before the data is to be analysed within the framework of a particular 

study. In this final stage, we are concerned with correcting alignment and timelines, 

and removing 60 Hz interference. 

The alignment of the 56 MCG records (as described previously in Section 1.2.1) 

relative to one another is accomplished with a cross-correlation routine using the limb 

leads, adapted from an existing subroutine in the DALECG software. With optimal 

4e.g. large drifts in the baseline due to movement of large magnetic objects in the local 
environment. 
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Figure 1.11: Flowchart of steps in MCG and BSPM averaging. 
The programs used to get from raw files to a useful averaged data format for the 
MCG (left) and BSPM (right) data is shown. The input and output files in each step 
are indicated. Solid boxes and dash boxes frame program names and data file names, 
respectively. 
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alignment of the 56 MCG records achieved, new time lines are set. These time lines 

define the occurrence of the onset, offset and maximum of particular events in the 

heart5. Though they have been automatically determined by DALECG, the MCG 

in particular, will show significant variations from record to record, with the P wave 

landmarks being undetected or incorrectly assigned in the MCG and BSPM quite 

routinely. The new time points are indicated by displaying the RMS of the 56 leads 

and a 12 lead inset of the MCG data on a Tektronics 4010 graphics terminal and 

manually moving crosshairs to the new point desired. Once the MCG time lines have 

been set, the BSPM data will be aligned relative to the MCG, and time lines will be 

set using the Frank X, Y and Z orthogonal leads and their RMS. 

A 60 Hz numerical adaptive filter (CANCEL60.FOR) can be applied almost any­

time after averaging, but is usually used after alignment and setting new times. This 

filter was designed by D. Joly of the Cardiac Research Group at I'Universite de 

Montreal. It determines the amount of 60 Hz noise present in the signal by averaging 

the 58, 59, 61 and 62 Hz components and comparing this average amplitude to the. 

60 Hz value. Any fraction of 60 Hz above the average value is attributed to noise and 

removed by subtracting a phase and amplitude matched sine wave. 

1.3.4 General-purpose software for data analysis and dis­
play 

After averaging, the signal recorded at each MCG grid point or BSPM lead location 

is stored in a 500- or 1000-point array, representing either a 1- or 2-second window 

centered on the R-wave offset. In many application.-., nt. •• hole heart complex will 

not be analysed. A key program used in virtually ..>< -li lysis of the MCG and 

BSPM data is called SELECT.FOR 6. The output format of this program is used in 

all subsequent analysis. A brief description of this program and its output format, 

which we commonly refer to as FOR012.DAT, will be given next. 

5P-on, P-max, P-off, R-on, R-max, R-off, T-max and T-off are the reference points used. 
fiThis program supercedes two earlier ones called PARTBASE.FOR and RMSMAPS.FOR; SE­

LECT.FOR was developed from these earlier two programs by this author. 
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This program is used to extract data for plotting or further analysis. The type of 

data of interest is the first question asked. The options are: temporal, spatial or RMS 

data. For each of these 3 options the type of data is also specified (MCG, BSPM or 

56-lead BSPM). Each of these 9 options are coded in the header of the FOR012.DAT 

files by the integer ITYPE. In all our analysis, over 70 different ITYPE's have been 

defined so far, with the basic convention that numbers between 1-99 and 100-199 

denote temporal and spatial organisation respectively. Once the type of data is 

selected, one must indicate the reference point for which the interval of interest is to 

be referred to and the interval in milliseconds which will be extracted. The reference 

point can beany of the 8 timelines set with MCGTIMES (BSPMTIMES). The output, 

file contains a header plus the data of interest selected. The header will contain the 

ITYPE, start and end times (STIME and ETIME), the sampling interval (SINT), the 

reference zero time (ZEROTT), the patient identification code (FILE=NN), the bad 

lead array (IBADLEADS) and a number of other variables which are infrequently 

used but can be redefined for new purposes. Following the header is the data, which 

is either temporally or spatially organised. Temporally organised data means that 

the data for all t time points for each of the p leads is written to the file in a /. x /» 

array. A p x t array contains the p points forming each of the t maps selected for 

spatial analysis. 

The plotting of the different types of data will be discussed next, using MCG and 

BSPM data from the same normal subject (RK156). Figure 1.13 demonstrates the 

plotting of MCG temporal data. The 56 points are displayed in a 7 x 8 grid, with 

an appropriate amplitude and time scale. An equivalent format is used to display 

the BSPM data (Figs. 1.14 and 1.15), however because of the large number of leads 

a two-page format is used to maintain a similar resolution as the MCG data. The 

117 body surface points are arranged to correspond to their relative locations on the 

torso surface. The 3 limb leads are plotted as an inset. 

A similar format is used to display 'he RMS maps. An RMS map is defined, 
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Figure 1.14: Display of BSPM temporal data leads 4-64. 
Leads which are flat (e.g. 15), are bad leads. 
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numerically as 

d(tU. = [-t,d(i,t)*]1'2. ( 1 . 1 ) 

An RMS value is calculated for each time point of interest. The variable 'd' can 

represent either MCG or BSPM data. MCG and BSPM RMS maps are shown in 

Figs. 1.16 and 1.17. The two traces correspond to the plotting of the data once with 

a fixed vertical scale (.05 pT/cm and .005 mV/cm) and then scaled to the maximum 

RMS value (dark trace). The RMS maps are quite valuable since they summarise a 

lot of data in a single plot. They can be used to get estimates of the relative timing 

of different events and comparisons between subjects can be made of the relative 

amplitudes of different events. The quality of the recording can be relayed by the 

height of the baseline offset and the amount of random and 60 Hz noise in the data. 

Numerous high-frequency peaks often suggest the presence of bad leads which have 

not been previously detected and marked in the IBADLEAD array. 

The final commonly used display modality is spatial contour maps of iso-magnetic 

field or iso-potential values. Each map represents a single instant of cardiac activity. 

A magnetic field map (MFM) and body surface potential map (BSPM) of the H-

wave maximum are shown in Figure 1.18. Both displays use spline interpolation and 

Laplacian smoothing. The magnetic field is interpolated from a 7 x 8 grid of 4 cm 

spacing to a 25 x 29 1 cm grid. The 117 BSPM leads are interpolated to cover a 37 x 65 

grid. To achieve this, the 117 body surface potential values, measured on an irregular 

surface are projected onto a cylinder, then this cylinder is unwrapped onto a plane so 

that the edges of the plot correspond to the right mid-axillary line. The left half of the 

map, therefore, corresponds to the anterior torso, while the right half represents the 

posterior torso. The new locations of the measuring points, after projection onto a 

cylinder are indicated by the points (•) on the plots. The interpolation and smoothing 

is then done on the projected potentials. 
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Figure 1.16: Example of an MCG RMS map. 
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Figure 1.17: Example of a BSPM RMS map. 
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Figure 1.18: Display convention for magnetic field and body surface potential maps. 
The location of the measuring points are shown by points (•) on the plots. The 
intersection of the 4th intercostal level and the sternum is indicated by a dot (•) on 
both maps. The left/right side of the BSPM plots reflect potentials measured on 
the anterior/posterior torso. Unless otherwise noted the contour levels are selected 
automatically based on the values of the maximum and minimum fields and progress 
linearly. Positive field values are represented with solid lines, negative values with 
short dashes and zero-lines with long-dash-dot lines. Positive magnetic fields point 
into the body. If appropriate, the maximum and minimum field values, in pT or mV, 
are given below each map, along with a reference time in ms. 



2 The Cardiac Sources and 
Volume-conductor Problem 

The problem of determining the relationship between cardiac sources and body sur­

face potentials or magnetic fields is referred to as the volume-conductor problem. 

Many models have been proposed to represent the cardiac sources and the volume-

conductor of the human torso, but only particular choices of relevance to this work 

will be discussed. 

2.1 The current dipole as a source model 

To understand the electric and magnetic properties of the heart, a basic building 

block must be hypothesised. Mathematically, the current dipole can be defined as 

a source and a sink of current of equal strengths /, separated by a distance Si. As 

the separation between the source and the sink is allowed to approach zero and the 

current strength / approach infinity, the current-dipole moment P_ tends to a finite 

limit: 

P= lim 181. (2.1) 
~~ «/—0,/—oo " 

It is quite appropriate to consider the current dipole as a cardiac elemental source. 

Such dipoles would be distributed throughout the heart in a time-varying fashion 

during the cardiac cycle. The essence of the relationship between dipole sources 

and cellular activity was developed by Wilson et al. [33]. By considering a single 

cylindrical fiber, Wilson and co-workers showed that the dipole moment was related 

to the spatial gradient of the transmembrane action potential. This general concept 

was confirmed in tissue-bath experiments in one and two dimensions by Spach et 

al. [34,35,36]. It was later extended theoretically to three dimensions by Miller and 

Geselowitz [37,38], and forms an essential part of the Miller-Geselowitz ECG model. 

36 
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2.2 Volume-conduct or models 

There is an increasing degree of complexity by which the volume-conductor model 

in the cardiac forward and inverse problems may be specified. Two models of par­

ticular interest in this work are discussed: the infinite homogeneous and bounded 

inhomogeneous volume-conductors. 

2.2.1 Infinite homogeneous conductor 

The volume-conductor is assumed in this case to be homogeneous and of infinite 

extent. The torso is assumed to be linear (obeys Ohm's law), stationary (current 

density is constant in time), quasi-static (no time dependence of charge density, elec­

tric, or magnetic fields, hence there are no capacitive or inductive effects), isotropic 

(conductivity is a scalar function of position), and non-magnetic (no ferromagnetic 

components and located in zero ambient magnetic field). The quasi-static assumption 

implies there is a duality between the problem of determining the potentials arising 

from current sources in such a model and the solution of electrostatic problems [39]. 

Along with the current-dipole source, the infinite medium conductor model has 

been of particular interest in the biomagnetism community. Many of the arguments 

favouring the power of the magnetic over the electric inverse solution, which suggest 

differences in information content of the two recording modalities, stem from and are 

most easily explained using the current-dipole model. In an infinite homogeneous 

volume-conductor, the potential <f> due to a current dipole is [40] 

,(r)_ 1 E(r')-(r-r>) 
^ ~ 4 ^ | r - r ' | 3 ' ( 2 ' 2 ) 

and the magnetic field JB is given by r41] 

RM _ /io £(r')x (r-r') 
MXL) = : -,3 , (2.3) 

4~ I r — r |J 

where r is the field point and r' is the source location, p,Q is the permiabilility of free 

space, and a is conductivity. 
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2.2.2 Bounded inhomogeneous volume-conductor 

A more realistic and more complex volume-conductor model divides a piecewise ho­

mogeneous human torso into regions of uniform and isotropic conductivity. Surface-

integral formulations for the electric potentials and magnetic fields can be found for 

this case [42,43,44,45]. The formulations are derived using Green's Theorem, the 

boundary conditions, and the fact that ^ is a solution of Poisson's Equation. 

The piecewise homogeneous volume-conductor consists of M different noninter-

secting regions, each with uniform conductivity and bounded by the surface 5*. The 

conductivities inside and outside the surfaces Sk are a'k and a'k\ respectively, and 

the unit normal n^ to Sk points from the primed to double primed regions. If r 

refers to a field point and r' to a source point, then the electric potential (j>s for all 

r € Si, I — 1, • • •, M due to internal current sources is 

1 M t (r - r'\ 
(oi + *7)*s,(£) = tosMt) - ^ £ K - °Z) fSk KiSjs. • f T T ^ T - (2-4) 

(75 is the conductivity at the source. 

The magnetic field is given similarly as, 

B{L) = BcoiL) - 0 E K - <) jSk HdSk X i r - p l . (2.5) 

The terms ^ and B^ are the potential and magnetic field due to a primary current 

source embedded in an infinite homogeneous medium. The surface integral represents 

the secondary current sources associated with boundary effects. If the primary source 

is a single current dipole then the infinite medium terms are given by Equations 2.2 

and 2.3. 

2.3 The forward and inverse problems 

Forward and inverse problems are encountered in many areas of science, including 

electrocardiography and magnetocardiography. The forward problem is that of pre­

dicting the potentials or magnetic fields generated at the surface of a known volume-

conductor due to a known source. This problem has a unique solution, as it is always 
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possible to calculate the fields to an accuracy which is limited only by the details of 

the particular source and volume-conductor model. Although this problem does not 

occur in clinical diagnostic situations, the exercise of postulating source-conductor 

models of varying degrees of complexity and developing numerical solutions to these 

is useful. Such studies can lead to fundamental understanding of the capabilities and 

limitations of the MCG and ECG measuring techniques, information content and 

data analysis. 

In the more difficult inverse problem, the potentials or magnetic fields produced 

by dipoles embedded in a particular conducting medium are known, but the sources 

themselves are unknown. This is the problem which has clinical significance. From 

the measured surface field signals, the cardiologist will try to infer the most probable 

source distribution which would generate the field and decide on the clinical status 

of the subject's heart. The inverse problem does not have a unique solution [46,47]. 

The primary cardiac sources cannot be uniquely determined as long as the active 

region is inaccessible, since the electric and magnetic fields they generate outside 

any closed surface enclosing them may be duplicated by equivalent single or double 

layer sources on the closed surface itself. However, the solution becomes unique once 

a source model is chosen, which in effect applies electrophysiological constraints to 

that source. 

Two types of inverse solutions are used in this study. The first involves the 

empirical approach based on the recognition of typical signals which are known to 

be associated with particular source configurations. This is the technique generally 

available in the clinical setting. An alternative method requires that one models the 

volume-conductor and represent the source by a simplified model such as a single 

dipole. This type of solution can require the use of computer models and is solved 

for more or less complicated conductor models. The computer implementation of the 

forward and inverse solutions for the two volume-conductor models presented earlier 

will be described in the following. 
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Figure 2.1: Anterior view of the human torso model with lungs and intracavitary 
blood masses. 
The rectangular box represents the area covered by the MCG measuring grid. The 
right-handed coordinate system is also plotted. (See Appendix E for details of torso 
and epicardial relative coordinate systems). 

2.3.1 The forward problem 

The solutions for the electric potentials and magnetic field of a current dipole in an 

infinite, homogeneous volume conductor are given by Equations 2.2 and 2.3. These 

equations can be implemented in computer programs to solve for the fields of different 

sources of interest. 

Equations 2.4 and 2.5 can be solved numerically by use of the boundary clement 

method (3EM). One version of the Horacek volume conductor [48] to be used in 

this study is shown in Figure 2.1. The 5 boundiiries of the representative male torso 

have been tesselated into a total of 1368 triangular area elements (700 on the outer 

boundary, 326 for 2 lungs, and 342 for 2 cardiac blood masses). 
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With the surfaces of the volume conductor described, one can then write discrete 

versions of Equations 2.4 and 2.5 and solve for the electric potentials and magnetic 

fields due to a known source. The discretised version of Equation 2.4 can be written 

as [49] 

$ = <&<»+_>$ (2.6) 

where $ is an ./V-dimensional vector of the potentials on all the nk area triangles, 

describing Sk, and $,» is also an A^-dimensional vector, containing the mean infinite 

medium potentials at the same elements. _> is an N x N matrix specifying the 

conductivity interfaces using the solid angles subtended by every surface area element 

at every other element. This equation can be solved iteratively, using Gauss-Siedel 

or Jacobi iteration, after 'deflating' the matrix (to obtain ft) [50]. The deflation 

procedure is required because Equation 2.6 has a non-unique solution due to the fact 

that the potentials are arbitrary up to a constant [51]. 

Equivalently, Equation 2.5 is written 

B = Bx + A<t>. (2.7) 

If the magnetic field is measured at p locations, then B is a p x 1 vector consisting 

of the magnetic field values at the p observation sites. B^ is a p-dimensional vector 

of the corresponding infinite medium magnetic field values, $ is the potential found 

by the solution of Equation 2.6 and A accounts for the boundary contribution in 

Equation 2.5 [45]. Hence, once the iterative solution for the potentials is found, the 

magnetic field can be calculated. 

2.3.2 The inverse problem 

The simplest inverse solution for the biomagnetic fields is found for the current dipole 

in an infinite medium homogeneous volume-conductor model. It is straightforward 

to show that for a dipole parallel to the measuring plane (e.g. Px or Py), the depth 

of the dipole can be specified in terms of the separation between the maximum and 
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minimum values of the field in the measuring plane. If 8 is the separation of the 

extrema, then the depth d (m) of the dipole is 

d = 6/y/2. (2.8) 

Because Pz is silent, this also applies to dipoles that make an angle wuh the measuring 

plane. The magnitude of the dipole moment. | P_ \ (A- m) is 

|£ | .__L_Vfl_, ,2..,) 
HO 

where Bmax (T) is the maximum value of the magnetic field [52]. 

The potentials, measured in the same plane for the same tangential dipole, have 

an analogous inverse solution. The depth d is given by the same expiession stated 

in Equation 2.8 and if <j>max (V) is the maximum potential measured then, suniCily, 

the moment is 

| £ | = 2.6 x {nad2(f>maT (2 10) 

Equations 2.8 and 2.10 become more complicated for dipoles not parallel to the 

measuring plane. In addition, these simple expressions for the potentials have little 

use in body surface potential mapping, since the potentials are not measured in a 

plane but follow the contours of the torso. 

The inverse solution for the inhomogeneous volume conductor was, for a long 

time, limited by the computational requirements in solving Equations 2.6 and 27 

in the inverse manner. Such a solution would involve repeated iterated solutions 

to the forward potential problem (Equation 2.6) as different possible dipole-soune 

locations were tested. Each such iteration involved more than Nl floating-point mul­

tiplications. This problem was circumvented when two groups [53,54,55,56], almost 

simultaneously, recognised that although the expression <t> = (/ -u ; )"" 1 *^, derived 

from Equation 2.6, could not be solved since ( / -_>) has no inverse, the equivalent 

deflated solid angle matrix (/ — fi) could be inverted, and <1> tould be solved to within 

a constant. In these expressions, / is the identity matrix. 
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The computation of the deflated inverse matrix (done by LU decomposition) would 

be required only once for each torso geometry. The matrix can be used for either 

the forward or inverse computations and, only in the case where multiple boundaries 

are being considered, will the potentials have to be recovered by offsetting the ef­

fects of 'deflation' [50]. The potentials can then be integrated numerically for use in 

Equation 2.7 to generate the magnetic field. 

2.3.3 Implementation of the inverse solution 

In the solution of the inverse problem, given either a body surface potential or mag­

netic field map, initial estimates for the dipole moment and location are used to cal­

culate the forward problem. Using a Levenberg-Marquardt non-linear least-squares 

fitting algorithm [57], the field or potential based on this estimate is compared to the 

input map and a new estimate for the dipole parameters are selected until a fit to 

the map is obtained. 

An infinite medium estimate for the dipole source can also be obtained using the 

same least-squares fitting algorithm. In this case, the magnetic fields measured by 

each gradiometer coil will be solved according to Equations 2.8 and 2.9. This direct 

solution is possible, since the measurements of Bz are made in a plane above the 

torso where Bz due to the Z-component of the moment is zero. When solving for the 

potentials, however, the measurement positions are defined by the torso geometry and 

an iterated solution to Equation 2.2 for all components of the moment is obtained. 

2.3.4 Special cases of source and volume conductor 

Consideration of sources such as the current dipole in simplified volume conductors 

has led to speculation that the magnetic and electric fields of these would reveal 

different information and possibly independent components [19]. Specifically, for a 

dipole perpendicular to the measuring plane (£_ = Pzz), in an infinite homogeneous 

volume-conductor, Bz is zero. Conversely, it is this perpendicular source which can 

produce the largest potential differences. These concepts are illustrated in Figure 2.2, 



44 

where the z-oriented dipoles reved zero B, and largest V. Since the predominant 

direction of the spread of excitation in the normal heart is from the endocardium to 

the epicardium, it was postulated that if these predictions derived from the simplified 

model were valid, the magnetic field measurements might be more sensitive to alter­

ations in this normal excitation pattern, as tangential currents' might be affected 

disproportionately [58]. 

This suggestion was pursued from the mathematical point of view by many re­

searchers. A forward solution of the uniform double-layer source model, as analysed 

by Rush [59], did not permit the existence of electrically silent sources - that is source's 

which generate a magnetic field but no electric potential. This removed speculation 

of the existence of independent information content in MCG recordings. Later, how­

ever, it was pointed out that newer data suggested that a uniform double-layer model 

was too simple. Corbin and Scher [60] found that the orientation of the impressed 

current density in a small segment of the depolarisation wavefront is not always the 

same as the direction of propagation of the wavefront, suggesting anisotropic conduc­

tion. Wikswo and Barach [61] then showed that if the impressed current density at 

any point in the wavefront is not always perpendicular to the wavefront, then con­

figurations of cells may exist in the heart that affect the MCG more than the ECG. 

Such a possibility is demonstrated in Figure 2.3. Since V x 7, ^ 0, liamsotropy ^ 0 in 

Fig. 2.3b and the magnetic fields in these two examples arc different. However, V 7 , 

due to anisotropy is zero in Fig. 2.3b, hence the 2 source distributions produce the 

same electric fields. Fig. 2.3 also demonstrates two current source distributions which 

produce the same electric fields. The inverse solutions for the potentials, arising from 

these current distributions, would be non-unique. 

tangential currents, here, refer to currents which are directed parallel to the plane of tin; MC(« 
grid. 
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-0.018 0.073 
Figure 2.2: MF and BSP maps for a source in an infinite homogeneous volume-
conductor. 
Magnetic field (left) and body surface potential (right) maps for current dipoles of 
1 Am pointing in the 3 orthogonal directions (x,y,z) in an infinite homogeneous 
volume-conductor. The dipole is located at the model's ventricular onset location. 
A small number of contours were used in the BSPM to emphasize the difference in 
amplitudes of the infinite medium solution and the torso volume-conductor forward-
solution maps shown in later figures. 



Figure 2.3: Demonstration of a situation which may give rise to electrically silent 
sources. 
In (a) the divergence and curl of J ' are both non-zero giving rise to electric and 
magnetic fields. In (b) V • T due to anisotropy is zero, hence no electric potential 
would be detected due to anisotropy. 

2.3.5 Effects of boundaries 

The proponents of infinite-medium models further suggested that volume-conductor 

boundaries and inhomogeneities would have little or no effect on the magnetic field 

component normal to thf surface of the volume-conductors [62,63]. The advent of 

realistic torso models [64] gradually eroded this belief. These realistic models (e.g. 

[65,66]) have shown, via computational studies, that, on average, no clear advantage 

can be ascribed to either of the electric potential or normal component of mag­

netic field with respect to sensitivity to the boundaries and inhomogeneities. These 

boundary effects are illustrated in Figures 2.2, 2.4, and 2.5, where the ..'-component 

of magnetic field and the electric potentials due to a current dipole embedded in 3 

different volume-conductors is calculated. The three volume-conductors are: infinite 

homogeneous (Fig. 2.2), a homogeneous torso (Fig. 2.4) and an inhomogeneous torso 

with lungs and cardiac blood masses (Fig. 2.5). The magnetic fields and potentials 

both show increasing amount of deviation from the simplicity and dipoCrity of the 

infinite homogeneous model. 

To illustrate the relative sensitivities of magnetic field and potential measurements 

to sources which are either perpendicular or tangential to the MCG measuring plane 

in the inhomogeneous torso model, forward solutions for 7 different dipole-source 
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Figure 2.4: MF and BSP maps for a source in a homogeneous volume conductor. 

Magnetic field (left) and body surface potential (right) maps for current dipoles of 
1 A-m pointing in the 3 orthogonal directions (x,y,z) in a homogeneous volume-
conductor (torso boundary). The dipole is located at the model's ventricular onset 
location. 
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Figure 2.5: MF and BSP maps for a source in an inhomogeneous volume conductor. 
Magnetic field (left) and body surface potential (right) maps for current dipoles of 
1 A-m pointing in the 3 orthogonal directions {x,y,z) in an inhomogeneous volume-
conductor (torso with lungs and cardiac blood ,. _s.es). The dipole is located _t the 
model's ventricular onset location. 
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Site 

SA 
RA 
HS 
QN 
RV 
LV 
AP 
Ave. 
SD 

MCG (pT) 
PX Py PZ 

0.97 1.90 0.47 
1.20 1.30 0.39 
0.78 0.82 0.45 
0.95 0.76 0.40 
6.10 5.65 0.56 
0.26 0.24 0.28 
2.70 2.55 0.90 
1.85 1.89 0.49 
2.02 1.83 0.20 

BSPM (mV) 
PX Py Pz 

.066 .129 .104 

.053 .072 .066 

.049 .063 .125 

.064 .058 .124 

.216 .240 .318 

.048 .051 .074 

.171 .134 .179 

.095 .107 .141 

.069 .068 .086 

Table 2.1: Average of the extrema (rnax+\min |)/2 for seven test sites in the heart. 
Test dipoles of unit strength in the X, Y, and Z orientations were used. The average 
(Ave.) and standard deviation (SD) over all sites are also given. Sites adjacent to 
the blood masses are: Sino-atrial node (SA), right atrium (RA), His bundle (HS), 
Q-onset (QN), right ventricle (RV), left ventricle (LV) and apex (AP). 

locations in the heart region were obtained (see reference [20] for the coordinates of the 

locations). The sensitivity to the sources were determined by comparing the average 

value of the extrema ((max+ | min |)/2) for the tangential dipoles (P r , Py), and the 

perpendicular dipole (Pz). This result is presented in Table 2.1. It is found that on 

average the magnetic field due to a dipole perpendicular to the magnetic measuring 

plane is 1/4 that of the tangential sources. The potentials for the perpendicular 

source, however, are approximately 50% greater than the tangential dipoles. These 

results concur with those of Purcell et al. [66]. They also suggest that the Pz dipole 

could mask the Px and Py components in body surface potential maps. However, 

the relative insensitivity of the measurement of Bz to Pz dipole sources may make it 

ideal for detecting primarily tangential sources, such as is the situation in the normal 

excitation of the human atria. 
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2.3.6 Validity of the current-dipole source model 

Introduction 

In general, excitation wavefronts are not very localised, and 01. an approximation 

of the location and strength of these distributed sources can be obtained with a 

single current-dipole source model. However, pre-excitation via accessory AV path­

ways (AP) leads to an interesting and almost unique cardiac source. The initial 

pre-excitation, originating from a small volume of myocardium at the base of the 

ventricle (<1.5 mm diameter in most cases [67]), is one of the few sources which 

might be truly localised. The localised nature of this source suggests that it would be 

reliably represented by the current-dipole source model (Eq. 2.1). Localisation of the 

8 wave associated with pre-excitation via an AP is a clinical application of the inverse 

method, which also validates the source-conductor models hypothesised in these solu­

tions. In this section, we present a theoretical validation of the current-dipole source 

model. 

Method 

A computer model of propagated excitation in a three-dimensional anisotropic human 

ventricular myocardium, embedded in a homogeneous volume-conductor model of the 

human torso, was used to simulate pre-excitation wavefronts [68,69,70]. Magnetic 

field and body surface potential maps of pre-excitation were generated with this 

model, using lead locations and a magnetic field grid consistent with the Dalhousie 

measurement systems. 

From these maps, inverse solutions were obtained using infinite medium and ho­

mogeneous torso volume-conductor models (Fig. 2.1), while approximating the dis­

tributed source with a single current-dipole model. The initial location of excitation 

(a simulated ventricular insertion site) was the true dipole-source location (DSL), 

and the inverse solutions were compared to this site to determine the accuracy of the 

current-dipole approximation to the anisotropic myocardium and distributed source. 
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BSPM and MFM for 7 different AP locations2 at 20 ms after onset of preexcitation 

were tested. As well, at one site (LPP), inverse solutions were obtained for maps 

every 2 ms, from onset to 20 ms (10 maps). 

Results 

The average dipole recovery errors for the 7 different pre-excitation sites is presented 

in Table 2.2. In both the MFM and BSPM solutions, the infinite-medium conductor 

model gave a larger average error (2.55 cm and 1.72 cm, respectively), than with the 

use of the exact torso volume conductor, (1.04 cm and 1.42 cm, respectively). How­

ever, the improvement in the BSPM result, relative to the infinite medium solution, 

is much smaller at 0.3 cm than the gain made in the MFM solutions (1.5 cm). 

Infinite medium inverse localisation errors 

Potential 
Magnetic 

AX (cm) AY (cm) AZ (cm) 
0.85 (0.56) 0.87 (0.58) 0.96 (0.49) 
1.96 (1.00) 0.70 (0.87) 1.00 (0.74) 

1 AR | (cm) 
1.72 (0.49) 
2.55 (0.98) 

Homogeneous torso inverse localisation errors 

Potential 
Magnetic 

AX (cm) AY (cm) AZ (cm) 
0.52 (0.54) 0.83 (0.49) 0.76 (0.50) 
0.41 (0.27) 0.32 (0.33) 0.75 (0.50) 

1 AR | (cm) 
1.42 (0.45) 
1.04 (0.37) 

Table 2.2: Inverse solution localisation errors averaged over 7 sites. 

For site LPP, solutions were obtained every 2 ms from onset to 20 ms. This result 

is shown in Table 2.3. The deviations relative to the known dipole-source location are 

relative to a coordinate system in the heart (see Appendix E), where the X-axis is 

directed from the right heart to the left, the F-axis posteriorly, and the Z-axis points 

inferiorly (base to the apex of the heart). A comparison of the BSPM and MFM 

solutions reveals a difference that is consistent in 6 of 7 sites (at 20 ms): the BSPM 

2These locations are LPP, LPL, LAL, LAP, RAP, RAL, and RPP. These sites on the A-V ring 
are defined and indicated in Figure 6.1 
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recovered DSLs are superior (e.g. AZ negative) to the point of initial excitation, 

while the MFM solutions are below this point. Additionally, the MFM DSLs move 

consistently away from the initial excitation location, as reflected by an increasing 

AZ with time, while the BSPM recovered DSLs appear almost stationary. 

Discussion 

In patients with WPW syndrome, propagated excitation starts from the ventricular 

insertion site at the level of the A-V ring and the excitation wavefront spreads in the 

anisotropic myocardium from base to apex. Our results suggest that up to 1 1 cm 

error can arise with the use of the single current-dipole source model, in attempt­

ing to locate the pre-excitation source in the anisotropic heart. In our simulations, 

only the source models differed between the forward solutions (distributed source 

in anisotropic myocardium) and inverse solutions (single current dipole). The ho­

mogeneous torso, measurement sensors, lead and grid definitions were all accurately 

represented3. Hence, all differences found should be associated with the source model 

chosen. 

On average, comparison of BSPM and MFM inverse solutions in the homogeneous 

torso reveals differences of about 2 cm between the two different approaches. This 

difference may reflect relative inaccuracies in modelling the source. One possible 

explanation is that the magnetic field and potential data reflect different spatial 

components of the wavefront. For example, the MFM data may account for the 

portions of the wavefront which are closest to the anterior chest. However, this is not 

likely the full explanation, since the BSPM solutions are located above the A-V ring, 

in the atria, and not in the ventricles. The failure for the recovered DSL to move 

closer toward the apex in the latter case, also suggests that additional factors have 

to be considered, in the source-conductor modelling. 

3The forward calculations used a node-to-node BEM [23] and the inverse solutions a triangle-to-
triangle method in the boundary element solutions. This difference was tested, and not found to 
change the results. 



Potential inverse solution errors 
Time (ms) 

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 

Average 
SD 

AX (cm) 
-0.24 
-0.34 
-0.39 
-0.43 
-0.52 
-0.51 
-0.43 
-0.32 
-0.20 
-0.13 
-0.35 
0.13 

AY (cm) 
0.58 
0.53 
0.48 
0.39 
0.30 
0.19 
0.11 
0.05 
0.06 
0.11 
0.28 
0.20 

AZ (cm) 
-1.16 
-1.10 
-1.08 
-1.09 
-1.17 
-1.20 
-1.19 
-1.16 
-1.16 
-1.19 
-1.15 
0.04 

1 AR | (cm) 
1.32 
1.27 
1.25 
1.23 
1.32 
1.32 
1.27 
1.21 
1.18 
1.21 
1.26 
0.05 

Magnetic inverse solution errors 
Time (ms) 

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 

Average 
SD 

AX (cm) 
-0.15 
-0.30 
-0.35 
-0.40 
-0.36 
-0.32 
-0.31 
-0.29 
-0.23 
-0.16 
-0.29 
0.08 

AY (cm) 
-0.25 
-0.25 
-0.27 
-0.35 
-0.36 
-0.30 
-0.22 
-0.15 
-0.08 
-0.01 
-0.22 
0.11 

AZ (cm) 
0.64 
0.67 
0.68 
0.69 
0.74 
0.80 
0.86 
0.92 
0.92 
0.94 
0.79 
0.12 

1 AR | (cm) 
0.70 
0.77 
0.81 
0.87 
0.90 
0.92 
0.94 
0.97 
0.95 
0.96 
0.88 
0.09 

Table 2.3: Localisation errors of the inverse solution for site G6 (LPP) as a 
of excitation time. 
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2.3.7 Validity of a standard volume-conductor model 

Introduction 

Previous publications dealing with MFM and BSPM inverse solutions of the 8 wave in 

WPW syndrome (e.g. [71,72]) suggest that the use of a single standard torso model 

will have limited accuracy when used for widely varying subject geometry. Weismiiller 

et al. [73] have reported successful MFM localisation of AP in 7 patients to within 

2.1 cm using a semi-infinite volume-conductor model, while Tsunakawa et al. [74], 

with body surface potential maps, accurately located the AP in 22 of 30 patients 

using a standard torso model. They did not have confirmation by EPS or ablation, 

but relied on a pattern-matching classification of the iso-potential maps to Benson's 

scheme [75]. 

None of these studies have suggested which inverse solution - the one based on 

MFM or the one based on BSPM - may be more sensitive to the geometrical accu­

racy of the torso model. This question will be addressed explicitely in a later chapter 

dealing with data of patients suffering from WPW syndrome. In such a comparison, 

the standard model geometry will be the same for both the MFM and BSPM data, 

hence inaccuracies in representing individual patients' torso geometry should con­

tribute equivalently to both inverse solutions. A factor which affects only the MFM 

solutions is the grid height above the chest. This height will be fixed in the inverse 

solutions using the standard torso. In this section we will explore the error associated 

with fixing the grid height, as it contributes a separate error to the MFM solutions, 

that will not be seen in BSPM data. 

Method 

The 7 WPW model maps of Nenonen et al. [70], discussed previously, were used in 

this simulation. Homogeneous torso inverse solutions were obtained for grid heights 

of -10 mm, - 5 mm, 10 mm, 15 mm and 20 mm below and above the known height. 

Relative differences in these solutions were calculated and averaged, for each grid 
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height. 

Results and discussion 

Table 2.4 shows the average and standard deviations of the error in recovered DSL, 

relative to the result for the known grid height. Not surprisingly, the error is almost 

entirely reflected in an equivalent displacement of the Z component of the dipole-

source locations in the direction and of the same magnitude as the discrepancy in 

grid-height. The grid height error does not change the X and Y components of the 

recovered DSL as much, although one location (LPL) did have a larger error in the A' 

component than in the Z component. We will return to these results in the analysis 

of the data from WPW syndrome patients. 

8Z (mm) 
-10.0 
-5.0 
5.0 
10.0 
20.0 

\AX\ \AY\ | A Z | 
2.25 (3.75) 1.24 (1.52) 8.30 (4.38) 
1.37 (2.75) 0.82 (1.40) 5.15 (1.88) 
2.65 (6.19) 0.53 (0.65) 5.40 (1.86) 
3.26 (7.00) 0.79 (0.63) 10.03 (2.82) 
4.74 (8.28) 1.37 (0.99) 19.86 (4.97) 

\AR\ 
9.54 (4.18) 
5.80 (2.79) 
6.96 (5.33) 
11.76 (5.15) 
21.86(5.00) 

Table 2.4: Change in recovered MFM DSL as a function of grid height. 
Solutions are compared relative to the actual grid height (12.95 cm). Average and 
standard deviation, in mm, were calculated for the 7 magnetic field pre-excitation 
maps. 



3 Signal Extraction Techniques 

3.1 Introduction 

As an approximation to the cardiac generators, the single current dipole source model 

has only limited use for most cardiac signals because these are usually the result of a 

distribution of sources in a relatively large diffuse region of the myocardium. A lew 

exceptions do exist. Two sources in particular are believed to be fairly represented 

by a single current-dipole source model. These are the early depolarisation of the 

His-Purkinje conduction system and the initial excitation of the ventricles via the 

accessory pathways associated with Wolff-Parkinson-White (WPW) Syndrome. Both 

of these events have onsets during the PR interval, particularly during the period of 

atrial repolarisation (PR segment). Therefore, in order to localise these sources it is 

necessary to first remove the atrial contribution to the recorded signals. 

A number of techniques have been used for the purpose of separating the spatial 

HPS signal from atrial repolarisation. The first of these was suggested by Iloran et 

al. [76] in 1982. They used a correlation technique to extract the surface-recorded 

His bundle ECG f ">m the background atrial signal. The concept of removing the 

atrial signal to enhance the HPS signals was later extended to magnctocardiographic 

recordings. Fenici et al. [77] and ten Voorde et al. [78] used an average map tech­

nique to characterise the atrial signal and the Dalhousie Biomagnetism group [3,79,80] 

explored a Karhunen-Loeve orthogonal expansion technique to remove, the atrial con­

tribution to the PR segment. All these techniques revealed distributions generally 

described as being consistent with a single equivalent dipole representing the HI'S 

source. The enhancement of the onset of the 8 wave associated with accessory path­

ways in W P W syndrome has not received as much attention, but the approach taken 

in this case parallels the HPS problem, with both average map techniques and or-

56 
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ckground 
source 

X 

Combined 
sources 

Z = X + Y 

- t 

Y - Superimposed 

i X - Background 

F'gure 3.1: The time relationship between the background and superimposed sources. 
The background source is active for some period of time before the superimposed 
source begins. 

thogonal expansion techniques having been suggested [81]. 

In this chapter the theory associated with these techniques will be developed. The 

results of simulation studies aimed at assessing the limitations of the techniques to 

source separation will then be presented. 

To begin, definitions which apply to the theories that follow are necessai y. A first 

definition indicates how magnetic field or body surface potential mapping data is rep­

resented symbolically in vector and matrix form. Data collected at p recording sites 

(electrode location or magnetic field grid point) fcr t successive times is represented 

by the real p x t matrix, X p x t = { x ^ - ' - x J , where x* = { J , I X I 2 • • • J , p } . The p 

entries of a given column (time) of X (the vector x,) form a map. 

The focus oT ' he theory is on the separation of concurrent events in electrophys­

iological mapping data. In this context, the matrix X will be associated with the 

background source of interest (such as atrial repolarisation) and the matrix Y will 

represent a superimposed source of interest (HPS or 8 wave), while Z = X + Y is a 

combination matrix (see Figure 3.1). 

3.2 Temporal averaging technique 

The temporal averaging technique (TAT) is the simplest of the techniques investi­

gated. It relies or. the assumption thai the background source pattern and its ampli-
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tude do not change during the time interval of interest. Having selected /, consecutive 

maps to represent the background source, we compute the average (over time) of this 

sequence to obtain a single average background source vector. Symbolically, 

x - = 7 _ > (3.1) 
1 i=i 

is the average map. The difference, r?AT, between this average map and a combination 

map becomes, 

rJAT = z , - x (3.2) 

and a matrix of such differences is then, 

RTAT = Z - X (3.3) 

with tho columns of X all identical and equal to x. If assumptions are valid, then 

the residual matrix RTAT should reveal the superimposed source Y. 

3.3 Correlation technique 

The correlation technique (CT) used by Horan et, al. [76] removes the assumption 

that the background source amplitude is constant. After obtaining an average of 

the background source as in Equation 3.1, a correlation is made of this average with 

the combination map Z to obtain a scaling factor which accounts for changes in the 

amplitude of the background source. This correlated fraction, defined by, 

9i = I"-? (3-4) 
x • x 

is then subtracted from the combination map to give the residual vector (or 'variance' 

as suggested by Horan [76]) rfT, 

rfT =/,--.ry,-x, (3.5) 

or an equivalent residual matrix, R' 
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3.4 Orthogonal Expansions 

Two types of orthogonal expansions are considered. The first is called a Karhunen-

Loeve Transform (KLT) while the second is Singular Value Decomposition (SVD). 

Orthogonal transforms of nonperiodic random processes were first introduced in elec­

trocardiography as a means of reducing storage requirements of the ECG recordings 

[82,83]. The basic concept here is that typical ECGs can be represented by a su­

perposition of fundamental features. The expansion of a number of ECGs into an 

orthogonal basis set allows the data to be compressed into a nunimum number of inde­

pendent features. The gain in storage requirement occurs because the basis functions 

would apply not only to the training ECG set, but also to a similar test subject group. 

To reconstruct the original data, one only need have stored the orthogonal feature 

vectors and expansion coefficients which dictate the fraction of each basis function to 

be used. Additional gains are achieved when the number of basis functions is limited 

to a minimum set. This set would comprise only those which contribute signals above 

the noise level, or deliver the desired representation accuracy. 

In one application of orthogonal expansions to multiple, concurrent sources, the 

input matrix X is assumed to be a result of several concurrent events (e.g. MEG 

recordings of multiple epileptic foci [84,85]). Douglas and Rogers [86] have suggested 

that the number of significant feature vectors resulting from the orthogonal expansion 

of X corresponds to the number of original components forming the sign--' We 

confirmed this to be true, but the actual eigenvectors resulting from this type of 

analysis do not correspond to independent physiological generators [87]. 

In an application introduced by the Biomagnetism group at Dalhousie [79], and 

which is of interest in this study, one uses the orthogonal expansion to first charac­

terise a background source. This representation \r> then used to determine the fraction 

of this source which is contained in a combination map and then remove that feature 

to reveal the superimposed source. A description of both expansion techniques will 

be given next. 
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3.4.1 Singular Value Decomposition 

The complete general theory of SVD and its computation will not be discussed (see 

Golub and Kahan [88], Golub and Reinsch [89] and Press et al. [90] for details). For 

our purposes, a short introduction to SVD in general terms is needed as a back­

ground to its application in the signal extraction problem. This presentation is some­

what original in that the expansions using either the temporal eigenvectors or spatial 

eigenvectors are outlined along with interpretation of this process in the context of 

electrophysiological mapping. 

For p > t the matrix X can be written as the product of a p x t column orthogonal 

matrix U, a t x t diagonal matrix W with positive or zero elements, and the transpose 

of a t x t orthogonal matrix V. Thus, 

Xp x t = U p ; ; tW ( x (V; x t (3.6) 

and 

U;XPUPX, = V t \ fV f x , = VutV'txt = I«K.. (3.7) 

I is the identity matrix and * denotes transpose. 

The matrix U consists of the t orthonormalised eigenvectors associated with the 

t largest eigenvalues of XX*, and the columns of V are the orthonormalised eigen­

vectors of X ' X . The diagonal elements u>, of W are the non-negative square roots 

of the common eigenvalues of X*X and XX*; these are the "singular values". The 

expansion given in Equation 3.6 is called the "singular value decomposition" (SVD) 

of X [88]. 

The rank, r, of X is, at most, equal to t. However, due to interdependencies in 

the data, » can be less than t. As such, only the first r eigenvectors associated with 

the r largest eigenvalues wf are needed to represent X. This results in a form of data 

reduction and the decomposition in Equation 3.6 can be written 

Xp x t — U p X r W r x r V r x ( (3.8) 
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with the normalisation condition, 

u ; x p u p x r = v ; x , v , x r = i r x r (3.9) 

now applying to the columns of U and V only. 

The largest eigenvalue, w\, is associated with the feature which has maximum 

correlation amongst all observations in the matrix X. The next largest eigenvalue, 

w\, accounts for the 2nd most common correlated features, etc... Ordering the feature 

vectors UJ,VJ to correspond with decreasing eigenvalues {w\ > w^ > • • • > wt > 

0), minimises the (least-squares) error associated with the approximation given in 

Equation 3.8. 

In the context of signal extraction, either the U or V basis sets can be used to 

expand the matrix X, which in this application, has t maps consisting of p spatial 

elements each. Multiplying both sides of Equation 3.6 on the left by U*Xp, and using 

the orthonormality condition of Equation 3.9, an expansion using the first r spatial 

eigenvectors Uj gives: 

u ; x p x p x ( = u;K_upx lw„«v f-x( (3.10) 

= WrxrVP%, (3.11) 

= Ar*xt. (3.12) 

Equation 3.8 can now be ritten 

Xp x t = U p X r A r x t , (3.13) 

defining A as a t x r matrix of expansion coefficients associated with the r spatial 

eigenvectors, uj. 

Similarly, multiplying both sides of Equation 3.6 on the right by V ( x r , an expan­

sion in temporal eigenvectors, vj, becomes, 

Xp x (V< x r = Up x 4W ( x ,V"x <V ( x r (3.14) 

= U p X r W r X r (3.15) 

= B p x r . (3.16) 
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Equation 3.8 can now be written 

Xp x t = Bp X rV r x ( , (3.17) 

defining B a s a p x r matrix of expansion coefficients associated with the r temporal 

eigenvectors, v\. 

Further interpretation of the matrices A and B clarifies their relationship to X. 

Each column of A t x r represents the spatial correlation of the ith spatial eigenvector 

with each of the t columns (maps) of X. Each column of Bp X r represents the tem­

poral correlation of the ith temporal eigenvector with each of the p rows (temporal 

waveforms) of X. 

In the context of spatial source separation, the spatial eigenvectors U resulting 

from the SVD of atrial repolarisation maps are applied to a combination matrix Z to 

determine A. A represents the proportion of each atrial repolarisation eigenvector 

which is present in the combination map. The residual, 

Rpxf = Zpxt' — UpXrA*x,, (3.18) 

is expected to reveal the superimposed source. The prime (') is used to denote that 

the number of maps in the matrix ,_ is not necessarily the same number which was 

used to determine the atrial repolarisation eigenvectors. 

3.4.2 Karhunen-Loeve Transform 

The KLT method [91] represents a nonperiodic random process by an orthonorinal 

basis set F with uncorrected coefficients C, 

Xpxt = FpXpCpX(. (3.19) 

If we truncate this expansion after r terms (r < p), 

Kxt = F p x r C r X ( , (3.20) 

the mean-square error 

£(r) = E{(X-X'y(X-X')} (3.21) 
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is minimised by an appropriate choice of C and F. E denotes expectation value. 

The optimum values of the constants c, are found to satisfy 

E{ct} = 0, (3.22) 

while the optimum eigenvectors f, satisfy the eigenvalue-eigenvector problem, 

Kf, = A,ft. (3.23) 

This implies that the f, are eigenvectors of the covariance matrix K of X and the A, 

the corresponding eigenvalues. The resulting mean-square error to the approximation 

e(r) = £ A, (3.24) 
t=r+l 

is minimised for all values of r if the A, are arranged in descending order. 

The covariance matrices K of the columns x, of X are assumed to be equal. 

In practice one estimates a sample covariance matrix from all columns of X. An 

unbiased estimate is 

K = -±-T _ > , - x)(x, - x)*, 
1 l 1=1 

(3.25) 

with x as defined in Equation 3.1. In matrix notation, this becomes 

K = i4l(X-X)(X-X)*, (3.26) 

with the columns of X all identical and equal to x. 

As in the SVD, the KLT represention of atrial repolarisation by basis functions F 

is applied to combination maps. The extracted superimposed source is expected to 

be represented by the residual matrix, 

R-pxf = ZPx«' — FpxrC rXf, (3.27) 

where CTXt' — F*XpZp)a< are the KLT expansion coefficients. 

Gerbrands [92] has demonstrated that under some circumstances orthogonal eigen­

vectors obtained via KLT and SVD can be equivalent. Using the estimated sample 

column covariance matrix K, the eigenvectors F obtained in the KLT of data ma­

trix X are found to correspond with the U eigenvectors resulting from the SVD of 

{ X - X } . 
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3.5 Simulations of extraction techniques 

One objective in the application of extraction techniques is to use the extracted 

maps as input to an inverse solution in an Ettempt to localise the sources of the 

distributions. Obviously, this application is reasonable only if one can have confidence 

in these maps. If the extraction techniques are to be used in this context, then it is 

necessary, through simulation studies to assess their applicability for the purposes of 

identifying source distributions associated with definite electrophysiological events in 

the heart. 

To this end, the techniques described earlier (Temporal Averaging, Correlation, 

Singular Value Decomposition and Karhunen-Loeve Transform) have been applied to 

simple source configurations which can be related to the problems of interest, in this 

study. Problems and limits of the techniques can then be identified. 

To accomplish this study, a current dipole in an infinite homogeneous volume con­

ductor was used as a source-conductor model (Equations 2.2 and 2.3). The solution 

for the electric potential <f>, and Z-component of the magnetic field, Bz, for this model 

can yield equivalent patterns, so only one of these, Bz, was used in these simulations. 

Bz was calculated at the 56 locations of the Dalhousie standard MCG grid ( 7 x 8 

grid of 4 cm spacing) for a number of source configurations. More complicated source 

models have been studi>' d by us [93], but the results were more difficult to interp el, 

(although, ultimately, the same observations and conclusions were reached). Knowing 

a priori all details of the input data leads immediately to conclusions about the 

success or failure of the extraction techniques. 

We refer to Figure 3.1 to define the situation which will be simulated. As men-

tionned previously, the two sources of particular interest to us are the depolarisation 

of the His-Purkinje conduction system (HPS) and the preexcitation of the ventricles 

via accessory pathways in Wolff-Parkinson-White syndrome (WPW). The HPS and 

pre-excitation source in WPW syndrome are the superimposed sources. Both of these 

events occur simultaneously with the background event of atrial repolarisation (Ta), 
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but generally, there is a time segment in which this background source (Ta) is active 

before either superimposed source begins io depolarise. Hence, this initial segment 

can be used to characterise the background source. 

The simulations explore the potential for successfully extracting the spatial fea­

tures associated with these two particular superimposed sources. This is done in 

two phases. First the quality of the background source representation achieved with 

each of the extraction techniques is evaluated. To this end, we will choose simulated 

sources which explicitly violate some assumptions made in characterising the back­

ground source. It seems obvious that a current generator as complex as the heart 

would almost always violate these assumptions, so these simulations should indicate 

just how sensitive each technique is to these basic assumptions. 

More importantly, how would an error in representing the background source 

affect the superimposed source we wish to extract from a combination map? This 

is the question explored in the second phase of the simulations. Particularly simple 

choices are made to simulate the background and superimposed sources in a way that 

will allow us to draw conclusions applicable to many possible relative features of the 

two sources. 

3.5.1 Results: Characterisation of background source 

In characterising the background source, two assumptions are required. The first is 

that the amplitude of the source is constant; the second that the location remains 

stationary (position and orientation). The four techniques described (TAT, CT, SVD 

and KLT) will be used to characterise a fictitious background source and the repre­

sentation achieved will be evaluated. 

We wish to test independently the effects of (1) a dipole-moment amplitude chang­

ing as a function of time, and (2) a dipole-source location changing as a function of 

time. Only two source configurations are necessary: 

• In the first case, the background source is a dipole of fixed location but with an 

amplitude changing over t = 80 ms in a triangular fashion. With the assumed sam-
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•0.34 0.34 
Figure 3.2: Simulation of a dipole with changing amplitude. 

(a) Average map used in TAT and CT; (b) KLT eigenvector fi; (c) SVD eigenvector 
Ui; and (d) SVD eigenvector v t . The eigenvectors (b,c and d) are normalised vectors, 
hence have no units and the signs of the extrema become arbitrary. The units of the 
average map (a) are in pT. 

pling interval of 2 ms, 40 maps were produced; a maximum magnetic field of 0.58 

pT was reached at t = 30 ms. In Figure 3.2, the representation required for e.u h of 

the 4 extraction techniques is shown. The actual location and orientation relative to 

the grid and the change in amplitude as a function of time of the source are exactly 

represented by the SVD eigenvectors U! (Fig. 3.2c) and v, (Fig. 3.2d), respectively. 

fi obtained in the KLT is shown in Fig. 3.2b. Finally, the average map obtained for 

the 40 maps, shown in Fig. 3.2... is to be used in both TAT and CT. 

• In the second case, the background source involves a dipole of fixed amplitude and 

orientation, but moving by 0.5 mm every successive time step, producing 2 cm total 

trajectory in the horizontal direction during the 40 time steps, each representing 

2 ms. Figure 3.3 shows the first three spatial SVD (Fig. 3.3a) and KLT (Fig. 3.3b) 

eigenvector? for this moving source. The average map for this source is shown in 

Fig. 3.3c. 

The effectiveness of the representation achieved for these source configurations 

was tested by doing a 'self-fit1, that is, calculating the residual R for each of the 

techniques with no superimposed source present (Z = X in Equations 3.3, 3.5, 3.18 

and 3.27). Only the 1*' or 1st and 2nd eigenvectors were used in Eqs. 3.18 and 3.27. 



(a) U! U 2 u3 

-0.25 0.25 
(b) f, 

-0.17 0.35 -0 .33 0.30 
f. f, (c) X 

-0 .24 0.28 -0 .32 0.23 -0 .34 0.29 -0.58 0.57 
Figure 3.3: Simulation of a dipole with changing location, 

(a) SVD eigenvectors Ui, U2, U3; (b) KLT eigenvectors ft, f2, f3; (c) average map 
display convention as in Figure 3.2 applies here. 



68 

Method 

ftC7 

RSVD [Ul] 
^ V D [ u i , u 2 ] 
RKLT [f»] 
RKLT[U,f2] 

Self-fits 
Background source 1 

103.46 (248.18) 
0(0) 
0(0) 

0(0) 

Background source 2 
5.42(3.11) 
5.41 (3.11) 
5.41 (3.11) 
0.28 (0.17) 
5.21 (3.00) 
0.28(0.17) 

Cross-fits 
Combination 
47.95 (89.96) 
113.75 (72.51) 
113.74 (72.46) 
100.55 (12.64) 
113.11 (69.66) 
100.55 (12.62) 

Table 3.1: Percent errors of fit represented by the rms of the residuals. 
Errors for the self-fits and cross-fits were calculated according to Equations 3.28 
and 3.29. The values given are average and standard deviation (round brackets) 
over all 40 maps of each sequence. The eigenvectors used in the KLT and SVD 
expansions are indicated in the square brackets. The self-fits correspond to fits where 
no superimposed source is present. Cross-fits are fits of the background represent al ion 
to a combined source matrix. 

The error, averaged over all 40 maps for each of these self-lits, is shown in Table 3.1. 

This % error in background source characterisation is defined as 

/ j , _ i m = X | _ l x 100%. (.*.-«) 
V A • X 

Also shown in Figure 3.4 are 5 of the 40 residual maps R [ A I for the moving source 

simulation. 

Figure 3.4: TAT residual maps, R, for the moving dipole. 
The times and the residual magnetic field in pT are indicated below each map. 
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3.5.2 Results: Extraction of a superimposed source 

To test the accuracy of separating a background and superimposed source, two ad­

ditional data files were generated. The first represents the background source. The 

dipole generating this sequence of maps is the same as in the source with a mov­

ing location described above, except that the next 40 maps (Fig. 3.1) in the sequence 

were used (constant amplitude and orientation, but location changing by .5 mm/time 

step). This sequence is shown in Figure 3.5a. The superimposed source is shown in 

Figure 3.5b. This sequence represents a dipole fixed in location and orientation, but 

whose dipole moment increases from zero to twice the moment of the background 

source. The two files produced were added to simulate a sequence of combination 

maps (Fig. 3.5c). 

The characterisations shown in Figure 3.3 were used to represent the background 

source. This simulates the data we are interested in, since an initial phase of back­

ground source is available for characterisation, and then this representation can be 

applied to the combination maps which follow (see Fig. 3.1). Each of the separation 

techniques was used to remove the background-source contribution to the combina­

tion maps. In this 'cross-fitting1, the residual R for each of the techniques is calculated 

for the combination matrix Z where Z = X + Y in Eqs. 3.3, 3.5, 3.18 and 3.27. The 

resulting residual maps are presented in Figure 3.6 and the % errors of the superim­

posed source extraction are in Table 3.1. The error in extracting the superimposed 

source is calculated by, 

JlY - R) • (Y - R) 
R,ec = 11 -^J= 1 x 100%. (3.29) 

Y is the simulated superimposed source, while R represents the extracted source. 

This error, R,ec is also plotted as a function of superimposed to background signal 

amplitudes in Figure 3.7 for the SVD and TAT extractions. 
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(a)X 
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si 
-0 .57 0.57 -0.57 0.58 -0.57 0.58 -0.57 0.58 -0 .58 0.58 
4.00 ms 20.00 ms 36.00 ms 52.00 ms 68.00 ms 
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4.00 ms 20.00 ms 36.00 ms 52.00 ms 68.00 ms 

(c )X + Y 
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-0 .47 0.47 -0 .23 0.20 -0 .25 0.22 -0.49 0.50 -0 .77 0.80 
4.00 ms 20.00 ms 36.00 ms 52.00 ms 68.00 ms 

Figure 3.5: Simulated maps generated by a combined source. 
(a) Background source, (b) Superimposed source, and (c) Combined source maps at 
the times indicated below each map. Extrema values are given m pT. 
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(a) RTAT 

-0.19 0.23 -0.41 0.36 -0.67 0.64 -0.96 0.94 -1.2 1.2 
(b) RCT 

' " - . \ 

• '»'> 1 r ' \ l > ' 

" v . 

/ 
.,' V 

ID 
^ 

-
^ 

-0.09 0.19 -0.08 0.11 -0.25 0.20 -0.44 0.33 -0.65 0.46 
(c) RSVD 

__J 

•0.09 0.19 -0.08 0.11 -0.25 0.20 -0.44 0.33 -0.65 0.46 
(c)R' KLT 

-0.11 0.17 -0.09 0.11 -0.23 0.22 -0.42 0.35 -0.60 0.50 
4.00 ms 20.00 ms 36.00 ms 52.00 ms 68.00 ms 

Figure 3.6: Residual maps, R, for combined-source simulation, 
(a) TAT, (b) CT, (c) SVD and (d) KLT. In (c) and (d) only the first eigenvectors, u, 
and fi respectively, were used to represent the background source. Extrema values 
are given in pT. 
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Ratio of RMS superimposed to RMS background signals 

Figure 3.7: Superimposed signal extraction errors for the SVD and T.̂ T methods. 
The extracted source error (Eq. 3.29) is plotted as a function of the ratio of RMS 
superimposed to RMS background signal amplitudes for the SVD method using the 
first eigenmap, u t (o), the first and second eigenmaps, ut and Uj (*), and the TAT 
method (solid 0). In the SVD (uj) and TAT cases, the first 2 maps (of the 40 simu­
lated) were excluded from the beginning of the sequence because of their particularly 
large errors (e.g. R,ec _ 500% at i=2 ms for both techniques). 
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3.5.3 Discussion: Background source characterisation 

The results of +he background-source characterisation (Table 3.1) are not unexpected. 

The TAT does not work well in the case where the amplitude of the source gener­

ating the magnetic field or potential maps changes during the time segment used in 

the representation. The 'average' map will reflect the average feature found in the 

sequence, and larger deviations from this average will result in proportionally larger 

errors. The three other techniques (CT, SVD and KLT) work even if the amplitude 

of the source changes because all three use a correlation to determine the proportion 

of background source which is present. 

The situation changes when the background source is non-stationary. In this case, 

the error of the representation will become proportional to the actual spatial variation 

in the field patterns caused by the motion of the source. This is demonstrated in 

Figure 3.4. Because the amplitude of the dipole moment was kept constant, the 

average map generated matched the map in the center of the sequence (/. __ 40 ms). 

The residuals then increased as we moved further from this average, with a change 

in phase on either side of this minimum. 

A comparison of Fig. 3.4 and eigenvectors U2 and f_ in Fig. 3.3 is interesting. It has 

already been stated that the first SVD eigenvalue and eigenvector are associated with 

the feature which has maximum correlation among all observations in matrix X. The 

next largest eigenvalues then account for the next most common correlated features, 

etc... That the first eigenvectors have the same spatial features as the average map 

is expected. The suggested comparison, however, leads to a conclusion which is not 

quite as intuitive. It appears that in this particular simulation, the second spatial 

eigenvectors (u2 and (2 in Fig. 3.3) actually reflect the change in location of the dipole 

source as a function of time (Fig. 3.4). This observation explains why the residuals 

in the TAT, CT and SVD and KLT expansions using only one eigenvector are very 

similar. Although not shown, the residual maps from the orthogonal expansions 

using the first two eigenvectors correlate well with the third eigenvectors. The errors 
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in Table 3.1 (self-fits) for the orthogonal expansions thus reflect the series truncation 

errors (i.e. Equation 3.24), and are found to be quite small when using only a few 

eigenvectors to describe this simulated data. 

3.5.4 Discussion: Extraction of superimposed source 

In using the suggested extraction techniques on combined data, the results did not 

appear promising. All the correlation techniques (CT, SVD and KLT) suffered from 

the same problem. The expansion coefficients, a, and c,, and the correlation fac­

tor, (/,-, measured the orthogonality between the background source representation 

(eigenvectors or average map) and the columns of the matrix being fit. These repre­

sentations were not necessarily orthogonal to all other matrices (sources) of interest. 

For example, in the SVD case, consider the combination matrix Z = X + Y, where 

X represents the background source and Y a superimposed source. Application of 

Equation 3.12 to Z, with U originating from an SVD of X, would proceed as follows: 

A* = U"Z (3.30) 

= U"(X-rY) (3.31) 

= A; + A*. (3.32) 

The residual between the original matrix Z and the fit just computed is: 

RSVD = Z - U A - (3.33) 

= X + Y - (UA; + VA'y). (3.34) 

To a good approximation, UA* = X (see Eq. 3.13), hence 

RSVD __ y _ U A . (3 3 5 ) 

and the superimposed source Y is recovered only if A* = U 'Y = 0, that is if the 

background and superimposed sources are orthogonal. In the simulation presented, 

the background and superimposed sources were not orthogonal, so that the residual 
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maps in Figure 3.6b to d actually represent the component of the superimposed 

source which is orthogonal to the background source. The minimum extraction errors 

Rsec of Fig. 3.7 for the SVD simulations reflect this non-orthogonality. A choice 

of background and superimposed source configurations which are more orthogonal 

would produce a smaller RSVD (RKLT ahd RCT). This situation translates into an 

over- or under-subtraction of the background-source features from the combination 

maps. Similar arguments apply to KLT and CT. Hence Y, the superimposed source, 

is generally not recoverable unless it is orthogonal to the background features. 

An additional comment is needed about the differences in the SVD and KLT 

expansions. The spatial eigenvectors found in these two expansions (Figures 3.2 and 

3.3) are very similar, but recall that the SVD eigenvectors are associated with the 

eigenvalues of XX* and the KLT eigenvectors with those of the covariance matrix of 

X. In the field patterns of the KLT eigenvectors, there is a difference in the location 

of the zero line and the extrema are no longer of equal value, as compared to the 

input data X or SVD eigenvectors. Though no error is detected in the self-fits (since 

the expansion coefficients are defined accordingly), we see by Figures 3.6c and d that, 

in the combination residuals, this difference is detected. 

The temporal averaging technique (TAT) does show promise. The errors presented 

for the combination simulation in Table 3.1 are unacceptably large. However, as can 

be seen in Figure 3.7, RTAT, is large only for the ear'iest combination maps. As the 

superimposed source grows larger, the errors due to the residual background source 

become less significant. In effect, Rat,c of Fig. 3.7 for the TAT simulation, is a plot 

of the residual background source signal. This suggests that if, (a) the background 

source is relatively stable, and (b) the superimposed source is or becomes larger than 

the TAT residual, a superimposed source could be extracted from magnetic field maps 

using this technique. This would also be true for body surface potential mapping data 

since the extraction techniques are an application in pattern recognition and do not 

depend on the type of data considered. 



4 PR-interval Mapping 

4.1 Introduction 

The electrocardiographic PR interval is formed by the P wave (depolarisation of the 

atria) and the PR segment. The PR segment, the interval between P-wave offset 

and the QRS complex (depolarisation of the ventricles), is caused by the delay of 

activation in the slow-conducting A-V node. During this time, repolarisation of 

the atria occurs and, as detected by intra-cavitary catheter measurements, HPS is 

activated; in patients with WPW syndrome, the 6 wave (preceeding QRS) shortens 

the PR interval, and prolongs the QRS complex. 

The HPS and 8 wave both originate from well-localised sources, and as such have 

been the focus of much interest in magnetic and electric cardiac field mapping [3,77,94, 

79,80,95,96,97,98,78]. These sources are used to validate single-curr.nt-dipole inverse 

solutions [72,76,81,99,100]. The 8 wave in WPW syndrome plays a role in establishing 

potentially lethal arhythmias (supraventricular tachycardias), and as such, WPW 

syndrome has a significant clinical interest. Since the atrial repolarisation (Ta) signal 

is also present during HPS and _-wave activation, the latter signals of interest cannot 

be accurately localised unless the Ta component has been successfully removed from 

the combination map. Hence Ta features must be well characterised. 

In order to successfully separate the Ta signal and the HPS or 6-wave signals, a 

good understanding of complete atrial depolarisation and repolarisation is essential. 

The following description is the first presentation of electric and magnetic field maps 

of atrial depolarisation and repolarisation, recorded from the same subjects. 

76 
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4.2 Methods 

Thirty subjects (10 females, 20 males) with normal P waves were studied. The 

average age of the group was 48.9 (SD 8.3) years, in a rarge of 33-66 years. Of this 

group, 3 subjects had prolonged PR intervals due to first degree AV block and 3 had 

first degree block and ventricular tachycardia. All others were clinically normal as 

determined by history, physical examination and standard 12-lead ECG. Voluntary 

informed consent was obtained from all subjects. 

4.2.1 Data processing 

MFM and BSPM data were obtained following the standard recording protocol (see 

Table 1.1). The data was averaged off-line, filtered at 60 Hz, and time-aligned on the 

QRS. The time-lines of the MFM and BSPM data sets were then compared. It was 

determined that discrepancies existed between the onset and offsets of the P waves ,n 

the 2 data sets. This resulted from the differences in S/N ratios and the use of MFM 

RMS signals instead of the simultaneously recorded ECG limb leads to determine the 

time-lines in MCG data. Because niap-by-map comparisons would be necessary, the 

time-lines of the BSPM data were also applied to the MCG data, after confirming 

with the ECG limb leads recorded simultaneously with the MCG, that, the same P 

waves were recorded in both data sets1. 

4.2.2 Baseline correction 

The importance of constructing maps with an appropriate zero baseline reference 

was discussed in Spach et al. [101]. They determined that the UP interval would 

generally be the best choice, since this is the interval when cardiac currents would 

be non-existent, in normal, healthy myocardium. Inappropriate choices would result 

in false patterns, with artifacts producing regional changes simulating other patterns 

'Eight subjects originally included in the study group were rejected because of differences in the 
ECG limb-lead P waves recorded with the BSPM and MCG. 
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or events. In particular, care must be taken to avoid T-wave or U-wave overlap with 

the P wave. 

A zero baseline in both data sets was defined in the UP interval, by removing the 

average signal recorded in the segment —60 to —12 ms relative to P-wave onset. In a 

few cases, the UP interval was shorter than 60 ms, hence a shorter interval may have 

been used. 

4.2.3 Data analysis 

Isofield contour maps 

Isomagnetic field and isopotential contour maps of the PR interval were plotted for all 

subjects. Maps were obtained every 4 ms during the P wave and every 6 ms during 

the PR segment. These maps were studied for general group features, individual 

subject variations and differences in the information content and sensitivity of the 2 

recording modalities to the PR-interval features. 

Signal durations, peak amplitudes and locations 

The MFM and BSPM data were compiled to determine global characteristics of the 

study group. Since the study does not involve any group discrimination analysis, av­

erages of particular features are presented for summary purposes, and for comparison 

of the MFM and BSPM data. The features considered are defined below. 

• | Ppoa | - amplitude of the peak positive P wave. 

• tPpa, ' time, relative to P-wave onset, coiresponding to peak positive P-wave 

signals, normalised to P-wave duration (hence 0.0 to 1.0). 

• Location (grid point or lead) of peak positive P-wave signals. 

• | Pneg | - amplitude of the peak negative P wave. 
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• tPneg " time, relative to P-wave onset, corresponding to peak negative P-wave 

signals, normalised to P-wave duration. 

• Location (grid point or lead) of peak negative P-wave signals. 

• Ll™^ - ratio of absolute maximum R-wave and absolute maximum P-wave 

signals. 

The peak amplitudes were found by averaging a 4 ms segment (3 points) centred on 

ihe largest positive and negative signals recorded amongst all 117 BSPM or 56 MCG 

signals. 

4.3 Results 

4.3.1 Isofield contour maps 

Isofield contour maps of the PR interval were obtained for all 30 subjects in steps of 

4 ms during the P wave and 6 ms during the PR segment. All these maps cannot be 

presented, so only a few representative cases will be shown and discussed. 

Isomagnetic field and isopotential maps from one of the subjects (RF108, normal 

male, 59 yrs, P-wave 100 ms, PR-interval 132 ms), during the P wave (Fig. 4.1) 

and the PR segment (Fig. 4.2) are presented. Figure 4.1 includes, at 108 ms, a map 

during early atrial repolarisation. PR-interval maps are also shown for normal subject 

CP95 in Figure 4.3 (male, 36 yrs, P-wave 85 ms, PR-interval 135 ms). To guide the 

presentation and discussion of the results, sketches (Figure 4.4) were made which 

highlight the location of the extrema during particular phases of the PR interval. 

There are consistent features and particular differences to note between these two 

cases, which reflect variations found amongst most subjects. The understanding 

gained from the analysis of these maps will contribute to the analysis of data in the 

following chapters. 



80 

8 40 72 96 
24 56 84 108 

0 . 2 0 mV 

4 0 ms 

24 ms 84 ms 

\ W l '(Q>< 
96 ms 

v ^ 
^ r----o 

• * 

^ • 

/ 

56 ms 108 ms 

Figure 4.1: PR-interval isofield maps for subject RF108. 
Isomagnetic field (small frames) and isopotential (large frames) maps for the same 
time instants relative to P-wave onset are plotted in contour steps of 0.2 pT and 
0.01 mV, respectively. ECG lead aVF of the PR interval is plotted above. The 
vertical lines indicate the timing of the particular maps displayed. 
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128 ms 164 ms 

Figure 4.2: PR-segment isofield maps for subject RF108. 
Contour steps for the MFM and BSPM plots are 0.1 pT and 0.005 mV respectively. 

Depolarisation of the right atrium in MFM and BSPM plots 

The onset of atrial depolarisation (8, 24 and 40 ms of Fig. 4.1, and 12 and 30 ms 

of Fig. 4.3) is marked by MFM and BSPM patterns which are consistent with an 

equivalent current dipole (ECD) near the anterior chest wall and pointing toward 

the feet (~Y direction), with a component pointing to the left arm (+.V) in some 

individuals. This pattern is sketched in Figure 4.4a and d. This phase of the P wave 

reflects the depolarisation of the right atrium (RD). 

Concurrent right and left atrial activation in BSPM plots 

As atrial activation progresses into the left atrium, the positive potential maximum is 

seen to migrate left parasternally (centre of BSPM map), with the negative extremum 

remaining relatively stationary. This occurs at 56, 72 and 84 ms of Fig. 4.1 and 48, 

66 and 84 ms of Fig. 4.3. The transition from the beginning to end of this phase is 

shown in Figure 4.4d and e. Only during the terminal aspect of the P wave (96 ms 

of Fig. 4.1), in most subjects, did this minimum move down, as the positive peak 

moved further to the back (right side of map). This reflects a relatively large -Z 
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Figure 4.3: PR-interval isofield maps for subject CP95. 
Isomagnetic field (left) and isopotential (right) maps for the same time instants rela­
tive to P-wave onset are plotted in contour steps of 0.2 pT and 0.01 mV, respectively. 
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a ) Right atrial depolarisation 

d) Rlgrit atrial depolarisation 
FRONT BACK 

b) Left atrial depolarisation 

e) Left atrial depolarisation 
FRONT BACK 

c) Right a*"_l repolarisation 

Figure 4.4: Sketches of the locations of extrema during the PR interval. 
These sketches reflect the approximate locations of extrema during particular phases 
or events during the PR interval and serve as reference to features to be highlighted 
in subject data. 



84 

component of atrial current flow. 

Concurrent right and left atrial activation in MFM plots 

As the depolarisation wave spreads into the left atrium, the magnetic field maps show 

an initial rotation (clockwise or counter-clockwise) of the pattern (56 ms of Fig. 4.1 

and 48 ms of Fig. 4.3). In most subjects, this is followed, starting on average at about 

the 65 ms mark, by a sequence of multipolar maps. The 72 ms map in Fig. 4.1 and 

66 ms map of Fig. 4.3 are representative of this pattern. This time also corresponds to 

a miminum amplitude in the measured magnetic field. In some subjects (7) where this 

multipolar magnetic field pattern did not emerge, the maximum P-wave amplitudes 

and/or S/N levels were below the average levels. 

After this time, a negative field is found in two regions. First, a minimum appears 

at the superior border of the maps (84 ms in Fig. 4.1). Sometimes concurrently (84 ms 

in Fig. 4.3), but often later, a second minimum appears on the left border of the grid 

(96 ms in Fig. 4.1). These two minima both straddle the same larger, positive peak 

found near the centre of the map. These two distributions are sketched separately in 

Fig. 4.4b and Fig. 4.4c. This positive peak can be larger than the peak positive fields 

measured during the onset of the P wave. 

Within the context of the ECD, the magnetic field maps at ~ 65 ms and later 

suggest the presence of at least two simultaneously active sources. The minimum 

at the top of the map, along with the positive region in the centre (as in Fig. 4.4b) 

are consistent vith the depolarisation of the left atrium (LD). The minimum at the 

lower left of the maps, with the positive centre (as in Fig. 4.4c), probably represent 

right atrial repolarisation (RR). In the BSPM maps, it was not possible to specifically 

deduce the presence of these two sources. 
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Repolarisation in MFM and BSPM plots 

When all depolarisation ends, and only repolarisation remains, the usual pattern 

which emerges is similar but opposite in polarity, to P-wave onset in both MFM and 

BSPM plots (8 ms in Fig. 4.1 and 12 ms of Fig. 4.3), suggesting that this pattern 

reflects primarily RR. The repolarisation pattern appears at 108 ms of Fig. 4.1, 128 ms 

in Fig. 4.2 and 120 ms in Fig. 4.3 and is opposite in polarity to Fig. 4.4d. It generally 

remains stable until Q-onset (ventricular depolarisation). In a very few cases, where 

the PR segment was longer and the S/N was sufficiently high, the minimum in the 

late PR segment of the BSPM plots migrates onto the back (right of map). This 

pattern is found in the 164 ms map of Fig. 4.2. It is similar in distribution, though 

opposite in polarity, to late P-wave activity (84 ms in Fig. 4.1 and opposite polarity 

of Fig. 4.4e), hence possibly reflects left atrial repolarisation (LR). A correlation with 

late P wave was not possible in the MFM. 

Deviations from these general observations 

These PR-interval distributions describe all but 5 of the 30 sets of maps examined. In 

Figure 4.5 are presented 2 maps during P-wave onset for subject RK156 (normal male, 

40 yrs, P-wave 80 ms, PR-interval 156 ms). The onset map at 10 ms is consistent 

with early RD, but this pattern changes within 10 ms to a distinctly different and 

stable distribution in both the MFM and BSPM plots. Though the maps in all 5 

of these subjects were not necessarily similar, they all had a common feature: at 

some time in the P wave, the positive potentials, usually found exclusively in the 

lower portions of the map, would extend superiorly, to the upper border. The MFM 

plots were suggestive of a larger ECD component in the X-direction than in other 

subjects. These differences are reflected in the MFM and BSPM plots at 26 ms of 

Fig. 4.5. The ECG tracing of lead aVF, during this interval, for these subjects was 

also consistently different from the main group of 25. 
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Figure 4.5: Isofield contour maps of early P wave for subject RK156. 
MFM and BSPM contours have been drawn every 0.1 pT and 0.005 mV, respectively. 

4.3.2 Signal durations, peak amplitudes and locations 

The average P-wave duration of the study group was 91.87 (SD 14.45, range 64-

132) ms and PR-interval duration was 185.77 (SD 57.43, range 135-350) ms. Table 4.1 

compares MFM and BSPM averages for all 30 subjects of 5 additional features. Shown 

in Figure 4.6 are the locations of the peak P-wave signals on the measurement grids. 

These results can be compared to previously pubhshed data. In Table 4.2, P-wave 

MFM 

BSPM 

tPpo. 

0.59 
(0.21) 
0.49 

(0.10) 

i 90* 1 

0.855 
(0.429) 
77.48 

(18.69) 

' P ™ , 

0.43 
(0.13) 
0.54 
(.09) 

1 i'ne. I 
1.478 

(0.746) 
90.67 

(26.30) 

\R--maxl 
\P-max\ 

11.15 
(4.17) 
19.62 
(5.63) 

Table 4.1: Comparison of MCG and BSPM P-wave signal amplitudes. 
Entry definitions are given in the text on page 78. Averages are tabulated for all 30 
subjects. Standard deviations appear in brackets (SD). Amplitudes are given in pT 
(MFM) and fiV (BSPM). 

file:///R--maxl
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Figure 4.6: Locations of peak magnetic fields and potentials during the P wave. 
The magnetic field locations are shown to the left and BSPM locations to the right. 
Positive peak locations are plotted in the top figures with crosses (+) and negative 
locations in the bottom with x's. Small symbols (+ or x) correspond to a single 
occurrence, while 2 or more occurences are represented by larger symbols. 
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Sex 
Male 

Female 

P-duration (ms) 
106.0 (11.2) 
(84 - 128) 

104.0 (12.9) 
(78 - 128) 

PP0, (V2) (/iV) 
68 (29) 

(24 - 134) 
64 (22) 

(0 - 120) 

P„e_ (VflVfl) (>lV) 
-96 (26) 

(-153 - -47) 
-98 (23) 

(-148 - -59) 

Mean (SD) 
Range 
Mean (SD) 
Range 

Tabh 4.2: Normal durations and potential peak amplitudes. 
Data taken from reference [15] are averages for a group (40-49) years. Peak positive 
amplitudes of standard leads V. and VavR are quoted since these have the largest 
positive and negative P waves of the standard 12-lead ECG. The leads are in close 
proximity to the regions of peak positive and negative P-wave potentials of the BSPM 
data used in this study. 

durations and amplitudes extracted from 12-lead ECG measurements for a group of 

~ 190 Caucasians, aged (40-49) years, are presented [15]. P-wave magnetic field peak 

amplitudes of 1.24 (0.37) pT and -1.84 (0.70) pT have been reported by Takeuchi et 

al. [102] for a group of 60 normal (Japanese) adults. These results agree reasonably 

well with this study, but it is noted that the MF amplitudes can vary in different 

studies, since the signal amplitudes will depend on magnetometer design and distance 

to the heart 

The peak negative magnetic field (Pneg) is found to occur {tpneg) consistently in 

the early phase of the P wave, in locations A3, B3-4, C3-4, and D3-4 (Fig. 4.6). 

The peak positive fields [Ppo,) are found to be more distributed both spatially and 

in time (*ppoJ). Locations at Al, CI, Dl-2, El-3 and F2-3 correspond to the early 

phases of the P wave during RD. Peak positive fields at locations B4-5, C3-4, and D4 

occurred generally later in the P wave, during simultaneous LD and RR. Again, these 

locations will depend on specific gradiometer design. A longer baseline will measure 

maxima which are further apart, while a 2nd order gradiometer pulls the extrema 

closer together relative to the Is ' gradient (see Appendix D for further discussion of 

the field pattern dependence on gradiometer design). 

In their normal group, Takeuchi et al. [102] found peak negative fields in similar 
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locations as we have, at 56.9 (15.2) ms after P-wave onset. Their peak positive field 

also occurred later than the negative field, at 69.6 (23.1) ms, but was located only in 

the central area of the grid. Their peak positive fields correspond to the later phases 

of the P wave, during simultaneous LD and RR. They did not find a clumping of 

peak positive fields in early P wave in normal subjects, as we have, but did associate 

peak fields in these locations (i.e. our cclumns 1, 2 and 3) as a discriminator between 

normal and atrial overload subjects. 

The distribution of peak positive (Ppo4) and negative {P%eg) potentials on the torso 

of normals varies somewhat more in the BSPM data. The peak positive locations were 

found distributed primarily on the anterior torso surface (lead numbers 26, 33, 34, 40, 

41, 42, 46, 47 of Fig. 1.7), either side of the sternum, at or below the level of the 4th 

intercostal space (Fig. 4.6). Ten additional common locations are found further left 

parasternally (leads 56, 63, 64, 68, 69, 79), with 2 occurring on the posterior surface 

(or right side of the map at locations 88 and 89). The average time of occurrence 

for the peak positive potentials in the latter group of 10 subjects is 0.59 (SD 0.11), 

suggesting that this peak is reached later in the P wave. The peak negative potentials 

{Pneg), with the exception of 4 subjects, occur on the upper right anterior chest (leads 

9, 15, 22, 23, 24, 29, 30, 31) and generally appear later than the positive peaks. The 

4 exceptional subjects are part of the same sub-group of 5 which includes RK156. 

Stilli et al. [103], in a group of 36 normal adults found a similar distribution of peak 

potentials, including a large dispersion in locations of the peak positive potentials 

onto the posterior surface during late P wave. The occcurence of the peak positive 

magnetic field and peak negative potentials on the outer edges of the recording areas 

indicates that P-wave mapping with either system would be improved if the maps 

were extended further into these regions. 

The ratio of absolute maximum values of R wave to P wave (L~™'J) was found 

to be significantly greater (1.7><) in the BSPM data (Student's t-test, p>.005), sug­

gesting a relatively larger MFM sensitivity to P waves than to R waves, as compared 

to BSPM measurements. 
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4.4 Discussion 

Only a limited number of reports of body surface potential distributions of atrial 

activity appear in the literature [101,103,104,105,106] and even fewer magnetic field 

summaries exist [102,107,108,109]. The results of this study agree with these previous 

works, but with both MFM and BSPM data available, new insights are presented. 

4.4.1 P-wave onset and the pacemaker complex 

The progress of atrial excitation from the right atrium to the left is well documented 

[110,111], although the exact mechanism by which this occurs is still under debate 

[112,113,114]. Cardiac activation, in a simple presentation, begins at the S-A node. 

The concept of a single localised activation site however is quite simplistic. Boineau et 

al. [110] have defined the pacemaker site as a distributed unifocal or multifocal com­

plex, not a single localised site. They found a predominant clustering of pacemaker 

complexes, under normal sinus rhythm, along the sulcus terminalis and superior vena 

cava-right atrial (SVC-RA) junction in the upper posterior right atrium. A smaller 

number of other common locations were located at extreme inferior and anterosupe-

rior locations. 

Although P-wave onset MFM and BSPM patterns are quite similar in most sub­

jects (first maps in Figures 4.1, 4.3 and 4.5), subject-to-subject variations throughout 

the P wave suggest that a wide spectrum of depolarisation pathways exist. These 

variations support, in particular, different pacemaker locations and varying onset 

times of LD relative to RD. In particular the sub-group of 5 subjects, such as RK156 

(Fig. 4.5), showed marked differences from other subjects in MFM and BSPM depo­

larisation maps during short segments or through most of the P wave. RK156 is one 

of two subjects during which most P-wave maps were dramatically different from the 

main group. The pacemaker sites in these 5 subjects are probably located at one of 

the extreme, but not uncommon locations indicated by Boineau et al. [110]. 

Given that the pacemaker complex is located almost exclusively in the right 
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Figure 4.7: Sketch of the timing of atrial activation. 
The relative times of right and left atrial activation are sketched. (RD = right 
depolarisation, LD = left depolarisation, RR = right repolarisation, LR = left repo­
larisation.) f - as suggested by Boineau et al. [110] work \ - as deduced from this 
work. 

atrium, a predictable sequence of atrial activation and recovery should exist. Ac­

cording to Boineau et al. [110], and as is summarised in Figure 4.7, this sequence 

should be right depolarisation followed by right repolarisation, with left depolarisa­

tion beginning anywhere from 20 ms to 40 ms after RD onset (P-wave onset). Left 

repolarisation will follow LD. The degree of overlap of RD and LD will vary from 

person to person. 

4.4.2 Spatial discrimination of LD and RR 

The multipolar pattern occurring at approximately 65 ms in MFM data was a par­

ticular feature found in many subjects. With consideration of MFM patterns before 

and after this time, it is postulated that this event marks the end of RD and the 

beginning of RR. Schematically, this process is demonstrated in Figure 4.4 where 

the sum of frames a+b undergo a transition to form the combination of frames b+c. 

Regions of positive magnetic field in maps preceeding ~65 ms are replaced by the 

negative fields associated with right repolarisation forces. The opposite change occurs 

in previously negative regions, with the exception of a small area on the upper edge 

of the grid. This persistent minimum is associated with LD. The central positive 

magnetic field, established after this transitional period (from ~65-U0 ms), results 
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from the combined fields of LD and RR (Fig. 4.4b-|-c). In some cases, as in RF108 

(84 ms of Fig. 4.1), either of the two minima can be missing, probably because of the 

limited size of the magnetic field measuring grid. 

Epicardial potential and isochronal maps of atrial activation and recovery [106, 

110] makes it possible to measure directly left atrial depolarisation and right repo­

larisation. The smoothing effect of the torso volume conductor on the potentials and 

magnetic fields measured at the body surface [66], however, reduces the ability to 

discriminate between the RR and LD sources. 

Despite these smoothing effects, because of the relative proximity of the right 

atrium and the large distance of the left atrium to the planar measuring grid RR can 

be detected particularly well with the gradiometer in MFM data. Electrodes placed 

on the torso surface are at a similar distance to both atria. The right and left atrial 

depolarisation currents are then sensed equivalentiy and right repolarisation currents 

are usually masked by the larger LD signal. 

Also, there is a relatively lower sensitivity of the magnetic field measurements to 

pz (atrial currents flowing toward the gradiometer), hence mainly currents flowing 

parallel (pr and py) to the magnetic probe are recorded. Since the right and left atria 

are separated by a few centimeters, this can result in two spatially separated parallel 

currents originating from each of the two atria. The opposing currents flowing during 

RR and LD result in clearly separated negative magnetic field components from each 

atria. 

4.4.3 Sensitivity of MFM to atrial activation 

It is interesting that the resolution of RR and LD also means that the pattern with a 

central negative magnetic field measured before the transition from RD to RR (before 

~ 65 ms) can be interpreted as the sum of the minimum associated with RD and the 

positive maximum resulting from the superiorly and posteriorly located LD source 

(e.g. Fig. 4.4a and b). The onset of LD (after t > 20 ms) results in a decrease in 

the peak negative magnetic field while the peak positive potentials may continue to 
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grow. Despite this effective decrease in the maximum measured magnetic field, the 

relative size of the P-wave magnetic field is larger than in BSPM measurements, as 

compared to the size of the ventricular QRS complex (see Table 4.1). 

This result further supports the suggestion made by Spach and co-workers [115] 

that there are significant tangential atrial currents - to which the BSPM measure­

ments are less sensitive [116]. However, the relative insensitivity of MFM measure­

ments to the left atrial currents suggests that MFM recordings should not be used 

exclusively for studying the PR interval. The apparently equivalent sensitivity to the 

LD and RR sources here could cause confusion. In most subjects, it was virtually 

impossible to obtain a clear P-wave offset time using MFM data, particularly because 

of the coincidence of the positive fields of LD and RR. This problem is further en­

hanced if either of the two negative extrema go undetected, because of the size and 

position of the measurement grid relative to the atria 

4.4.4 Atrial repolarisation 

P-wave offset is generally followed by a distribution consistent with repolarisation. 

This pattern correlates well with the early P-wave maps, hence right depolarisation, 

but is opposite in polarity. This finding is not unexpected since experimental epicar­

dial measurements have demonstrated that the atrial regions which depolarise first 

will be the first to repolarise [111]. Descriptions of the repolarisation process in body 

surface measurements [103,105] suggest that the repolarisation phase is characterised 

by a stable pattern, in which the negative extremum is sometimes seen to migrate 

slightly to the left of the body. A similar leftward migration of the positive extrema 

during the P wave, resulting from a growth in LD currents and decrease in RD, leads 

to the conclusion that the BSPM map at 164 ms of Figure 4.2 may represent left 

atrial repolarisation. This pattern was found only in a few subjects with longer PR 

intervals. The MFM distributions at these same times, do not correlate with LD. 

They continue to resemble either RR, some intermediate pattern between LR and 

RR, or, at times, loose any dipolar features as S/N levels decrease significantly. The 
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explanation for this observation may be that since the LR sources are relatively far 

from ti.-. .magnetic sensor and small in amplitude, only residual RR signals will be 

detected. 

4.4.5 Final comments 

The simultaneous analysis of MFM and BSPM PR-interval distributions has allowed 

further insight into the complementary nature of the body surface magnetic fields and 

electric potentials of the atria, and suggests potential for future research. Results of 

this study could be pursued to further the effort toward understanding the cardiac 

atrial activation process. 

The use of MFM measurements may be particularly useful to determine complete 

right atrial depolarisation times non-invasively (estimated to be ~ 65 ms from these 

measurements). This would be facilitated with an expanded measurement grid to the 

right and superior aspect of the torso, since in some subjects the limited size of the 

grid, in relation perhaps to larger torsos, does not allow one to record the minimum 

fields associated with RR. It is interesting to note that the Dalhousie MCG grid, 

because of its larger size and fixed dimensions, in most subjects covers a greater area 

of the anterior torso surface than the Finnish standard grid [107], which is used by 

all other biomagnetism groups. 

The greater spatial resolution of magnetic field measurements to right and left 

atrial depolarisation suggests that MFM studies may be more sensitive to changes 

in maps due to right and left atrial overload. This topic has already been pursued 

by Takeuchi et al. in a number of related papers [102,108,109]. However, we note 

that comparison of their results with the present study suggests that their results, 

originating from analysis of the locations of peak field values, should be reconsidered. 

We have a number of normal subjects with peak negative fields in locations which 

they associate with atrial overload. These sites were probably found because of 

the fixed grid size used in our study. How much their results would have differed 

with the use of a larger grid area will not be suggested. The analysis may, after 



95 

reconsideration, be appropriate since the increased depolarisation signal occurring 

from atrial hypertrophy could translate not only in an increase in signal amplitudes, 

but also from a shift of the peak fields, because of a different balance in the combined 

right and left sources. 

Despite similarities in the MFM and BSPM data of most subjects, the 5 exceptions 

to the main group indicate that body surface magnetic or potential measurements 

reflect variations in the location of the natural pacemaker complex. MFM and BSPM 

measurements could possibly be used to determine the location of the natural pace­

maker complex. Because of the localised aspect of the depolarisation currents at the 

pacemaker site and during initial right atrial activation, it would be reasonable to 

model these sources as single current dipoles. The impediments to this kind of study 

are numerous, but not impossible to overcome. A decrease in the noise level, particu­

larly in the MFM measurement, is necessary. An expansion of the measurement grid 

and lead system in the upper right torso regions would ensure that both extrema are 

recorded during right depolarisation. The repeated occurrence of peak negative po­

tentials and positive magnetic fields at extreme edges of the grids (Fig. 4.6) suggests 

that the true extrema may be missed by the present BSPM electrode placement and 

MFM grids. And most importantly, realistic torso geometries would be needed for 

optimal results. 

Finally, it is proposed to model atrial activation and recovery with two current 

dipoles. As such it may be a useful exercise to apply multiple current dipole inverse 

solutions to the PR interval. A combined magnetic and electric inverse solution 

may fare quite well in solving this problem given the complementary nature of the 

distributions found. 



5 Extraction Techniques Applied to 
PR-segment Events: I. His-Purkinje 
System 

5.1 Introduction 

Conduction of activation currents from atria to ventricles of the heart (which are 

otherwise electrically isolated) is made possible by the atrio-ventricular (A-V) node 

and the His-Purkinje conduction system (HPS). Excitation of the heart is initiated 

at the sino-atrial (S-A) node, located on the posterior surface of the right atrium 

(RA) (see Figure E.l). The currents propagate through the right and left atria and 

will eventually reach the A-V node found in the posterior right atrium. The slowly 

conducting (5 cm/s) cells forming the A-V node will typically delay the passage of 

currents to the HPS for approximately 110 ms. The slow conduction through the 

A-V node ensures efficient pumping action of the heart, by preventing simultaneous 

atrial and ventricular contractions. Ventricular excitation will occur only after the 

currents at the A-V node are allowed to pass to the ventricles via the structures 

forming the His-Purkinje system: the common bundle or His bundle (HB), left and 

right bundle branches, and Purkinje fibre network. Conduction velocity through the 

fine filament of tissue forming the His bundle accelerates to ~1 m/s. The branches of 

the common bundle arborise to the right and left ventricles via a network of Purkinje 

fibres, which almost completely cover the walls of the ventricular chambers. The 

speed of conduction through the HPS establishes fast and efficient depolarisation of 

the entire ventricular mass in less than 110 ms in the normal myocardium. 

The time of electrical conduction from the His bundle to the onset of ventricular 

depolarisation, in the absence of cardiac disease, is effectively constant in normal 

human subjects (43 ± 12 ms [117]). In the case of disease (that affects the HPS), 

96 
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the ability to record the onset of His activity helps to determine the nature and ori­

gin of conduction disturbances. Unfortunately, the small size of the HB does not 

allow one to record this signal in a standard ECG (see Figure E.l). In fact, classi­

cally the interval from end of P wave to R-wave onset is considered isoelectric. The 

signal originating from the His bundle remained effectively undetectable until 1969, 

when Scherlag and co-workers [118] described a method for consistently recording 

the electrical activity of the HB in man. This routine procedure, used still today 

in hospitals during cardiac electrophysiological studies (EPS), involves inserting a 

recording catheter percutaneously into the right femoral vein and advancing it with 

the aid of fluoroscopic images into the right atrium. 

The first attempts to record HPS activity at the body surface were made shortly 

afterwards by Berbari et al. [119] and Flowers et al. [120] in 1973 and 1974. Their 

techniques relied on high-gain amplification, selective bandpass filtering, and signal 

averaging applied to a selected number of optimal surface leads. The success in 

recording the His bundle signal at the body surface marked the beginning of high 

resolution electrocardiography (HRECG). These advances in HRECG occurred at 

the same time that magnetic field recordings of the heart were made feasible by 

advances in SQUID technology [8]. The first magnetocardiographic (MCG) studies 

of the HPS by Farrell et al. [95] appeared in 1978. 

By the early 1980's, the HRECG and MCG recordings of HPS became generally 

accepted. The information extracted from these recordings was twofold. In Berbari 

et al. [119] and Flowers et al. [120] much of the emphasis was on high-frequency 

spikes found in the PR segment, revealed after high-pass filtering averaged data, 

with a filter setting varying from 10 Hz to 80 Hz. These waveforms, only of a few 

microvolts in amplitude, are associated with the conduction of current through the 

His bundle and allowed one to determine a His-to-ventricular (H-V) conduction time 

non-invasively. Further work by Berbari et al. [121] and by researchers in the bio-

magnetism community [95,96,122] focussed interest on the low-frequency ramps, and 

'bumps' superimposed on these ramps, measured during the PR segment. The ramps, 
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and associated features, were associated with the depolarisation of the conduction 

system, with the bumps arising perhaps from sudden changes in the direction of the 

conduction wavefront. This last belief was supported by measurements on subjects 

with bundle branch block [119], where more marked departure from smooth ramps, 

relative to normal conduction, was detected. 

When high resolution body surface mapping became available, efforts in HPS 

recordings turned toward the detection of spatial features of the His-Purkinje system 

[76,77,78,79]. One particular interest in mapping the HPS stems from a belief that 

the small, localised structure of the His bundle could be reasonably modelled with a 

single-current-dipole source. Measurements of the spatial features of the HPS could 

then be used to test and validate current dipole inverse solutions. 

The results of these studies were not immediately accepted. The particular issue 

which arose early, and is still debated, is the degree to which atrial repolarisation 

(Ta) also contributes to the signals and ramps recorded during the PR segment. In 

magnetocardiographic measurements, another reason to attempt to map the signal 

recorded during the PR segment, stemmed from the belief that, although Ta and HPS 

ramps could perhaps not be separated, their spatial features might be sufficiently 

different to achieve this goal. These spatial differences may be enhanced by the 

increased spatial sensitivity of the magnetic recording systems. 

At one end of the spectrum, there is published work which supports the claim 

that the ramp pattern could be associated entirely with atrial repolarisation [123]. 

However, more recent work by Leinio et al. [124] provides convincing evidence that 

the HPS is detectable at the body surface. These studies involved MCG and/or 

ECG recordings on subjects with A-V block. In the first case [123], the authors 

were able to successfully match the PR-segment ramp patterns of normals to the 

early PR segment (only Ta) of subjects with 1J< degree A-V block. The conclusion 

drawn from this match was that the PR segment in normals contained no HPS 

signal. With exceptionally low noise levels (4.5 fT/v/777 and < Ip. Vv-P) the Finnish 

group [124] recorded a ramping signal just before Q-onset, in a subject with total 
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A-V block. Since atrial and ventricular events are disassociated in these subjects, an 

average of QRS complexes without overlapping atrial activity on the HP signal could 

be created. The ramp, associated with bundle branch and Purkinje fiber activity, 

reached a maximum of 0.2 pT and 5 pV before Q-onset. The dipolar contour maps 

(BSPM and MFM) of this signal are consistent with what is expected from the 

depolarisation of the conduction system. 

An earlier, similar study on individual MCG waveforms by Makijarvi et al. [125] 

suggests that the Ta to HPS signal ratio is < 5. Although Leinio et al. [124] suc­

cessfully mapped the bundle branch pattern, the signal was weak and its detection 

required the most sensitive instrumentation available. Only in a few locations was it 

possible to detect the magnetic HPS activity in real time; averaging had to be used 

to improve the signal to noise ratio. 

Given the level of confusion and uncertainty, it is still questionable under normal 

circumstances (i.e. in normal subjects and in a noisy environment) that the ramps 

measured in the PR segment can be successfully identified and separated into Ta and 

HPS components in body surface potential and magnetic field maps. 

Numerous authors recognise that the Ta signal contributes to the PR segment. 

Thus working on the premise that the HPS and Ta signals are both recorded, various 

techniques for separating the two sources [76,78,79,99,126,127] have been developed. 

Despite many publications dealing with the non-invasive detection of HPS, mag­

netically and electrically, the degree of contribution of the Ta and HPS signals to the 

PR-segment signal has not been established unambiguously. It follows then that the 

separability of these two sources is still debatable. 

In Chapter 3 the various signal-extraction techniques used by different authors 

[3,76,77,78,79,94,99] to separate the atrial repolarisation (Ta) and HPS signals are 

presented. The 4 techniques (Temporal Averaging (TAT), Correlation (CT) and two 

orthogonal expansions: Karhunen-Loeve (KLT) and Singular Value Decomposition 

(SVD)) were explored through simulations to determine limitations and understand 

how the techniques may be related. Inquiry into the nature of atrial activation and 
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recovery in BSPM and MFM data was presented in Chap. 4. The question of spatial 

separation of the HPS and Ta sources will be re-examined in the present chapter 

by applying the different signal-extraction techniques to BSPM and MFM data and 

comparing the results. These results will be evaluated and discussed with particular 

attention given to the electrophysiology of the sources in question and mathematics 

behind the various extraction techniques. With this approach, we hope to obtain 

conclusive evidence as to the recordability and, in particular, the spatial separability 

of the Ta and HPS sources in the PR segment. 

5.2 Method 

The BSPM and MFM data as described in Chapter 4 (PR-interval mapping) were 

used in this study. Amongst the 30 subjects available for study were 6 subjects with 

A-V block. These patients were considered necessary to confirm our results, since in 

this group the atrial repolarisation may be considered completed before HPS onset. 

In addition to BSPM data recorded with the 125 Hz low-pass filter already studied 

for this group, 0.05-250 Hz filtered data was examined for some subjects. This data 

was used to answer a number of questions which arose when comparing our results 

to other studies [76,119,121] performed using a wider bandwidth than our standard 

protocol. 

Following the theory outlined in Chapter 3, the four signal-extraction techniques 

were applied to the 30 subjects. Measurements with better spatial S/N were examined 

and studied more closely. The background signal considered is atrial repolarisation 

which is expected to be the only source active until (43±12) ms [117] prior to Q-

onset when activity due to the superimposed source (HPS) begins (see Figure 3.1). 

Amongst the subjects used for this study, the PR-segment duration ranged from 

45 ms to 290 ms. This range provided data with a spectrum of overlap of the HPS 

and Ta sources. 
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5.3 Results 

As an example we present HPS extraction results for one subject (RF108 with PR-

segment duration of 80 ms) in Figures 5.1 and 5.2. For these results, the segment -70 

to —50 ms relative to R-wave onset was used to characterise atrial repolarisation. This 

segment is before expected HB-signal onset, thus no HPS signal should be present. 

The Ta representation was calculated according to Equation 3.1 for the CT and TAT 

techniques, using Eq. 3.6 for SVD and Eq. 3.19 for KLT. As suggested in Chapter 3 

and published previously by us [128], the KLT and SVD expansions produce similar 

results. This was confirmed in this data, hence the KLT result is not shown. These 

representations were then applied to the entire PR segment and the residuals were 

plotted. Shown in Figure 5.1a, b and c are the BSPM residuals to each of these 

fits, using Equations 3.18 (ui), 3.5 and 3.3, respectively. Maps at -74 ms, -44 ms 

and —14 ms relative to R-wave onset are plotted. The equivalent MFM residuals are 

shown in Figure 5.2. 

The BSPM results of Horan et al. [76] were obtained using the correlation tech­

nique (CT) and with the Ta representation derived from an approximately 20 ms 

interval in late PR segment, during concurrent HPS and Ta. The reasons for the 

different approach will be discussed later. To simulate their result, the interval from 

—30 to —10 ms relative to R-onset was used to characterise Ta. This representation 

was then subtracted from the PR segment in an appropriate manner using all four 

techniques. The result for subject RF108 is presented in Figures 5.3 and 5.4. 

In these two results (an early and late PR segment representation of Ta), we have 

found that all four techniques (SVD, KLT, CT, TAT) reveal very similar, and at times 

identical, residual patterns for each Ta segment. The MF residual maps at —14 ms 

of Figure 5.2 (when both Ta and HPS are active) reveal dipole patterns, which are 

similar to those previously published [3,77,78,79,99], and found to be consistent with 

a single current dipole representing the HPS source. The sequence of residual BSP 

maps of Fig. 5.3 are similar to results published by Horan et al. [76] and the BSP 
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Figure 5.1: BSPM residuals for subject RF108. 
The SVD (a), CT (b) and TAT (c) residuals resulting from a fit of a Ta representation 
derived from -70 to -50 ms relative to R-onset are shown at -74, -44, and -14 ms 
before R-onset. Contour steps are 3.0 pV. 
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Figure 5.2: MFM residuals for subject RF108. 
The SVD (a), CT (b) and TAT (c) residuals resulting from a fit of a Ta representation 
derived from -70 to -50 ms relative to R-onset are shown at -74, -44, and -14 ms 
before R-onset. Contour steps are 30.0 fT. 
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Figure 5.3: BSPM residuals for subject RF108, using a late Ta representation. 
The SVD (a), CT (b) and TAT (c) residuals resulting from a fit of a Ta representation 
derived from -30 to -10 ms relative to R-onset are shown at -74 , -44, and -14 ms 
before R-onset. Contour steps are 3.0 pV. 
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Figure 5.4: MFM residuals for subject RF108, using a late Ta representation. 
The SVD (a), CT (b) and TAT (c) residuals resulting from a fit of a Ta representation 
derived from -30 to -10 ms relative to R-onset are shown at -74 , -44, and -14 ms 
before R-onset. Contour steps are 30.0 fT. 
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maps of Fig. 5.1 consistent with Jie and Schoffa [129]. The fact that their results are 

similar to ours demonstrates that the different techniques used are well understood. 

However, an alternative interpretation of these results will be presented. 

The hi-h frequency cut-off in the previous BSPM results was 125 Hz. To demon­

strate differences which might result from the use of a wider bandwidth, BSPM 

recordings using a 0.05-250 Hz bandwidth (1000 Hz sample rate for 15 s) were also 

examined in a few cases. One such result (again subject RF108) is presented in Fig­

ure 5.5. This recording was obtained minutes before the 500 Hz data. The data is 

aligned to within 1 ms of the 500 Hz recording, and the same interval was used for 

characterising early atrial repolarisation (—70 to —50 ms relative to R-wave onset). 

In this figure only the SVD and TAT results are shown. Comparison of Figures 5.1 

and 5.5 show that the two recording bandwidths give very similar residual distribu­

tions. The results also show that the measurements and analysis are reproducible. 

The results presented for subject RF108 are typical of most subjects studied in 

this group. A few deviations from this result can be attributed to signal-to-noise 

levels. In these cases, poor PR-segment maps led to noisy residual distributions. 

In a few instances, the residual distributions were different f:jm this example. 

These were found amongst subjects who had noticeably different P-wave maps, as in 

the group of 5 subjects discussed in Chapter 4. One such example is presented in 

Figure 5.6. This is the same subject (RK156) whose PR-interval maps are shown in 

Fig. 4.5. It is believed that differences in the PR-interval maps in this subject occur 

as a result of a non- typical natural pacemaker site. 

For purposes of the discussion, SVD PR-segment eigenmaps (U) for 4 subjects 

are presented. In Figure 5.7, the first two eigenmaps, representing Ui and _2, are 

shown for 3 different PR-segment intervals for subject RF108 (PR-segment 80 ms). 

In Figure 5.8, the Ui and u2 for 3 additional subjects (TH175 - PR-segment 245 ms; 

HS25 - PR-segment 52 ms; RK156 - PR-segment 70 ms) are presented. These subjects 

were chosen because of the wide range of PR-segment durations represented. The 

MFM and BSPM Uj eigenmaps in all these cases (Figs. 5.7 and 5.8), look like the 
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(a) SVD 

(b) TAT 

Figure 5.5: BSPM (1000 Hz sampling frequency) residuals for subject RF108. 
The SVD (a) and TAT (b) residuals resulting from a fit of a Ta representation derived 
from -70 to —50 ms relative to R-onset are shown at -74, -44, and -14 ms before 
R-onset. Contour steps are 3.0 pV. 
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Figure 5.6: BSPM and MFM residuab for subject RK156. 
The SVD (a) and TAT (b) residuals resulting from a fit of a Ta representation derived 
from -60 to -50 ms relative to R-onset are shown at -42 ms, -26 ms and -10 ms 
before R-onset. Contour steps are 30.0 fT and 2 pV. 
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Figure 5.7: BSPM and MFM SVD eigenmaps ut and u2 for RF108. 
Intervab, relative to P-wave offset, used in the computation of U are displayed above 
the maps. 
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Figure 5.8: BSPM and MFM SVD eigenmaps u t and u, for HS25, TH175 and RK156. 
Intervals, relative to P-wave offset, used in the computation of U are displayed above 
the maps. 
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dominant PR-segment pattern for each subject. Differences seen in Uj's for RF108 

between the first two intervals (Fig. 5.7a and b) reflect the changes seen in the PR 

segment from P-offset to R-onset (see Fig. 4.2). Fig. 5.7c, representing U! for the 

entire PR segment, is a composite of the entire PR-segment pattern. 

The BSPM u2 eigenmaps in most cases (i.e. Figs. 5.7 and 5.8a and b) are quite 

similar. They all reveal a basic separation of the front and back aspects of the torso 

into regions of opposite polarity. The MFM u2 eigenmaps are also dipolar in nature, 

generally. However, as is seen in the MFM u2 eigenmaps of Fig. 5.7, this feature can 

be obscured by the presence of noise. Noise effects in the BSPM data are reflected 

by the difference in quality of the BSPM u2 eigenmaps resulting from the two short 

intervals relative to the long interval, consisting of the entire PR segment (Fig. 5.7a 

and b, versus c). The consistent pattern found in the PR-segmc " eigenmaps in most 

subjects suggests that the mechanism generating these patterns is common to most 

people, and independent of PR-segment duration. Consequently, these patterns must 

be associated with a feature persistent over this range for all subjects, which can only 

be atrial repolarisation. 

5.3.1 Interpretation of results 
5.3.2 HPS signal amplitude at body surface 

Only a small mass of cardiac tissue is contributing to the genesis of the His bundle 

(HB) signal and there are diverse geometries of the bundle branches (BB) and Purk­

inje fibre network [130]. These features make it difficult to realistically model the 

HPS, or hypothesize on the amplitude of signals expected at the body surface. In or­

der to get an appreciation of the amplitude of the potentials which might be measured 

at the body surface, two approximations of the expected body surface potentials and 

magnetic fields due to the His bundle were obtained 
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Body surface His bundle signal size estimates from HB electrograms 

The first approximation requires the use of potential values obtained in endocardial 

HB electrograms (HBE) measurements. This information is not easily found in the 

literature. Only timing information is of clinical interest in HBE measurements, 

therefore few amplitude scales are presented with such results. These measurements 

are most often obtained using bipolar electrodes, placed in proximity to the HB. 

Without accurate information of recording details, the use of such measurements to 

estimate surface unipolar signals can only reveal approximate results. We made an 

attempt at such a calculation, assuming a homogeneous, isotropic volume conductor 

and ignoring any possible signal variations in the HBE potentials due to measurement 

conditions. 

Defining XH as the potential measured by the HBE, in close proximity to the HB, 

the potential for the same source measured at a further distance Xj,, can be given as 

a function of x#, J& and V//, where Vfj is the measured His bundle potential. Using 

Eq. 2.2, we can write 

Vb = VH^. (5.1) 
xb 

Amplitudes of HBE were shown in figures presented by Flowers et al. [120] to be 

~ 300 pV peak-to-peak (p-p), while Leinioet al. [124] show measurements suggesting 

an amplitude of 25 pV (p-p). The distance from the HB to the endocardial recording 

electrode and the torso surface would be on the order cf 1 cm (or less) and 10 cm 

respectively. Using Equation 5.1 and these estimates, one finds measured potentials 

at the body surface V\, of the order of .25-3 pW (p-p). 

Body surface His bundle signal size estimates from single strand extracel­

lular potential measurements 

A second estimate of the amplitude of the surface His bundle signal can be obtained 

from extracellular potential measurements at the membrane surface of isolated dog 

Purkinje strands [34], In this paper the authors (i) obtained extracellular potential 
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measurements at the surface of the strand membrane, and (ii) derived a model for 

determining the extracellular potentials from measured intracellular potentials. 

The model assumes an idealised cylindrical geometry for the Purkinje strand, 

with a radius Rp and an excitation wave propagating along the axis of the cylinder. 

They showed that the extracellular potentials derived from intracellular potential 

measurements accurately reproduced recorded extracellular waveforms. 

For our purposes, we have made further assumptions based on this simple cylin­

drical model to obtain estimates of potentials measured at the body surface for the 

His bundle. We first assume a uniform intracellular current density (J^). We further 

assume a similar packing of individual fibres so that this same Jj can be found in 

both the Purkinje fibre and the larger His bundle and that similar conductivities 

and conduction velocities exist in the two types of fibres. Hence, in analogy to the 

electrostatic problem of a uniformly distributed charge density within an infinitely 

long cylinder, the potential within the cylinder is assumed to be linearly proportional 

to the distance r from the center of the cylinder and falls off as 1/r2 outside the 

cylindrical radius. 

Hence, if the extracellular potential measured at a radius of Ra is known to be VK, 

then the extracellular potential measured in a cylinder of radius Rb with the same 

uniform current density can be expressed as 

Ve(Rb) = V . ( « . ) £ . (5-2) 

Ve(Rb) is now the extracellular potential that would be measured at the surface of the 

cylinder of radius Rb. Similarly, the potential, V at any point r outside the cylinder, 

is given by 

V(r) = Ve(Rb)& (5.3) 
r* 

Combining Equations 5.2 and 5.3, we obtain an expression for the potential any­

where outside a larger cylinder representing the His bundle, as a function of the 

extracellular potentials measured in the smaller Purkinje strand. The equation de-
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rived is 

V(r , -*£-£ . (5.4, 

The width of the His bundle is estimated to be 0.5-3 mm [130,131]. Spach et 

al. [34] measured extracellular potentials at the surface of a Purkinje fibre strand 

of 150 pm diameter to be 1 mV (p-p). Hence, with J?«,=0.25-1.5 mm, Rj,=75 pV 

and Ve(Ri,)=l mV (p-p), we calculate that at a distance of r=10 cm from the His 

bundle, the measured potentials in a infinite homogeneous volume conductor would 

be 0.02-4.5 pV (p-p). 

Estimate of the magnetic field due to the His bundle 

Combining Equations 2.9 and 2.10, one obtains B(r) = pQcrV{r) as an estimate of 

the magnetic field from the potential. The previous estimated potential produces a 

magnetic field of the order of .005-1 pT. When applied to recorded subject data, this 

procedure always results in an over-estimate (by a factor > 10) of the amplitude of 

the measured magnetic fields. Hence, a more realistic estimate for the magnetic field 

is .5-100 fT. 

Interpretation of these estimates 

Our recording systems have bit resolutions of 2.5 pV (BSPM) and 75 fT (MCG) and 

noise levels, after averaging, of ~ 1.3 pV and 54 fT, respectively. These numbers 

suggest that under the present recording protocols, the HB signal-to-noise ratio is at 

best 2 (S/N<2), and possibly much worse. 

It is well known [65,66] that surface boundary contributions tend to decrease the 

amplitude of measured potentials (and magnetic fields) at the body surface, suggest­

ing that these estimates are upper-limits to the probable size of the HB signal on 

the body surface. The variety of geometries and cancellation effects of converging 

wavefronts in the proximal BB and Purkinje fibre network makes it difficult to esti­

mate the body surface potentials and magnetic fields. Given the larger size of the BB 
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structures, though, we suggest that their amplitude should be as large or larger than 

the HB, and possibly, growing as activation spreads. However, as noted by Massing 

and James [130], there is diverse inter-individual geometry of the BB and Purkinje 

network. These variations would produce a large variation in total cell volume con­

tributing to body surface BB signals. Therefore, there is no guarantee that the BB 

signal amplitude increases with time. 

The numbers given above are confirmed in a model of the HPS by Kafer [132]. 

She calculated penetrating HB potential activity at the body surface to be 0.6 pW, 

and BB potentials reaching a maximum of ~10 pW after 40 ms. The magnetic field 

maxima for HB and the BB calculations were 7 fT and ~300 fT, respectively. With 

a magnetic noise level of 75 fT after averaging 30 complexes, these numbers suggest 

HB and BB S/N levels of < .1 and 5, respectively. 

Kafer notes that the HB activity calculated was 'somewhat smaller than reported 

by others', suggesting a similar qualification might be applied to the BB values. On 

the other hand, the potentials due to atrial repolarisation, reported in this same 

work, are on the order of 5x greater than found in the present study (see Chap. 4). 

However, the amplitudes of the simulated HPS signal do agree with the extrema of 

the residual maps of Figures 5.1 and 5.2 at -14 ms, as well as those measured by 

Leinio et al. [124] in the subject with complete A-V block. 

Hence, although the upper limits of magnetic field and body surface potential 

estimates for the His bundle and estimates and measurements of the BB signals are 

above the noise level, it is questionable whether or not these signals can be consistently 

measured at the body surface. The diverse individual geometries and the extremely 

small size of the lowest estimates of the signals makes it impossible to confirm, based 

on these size estimates, whether the extracted maps reflect the depolarisation of the 

HPS. 
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His bundle Bundle branches 

Figure 5.9: BSPM and MFM HPS model maps. 
These maps of the His bundle (left) and proximal bundle branches (right) were gen­
erated using the Kafer HPS computer model [133]. Contour levels are 1 fT/O.l/xV 
(HB) and 25 fT/l/iV (BB). 

5.3.3 Expected spatial distribution of HPS maps 

To evaluate the techniques for the spatial separation of HPS and Ta a discussion 

about the expected body surface distributions of the HPS source is in order. As 

previously stated, the MFM studies have yielded distributions which were believed 

to be consistent with a single current dipole representing the HPS source. 

The BSPM patterns found in this study are not consistent with the HPS source. 

With successful results, the distribution extracted in Fig. 5.1 at —14 ms before Q-

onset would be consistent with bundle branch activity. In fact, the extracted BSPM 

pattern corresponds to one that would be generated by a Z-oriented current source. 

Such a current direction does not appear to be consistent with the anatomical orien­

tation of the heart and conduction system within the human torso. 

The model of Kafer [132,133] provides isofield magnetic and potential maps for 

the HB and BB. The Kafer model consists of a 3-D network of rhombododecahedra 

fixed in an inhomogeneous torso model. His bundle and proximal bundle branch 

patterns generated from this model are shown in Figure 5.9. Neither the MFM or 

BSPM extracted HPS maps in this study agree with these model maps. 
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5.3.4 Atrial repolarisation and PR-segment eigenmaps 

In applying the 4 extraction techniques (SVD, KLT, CT and TAT), one assumes that 

atrial repolarisation is stationary, i.e. that the amplitude and position of the source do 

not change with time. However, only the position must be constant for all techniques. 

The requirement of a constant amplitude can be removed in the SVD, KLT and CT 

methods, since all these use some form of weighting of amplitude, which is built into 

their definitions. An assumption of constant amplitude cannot be removed in the 

TAT method. 

It was shown in Chapter 3 that small changes in the location of the background 

source were reflected in the higher-order eigenmaps (Fig. 3.3). With smaller grids, 

these maps could look dipolar and be mistaken for a superimposed source. Certain 

features of PR-segment eigenmaps suggest that the location of the atrial repolarisa­

tion source is changing as a function of time. Physiologically, this is to be expected 

as wavefronts propagate from the right to the left atrium. 

The eigenmaps shown in Figures 5.7 and 5.8 suggest that, given a reasonable S/N, 

the u2 SVD eigenmaps have a pattern consistent with a non-stationary background 

(Ta) source. The simulation results in Chapter 3, for a moving background source, 

support this conclusion. When the amplitude of the background signal changed, only 

the first eigenmap (ui) was significant (Fig. 3.2). Higher order eigenvalues, and as­

sociated eigenmaps, were zero. When the dipole position changed as a function of 

time, the higher order eigenvalues, and associated eigenmaps, were no longer negligi­

ble (Fig. 3.3). 

Additionaly, in the SVD of the PR segment, we have found a recurrent u2 eigen­

map pattern, independent of PR-segment duration (see Fig. 5.7 and 5.8a and b). An 

HPS contribution in normal subjects would result in different u2's than that of sub­

jects with 1st degree A-V block. The fact that u2 is similar in both groups, proves 

that the u2 pattern cannot be associated with HPS in those with short PR segments. 

The amplitudes of the residual maps reach minimum values during times corre-
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sponding to the segment used to represent Ta and grow at times moving away from 

this segment, with opposite polarities on either side of the segment. This same feature 

was observed in the residual maps of the extraction simulations with a moving source 

(Fig. 3.4). At -74 ms of Fig. 5.1 the residuals are primarily opposite in polarity to 

the —14 ms maps, and the residuals at —44 ms are opposite in polarity to the resid­

uals displayed at this same time in Fig. 5.3. We note that the BSPM u2 eigenmaps 

for subject RF108 (Fig. 5.7) have a similar back-to-front orientation of an equivalent 

dipole as the corresponding residual distributions found at -14 ms (Fig. 5.1 and 5.3). 

These observations are not found in the MFM residuals because of noise limitations. 

It is also noted that the MFM residual maps at —14 ms in Figure 5.2 and at —74 ms 

in Fig. 5.4 are similar to the SVD eigenmap u2 from the —70 ms to —10 ms segment 

in Fig. 5.7c, supporting the belief that the MFM results are limited by noise. 

These observations suggest two conclusions. First, because the residuals have the 

same features as u2 eigenmaps, there cannot be any significant HPS contribution 

to the residual pattern or the ramps measured in the PR segment. Secondly, u2 

actually reflects the continual changes in atrial repolarisation patterns as a function 

of time. The reversal in polarity of the residual pattern along with a minimum 

signal during the Ta representation segment is consistent with a non-stationary Ta 

source. A map earlier/later in time has a source location before/after the location 

of sources generating the segment used to represent the Ta source. The greater the 

time difference between these points, the larger the relative locations and associated 

residual patterns. These results also support the conclusion made in Chapter 4, 

associating pattern changes as a function of time during the PR segment with the 

gradual propagation of the atrial repolarisation currents over the atria. 

5.3.5 Orthogonality of Ta and HPS 

The question of orthogonality between the Ta and HPS sources must be considered, 

since three of the extraction techniques (SVD, KLT, CT) will demand that, to get 

perfect HPS extraction, the maps of the Ta and HPS sources must be orthogonal. It 
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was confirmed mathematically (see Equation 3.34) that the only circumstances under 

which a superimposed source can be extracted perfectly, is when it is orthogonal to the 

background source. It is apparent that the probability that two independent sources 

create maps that are always perfectly orthogonal is minimal. Hence it is unlikely that 

these techniques could successfully extract a superimposed source pattern. 

The problem of orthogonality also puts limits on the number of eigenmaps that 

can be used in the SVD and KLT representations. Including too many terms in 

this kind of expansion just increases the probability that more superimposed source 

(HPS) is removed, further distorting any recorded HPS signal. 

5.3.6 Recording bandwidths 

The BSPM data recorded with a high-frequency cut-off of 125 Hz and 250 Hz showed 

very little differences in residual patterns, and although not presented, the ramps 

observed in the PR segments were also similar. This observation supports the con­

clusion that the ramps seen in this data are of the same origin as that reported by 

authors using wider bandwidths. This conclusion does not exclude the possibility 

that the wider bandwidth recordings, along with high-pass filtering and lower noise 

levels, can reveal high-frequency notches and bumps superimposed upon the ramps, 

which are associated with the His-Purkinje system. In particular, a number of in­

vestigators have used such bumps to determine the onset of His activity at the body 

surface [119,120,126,134,135,136,137,138]. The noise level excluded the possibility 

of detecting notches and bumps associated with His-onset in the BSPM and MFM 

recordings used in this study, nor was this of specific interest to us. 

5.3.7 Comparison of extraction techniques 

The four extraction techniques gave very similar results in late PR segment, inde­

pendent of recording bandwidth. With this and the previous observations under 

consideration we propose that the residual patterns shown in Figures 5.1, 5.2, 5.3 

and 5.4 reflect the gradual changes found in the atrial repolarisation pattern as a 
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function of time. These changes are of the same nature and develop similarly in time 

as in atrial depolarisation; little HPS (particularly bundle branch) signal contributes 

to the pattern. 

The observation of similar results using all of the extraction techniques can be 

used to support this conclusion mathematically. Let Z] and Z2 represent segments 

in the early and late phases of the PR segment, such that Zt = Xi contains only 

a background source, and Z2 = X2 + Y contains a background and superimposed 

source. Further, assume that AX = X2 — X\ is small, such that following an SVD 

expansion of Xi, the following holds, 

u;x!_ iU;x2 = Ax\ (5.5) 

and that Xj is approximately constant so that, X2—Xt ~ AX. The A's define spatial 

expansion coefficients (see Eq. 3.12), with the superscript ( l) referring to expansions 

made using the eigenvectors {\5X) arising from the SVD expansion of Z\. 

According to Eq. 3.3, subtracting the temporal average map of Zj from Z2 gives 

R-TAT = Z2 - Zx (5-6) 

= X 2 - r Y - X \ (5.7) 

= Y + AX. (5.8) 

The residual RTAT contains the superimposed source plus some contamination due 

to small changes in background source. 

Similarly, we can solve Eq. 3.18 for an SVD expansion of Zi applied to Z2 to form 

the residual, 

RSVD = Z 2 - U t A _ ; (5.9) 

= Z j - U , { U ; Z 2 } (5.10) 

= X 2 - r Y - U 1 { U t ( X 2 + Y)} (5.11) 

= Xa + Y - I M A f c + A ? } (5.12) 

= Y - U X A V + RAX,, . (5.13) 
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In the last step, we have made use of the following equality, which arises from the 

SVD definition and Equation 5.5 above: 

X2 = U 1 A £ . (5.14) 

c is defined as the SVD series truncation error resulting from the use of a minimum 

(say only 1) number of spatial eigenvectors in the previous equality, so that the 

residual R_X,< defines a function of Xi,X2 , and their differences, AX, only. 

It has already been noted that the TAT and SVD extraction techniques give the 

same residuals when applied to the problem of extracting HPS from the PR segment 

(e.g. Fig. 5.1). Hence, a comparison of Equations 5.8 and 5.13 can be made. The 

common term Y is associated with the superimposed source assumed to be present 

in Z2. The remaining terms, given the observed equality, require that 

AX = U1AV- rR_x, t- (5.15) 

The expansion coefficient in the first term is 

A ^ = U;Y. (5.16) 

This term will not be zero generally, since it would require that the HPS and Ta 

sources (or Xi and Y), be orthogonal at all times. The second term on the right is 

known, as defined previously, to be a function of the background source only and its 

changes as a function of time (AX). Since the term on the l.h.s. of the equation is 

also a function of the background source only, Eq. 5.15 can hold only if Y = 0, that 

is if no superimposed source is present in the maps. 

5.3.8 Summary 

Our objective had been to separate the spatial features of concurrent HPS and atrial 

repolarisation activity during the PR segment. By viewing the results obtained from 

a number of different perspectives, we have come to the conclusion that this objec­

tive has not been accomplished. There is no significant HPS contribution to the 
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residual patterns or the ramps measured in the PR segment. The strongest evidence 

to support this conclusion follows from the comparison of the extracted 'HPS' maps 

(residual maps) with the SVD and KLT eigenmaps. In particular, because these resid­

uals have predominantly the same features as the u2 atrial repolarisation eigenmaps 

(compare Figures. 5.1 and 5.2 with Figure 5.7), there could not be any significant 

HPS contribution to the residual pattern. This conclusion was further supported by 

a comparison of the extraction techniques, and expectations of their associated resid­

uals in the presence of multiple sources. The underlying statement that now follows, 

of course, is that no significant HPS signal was actually recorded. 

Finally, we have concluded that the extracted patterns actually reflect the contin­

ual changes in atrial repolarisation current sources as a function of time, as reflected 

at the body surface. These temporal variations are of the same nature as those seen 

in atrial depolarisation. 

5.4 Discussion 

Various techniques are used in body surface detection of HPS activity. These can 

be grouped into two sometimes overlapping topics: detection of His bundle onset 

to determine non-invasively His-to-ventricular onset times, and the isolation of HPS 

spatial features for validation of inverse solutions. A comparison of this study with 

some previously published work generates many questions about the significance of 

those previous results. 

In particular, the results presented here suggest that inappropriate interpretation 

of data may have occurred previously. This will be demonstrated by reviewing a 

number of previously published papers, and offering alternative interpretations, based 

on our contention that the PR-segment map features are dominated by the atrial 

repolarisation source and, in particular, its temporal variations in location. 
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5.4.1 Variance maps of Horan et al. 

The first attempt to remove the atrial repolarisation spatial features from the PR 

segment was made by Horan et al. [76] in 1982. The technique used to extract the 

His-bundle signal is referred to as the Correlation Technique (CT) in Chapter 3. 

Three assumptions, upon which later data processing was based, form the basis for 

the difference in their approach, as compared to the MFM papers which appeared 

later. We quote these assumptions. 

"(1) Surface maps during early P-R segment probably were the result of 

both late atrial activation and early atrial repolarization; (2) maps at the 

time of maximum rapid change probably were caused by the combined 

effect of common bundle firing and continued atrial repolarization; and (3) 

maps late in the P-R segment probably were the result of both the large 

steady pattern of atrial repolarization and the small, rapidly changing 

pattern of activation of distal bundle branch and Purkinje network [76]". 

We agree with the first assumption. This description is particularly supported by 

the MFMs of the PR interval shown in Chap. 4. The second item assumes that, the 

His bundle signal is large enough to be recorded and detected at the body surface. 

Previous calculations and discussion (Section 5.3.2) suggest that the signal originating 

in the His bundle is less than a few microvolts in amplitude on the body surface. Peak 

amplitudes during the PR segment are commonly 40 pV. With a Sups/Sra < .1, 

it is unlikely that the His bundle deflection could be distinguished from Ta and it's 

own variations as a function of time. 

Horan et al. elaborate further on the third assumption, saying that "the highly 

variable effect of activation of the distal branch and Purkinje network would be 

cancelled and the essential pattern of atrial repolarisation would be preserved in the 

mean Ta map" [76]. This statement is not supported by Leinio's data. The bundle 

branch signal is ramp-like, hence would not average out to zero over any segment. 
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The authors proceed to extract a HB signal using the correlation technique on 5 

subjects (PR-segment durations ranging from 54 to 75 ms). One set of residual maps 

are presented in their figure 2. A comparison of the latter figure with the results in 

this chapter supports our belief that they also have extracted the variations of Ta with 

time, and not HB. The particular features found that support this view are: (1) their 

"HB" map occurs during the still rapidly varying signal initially after P-wave offset, 

undoubtedly resulting in a large residual in Equation 3.5; (2) amplitude of residual 

maps get smaller as maps progress into the segment used to form the average atrial 

repolarisation map. Both these features can result from the changes occurring in 

atrial repolarisation, with larger differences present in maps further from the average 

Ta segment. 

There are numerous observations and statements made by Horan et al. to sub­

stantiate their belief that they have extracted spatial features of the His bundle and 

proximal bundle branches. For brevity, we will not elaborate on detailed counter 

arguments to this belief. Instead we choose to quote a concluding paragraph in the 

paper, which affirms their viewpoint and argues against alternative interpretation. 

From [76], we cite 

"Whereas we are convinced that rational extraction of conflicting sig­

nal (i.e., removal of the simultaneous atrial repolarisation signal) permit­

ted detection of the His bundle signals, it might be argued that arbitrary 

manipulation of the body surface potential pattern permitted an interest­

ing but also arbitrary result which only coincidently resembled that ex­

pected from His bundle activation with a limited number of samples. This 

consideration must be addressed, but the consistent and repeated pathway 

we have illustrated from our subjects, as well as the serial map pattern 

consistent with the rational division of one source into two, strongly sug­

gest that we have identified the electrical trail down the common bundle 

and its branches. With responses to the intervention as just mentioned, 

this objection should disappear." 
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The first sentence firmly expresses our viewpoint that these results are totally 

coincidental. The next statements can be explained by our alternative interpretation 

of the results of these "arbitrary manipulations". Atrial activation and recovery 

processes are effectively the same in all subjects. Any manipulations on the signals 

recorded at the body surface due to atrial depolarisation and repolarisation will also 

be consistent in these subjects. In fact, we have found cases (RK156 in Fig. 5.6c) 

where PR-interval maps in subjects differing from the typical pattern, demonstrate 

residual patterns also different from the usual pattern, but still correlating well with 

u2 eigenmaps characterising atrial repolarisation. This consistent correlation of u2 

eigenmaps and residual patterns suggests that u2 and the residuals reflect relative 

changes in the temporal evolution of the atrial repolarisation source. 

Finally, validatio. of Horan and co-workers' inverse solution results was not done 

using true cardiac images of the subjects. The inverse solution results were projected 

onto a stylised representation of the HPS anatomy. In other words, the location of 

the HPS and its anatomy was not based on imaging techniques such as Magnetic Res­

onance Imaging (MRI) or X-ray. They assumed that the earliest maps corresponded 

to His bundle depolarisation. The associated inverse solutions were then used as an 

absolute reference by fixing these points to the His bundle aspect of this assumed 

anatomy. Later solutions follow the reference point along a short segment extending 

less than 1 cm in each of the 3 orthogonal planes. This result only demonstrates 

a consistent relative location of their extracted maps, but does not prove that this 

location actually corresponds to the HPS. 

5.4.2 Isolation of His-Purkinje system signal from magnetic 
field maps 

A number of papers were published in the Biomagnetism community which claim 

to have extracted features in the PR segment, consistent with a single equivalent 

current dipole representing the HPS source [77,78,79,80,127,139]. TAT and KLT are 

the background techniques which have been used. In most cases, HPS extraction 
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followed the successful recording of ramps, notches and bumps in the PR segment of 

MCG recordings. Earlier papers associate some or all of the ramp features (ramps, 

spikes, bumps) to HPS [97,122,140,141,142,143,144,145]. However with the work 

of Lorenzana et al. [123], showing ramp features in patients with Is' degree A-V 

block similar to those found in normals, (he interpretation of the measured signals 

changed. The emphasis shifted toward associating sudden changes in the slope of the 

ramp in the PR segment to the onset of HPS [77,146]. At this time the first attempts 

[77,79,139] to separate spatial features of the HPS and Ta were made. 

Qualitatively, the extracted 'HPS' maps compare to the MFM residual maps 

of Figure 5.2. The extracted maps show minimum magnetic field amplitudes during 

times coinciding with the segment used to characterise atrial repolarisation and reach 

a maximum just before Q-onset, as would be expected from HPS features. However, 

as was discussed in Section 5.3.4, this feature is also consistent with continual changes 

in atrial repolarisation patterns, due to the shift in location of the atrial source as 

a function of time.. The results of these ea. lier studies were validated by single 

equivalent current dipole inverse solutions in a semi-infinite homogeneous conducting 

medium. Solutions generally located the source in a region consistent with the HPS 

anatomy. Again, the accuracy of these results were not confirmed using actual images 

of the subject's anatomy. It was accomplished by comparing the expected relative 

locations of the atria, conduction system and ventricles. 

Erne et al. [139] found a location and pathway consistent with HPS in some sub­

jects, but in a number of maps the ECD pathways could not be associated with the 

anatomical structures of HPS. We propose that this discrepancy could, in some cases, 

be a result of the naturally varying site of the cardiac pacemaker, found to occur in as 

much as 15% of our study group (see Chap. 4 and Fig. 5.6). The variations in pace­

maker locations will change the atrial activation and recovery pathways equivalently, 

thus also changing the temporal variations of atrial repolarisation, relative to the 

typical subject. These variations will be reflected in the residual patterns found after 

extracting the representative, dominant atrial repolarisation distribution. Again, we 
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feel that such patterns are not related to HPS. 

5.4.3 Peper's time-shift method 

Peper et al. [4,126,134] attempted to remove P waves in HRECGs in an effort to 

enhance the PR segment, in subjects with PR segments shorter than the normal 

H-V time. In these subjects, particularly children, the P wave overlaps the His 

bundle signal, thus preventing surface detection of His-onset. The method makes 

use of spontaneous fluctuations of the PR interval. In the technique, ECGs having 

a relatively short PR interval and those having a longer PR interval are averaged 

separately. In the two averages, the atrial signal components are shifted relative to 

the QRS, while signal components having a fixed time relation to the QRS complex, 

like the His signal, are the same in the two data sets. If the two average beats are 

subtracted, the P wave or PR interval can be reconstructed using a transfer function 

derived from a backshift operator [147] (see Appendix C). This reconstructed P wave 

is then subtracted from an original beat to reveal only events correlated to ventricular 

activation. 

This paper is discussed because, although the technique is applied only to a single 

ECG lead, in practice, if atrial events are truly removed from the PR segment, the 

technique should apply equally well to spatial extraction by removing the PR interval 

in all body surface leads. In light of what has been found in our study, and some 

apparent misinterpretation of their results by other au>. ors [13], further discussion 

can be made as to the usefulness and intent of the Peper technique. As stated initially, 

Peper et al.'s [4,126,134] intent was to develop a method to isolate the His bundle 

signal from the larger overlapping P waves in subjects with short PR intervals. A 

step-like signal they record and associate with His-onset is generally obvious in most 

subjects, particularly adults, and does not require enhancement. 

In the results presented by Peper et al. [4,126,134], it is difficult for us to accept 

that the technique can be applied universally to isolate the His bundle from atrial 

signals, particularly because of the lack of validation of successful examples presented. 
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There is no published systematic validation of the technique on a large sample using 

HBE confirmation. Even the few results presented in papers were not validated with 

HBE measurements. In particular, the lack of HBE confirmation does not validate 

the association of the step-like signal with the His bundle. The authors indicate that 

optimal surface leads were chosen based on HPS modelling results, for which to detect 

the His signal. However, there are concerns which will have particular relevance when 

applying the technique to any arbitrary lead. 

There is an apparent oversight or misunderstanding by the authors of the nature 

of atrial activation and recovery. They state that in the PR segment "the P wave has 

vanished and the repolarisation of the atrium has not yet started [134]", indicating 

that the authors have not even considered the possible association of this step or the 

ramp of the PR segment with atrial repolarisation. 

Another point of concern, which the authors mention themselves, is that the shape 

of the P wave in a patient, even at rest, often shows pronounced changes. The changes 

found in the P wave should be reflected equivalently in atrial repolarisation, but at 

a slower rate. Superimposing plots of the two beats with different PR-interval times 

aligned relative to R-onset show ramps in the PR segment that coincide extremely 

well. This suggests to Peper et al. that the ramps are not atrial in origin, but are due 

to activation of the HPS. The problem with this conclusion is that, due to the small 

amplitude of the atrial repolarisation currents, any differences in the two averages 

result in extremely small signals. These may not be detectable when plotted at scales 

which are optimised to plot P waves. The problem in the way the authors apply the 

technique is that in some cases the reconstruction stops immediately after the P wave 

or does not include the entire PR segment and the step-like 'His' signal. As a result, 

this does not allow the step or ramp to be removed in the reconstruction process, if, 

as we suggest, these are atrial in origin. 

Also to note is that the ramp in the PR segment is small in amplitude, as are 

the differences resulting from slightly differing P waves. The removal of the atrial 

contribution to this ramp could be hampered by the presence of noise, particularly 
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baseline offsets and drifts. This can pose problems because the reconstruction algo­

rithm is an integrating function (see Appendix C). The baselines in the two averaged 

beats can differ and will not cancel each other during subtraction, so that during 

the reconstruction process an integration of the differences of the two baselines is 

obtained, which will be larger than the original baseline. The effect will be that a 

simple baseline offset is reconstructed into a ramp of constant slope and any existing 

drifts will be transformed into higher-order functions. This effect is demonstrated by 

simulation in Appendix C. 

5.5 Conclusions 

The initial goal in this work had been to isolate spatial features of HPS in the PR seg­

ment from the concurrent atrial repolarisation source in both BSPM and MFM data. 

This topic had been pursued with MFM data in previous work [3,80] by the author, 

following the work by others suggesting this was possible not only in MFM, but also 

BSPM data [76,77,78,79,99,129]. At the time, the MFM results were found to be con­

sistent with 'a single current dipole representing the HPS source', but the extension 

of the technique to BSPM data did not always reveal patterns which were consistent 

with HPS [94]. Thus began an effort to understand the origin of discrepancies be­

tween the two different results. The focus ultimately turned toward understanding 

the mathematics of the extraction techniques, the real (electrophysiological) nature 

of the sources involved and the interaction of the two. 

We have concluded that no significant HPS signal was recorded in the PR segment 

and that the ramps in the PR segment reflect atrial repolarisation. By considering the 

interactions of the mathematics (especially assumptions) with the sources under con­

sideration, the results of this study suggest that, under the recording protocols used, 

the variations in atrial repolarisation patterns as a function of time are significant. 

As a result, the extraction techniques considered could not remove all Ta contribu­

tions from the PR segment. It might be argued that including more eigenmaps in the 
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SVD and KLT techniques would remove these additional Ta components. However, 

as demonstrated in Chapter 3, including more terms only increases the probability 

of removing any HPS component that may have been present. With this conclusion, 

further discussion of previously published work suggesting alternative interpretation 

and explanation of these results has been presented. 

The recent paper by Leinio et al. [124] is convincing evidence that a bundle branch 

signal can be recorded both magnetically and electrically at the body surface. A 

limiting factor that emerges from this paper is that in the case of normal subjects, 

the amplitude of the PR segment is significantly larger than the His bundle, indicating 

it is unlikely that the His signal will be detectable. 

It should be emphasized that this work does not address whether the spike, bump 

or step-like signals reported by others1 are due to HPS. In most cases, these features 

are extracted only after filtering and other signal processing which are difficult to ver­

ify. Our objective was to enhance the spatial distribution of the HPS signals in MFM 

and BSPM, with the underlying intent of applying inverse localisation programs. 

Recent review articles [13,148,149] of this topic can be found. 



6 Extraction Techniques Applied to 
PR-segment Events: II. 
Wolff-Parkinson-White Syndrome 

6.1 Introduction 

Wolff, Parkinson and White described, in 1930, an electrocardiographic syndrome 

consisting of functional bundle branch block, and a short PR interval occurring in 

otherwise healthy young people with paroxysms of tachycardia. The ECG abnor­

mality associated with Wolff-Parkinson-White (WPW) syndrome is found in I 3 per 

1000 people [150]. 

The ECG description of WPW syndrome is a manifestation of ventricular pre­

excitation. Preexcitation denotes a premature activation of the ventricular my­

ocardium by an impulse originating in the atrium, occurring earlier than would be 

expected if the impulse reached the ventricles via the normal (HPS) conduction sys­

tem. The pre-excitation is facilitated by the existence of an accessory pathway (AP) 

of specialised conducting or extra myocardial tissue between the atria and ventricles. 

Some common locations of AP sites are shown in Figure 6.1. 

In the ECG of WPW patients, the existence of the AP is usually marked by 

a shortened PR interval, the presence of a 8 wave during the PR segment, and a 

prolonged QRS duration. The 8 wave is the electrocardiographic manifestation of 

the premature ventricular excitation. Contrary to ae normal QRS complex which 

has a sharp onset, the 8 wave is slurred and small at onset, but generally grows as 

currents propagate through the ventricles. At some point, which varies as a function of 

accessory pathway location, and the atrial/A-V nodal conduction properties [150], the 

normal excitation of the ventricles via the HPS begins, and fusion of the 8 wave and 

QRS complex occurs. 

131 
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Figure 6.1: Accesory pathway locations and Gallagher 12-lead localisation scheme. 
The Gallagher localisation scheme (From Gallagher [150]), view of the heart at the 
level of the A-V ring, with the 10 common accessory pathway locations suggested by 
Gallagher and table of nomenclature used in identifying AP sites are displayed. 
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a) b) 

i i 

Figure 6.2: Conduction mechanism in WPW syndrome. 
AV denotes the normal conduction pathway from the A-V node to HPS. AP indi­
cates an accessory pathway, a) illustrates the conduction mechanism that inscribes 
the typical WPW pattern. The atrial impulse is conducted through both pathways 
concurrently but at a faster rate through the anomalous pathway, b) illustrates con­
duction during paroxysmal tachycardia: anterograde through the normal pathway 
followed by retrograde conduction through the AP. 

The significance of these accessory pathways (AP) lies primarily with their ability 

to participate in establishing supraventricular tachyarhythmias. Such arrhythmias 

occur when the AP or normal HPS system are capable of retrograde conduction (see 

Figure 6.2). 

Intervention in the treatment of WPW patients at risk of sudden cardiac death 

varies. In asymptomatic patients, treatment may not be necessary at all. Actual 

treatment can consist of drug therapies aimed particularly at addressing mechanisms 

responsible for maintaining the dysrhythmias (i.e. conduction properties of the atria, 
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ventricles, HPS and AP), or implanted pacemakers to interrupt arhythmias. However, 

the long-term side-effects of drug treatments, particularly in younger patients, is not 

always desirable. These can now be avoided. First surgical ablation [151,152], then 

more recently radiofrequency (RF) ablation [153,154,155] of such pathways has be­

come available. When presented with a patient with symptoms or factors suggesting 

a need for therapeutic intervention, a more accurate assessment of the AP properties 

becomes necessary. The choice is made after extensive invasive electrophysiologi­

cal studies (EPS) aimed at assessing the conduction properties of the myocardium 

affected by single or multiple accessory pathways and determining their location. 

Today, the success rate of RF-electrical ablation procedures [155], is shifting the 

preference of therapy toward permanent ablation of the pathway, removing the risks 

associated with long-term drug use or the more invasive open-heart surgical ablation 

procedures. In contemplating electrical (or surgical) ablation of the AP, it is desirable 

to actually localise the site of the pathway non-invasively. The choice to ablate the 

pathway will still require invasive EPS procedures, primarily to confirm the non­

invasive findings. However, in the case of electrical ablation, previous localisation 

will enable the cardiologist to confirm the location and perform the ablation in a 

single session. This course of events will minimise the time required to perform the 

invasive assessment and therapeutic intervention, reducing the risks (e.g. X-ray) and 

discomfort to the patient. 

6.1.1 Non-invasive localisation of AP 

A number of non-invasive techniques have been developed to determine the site of ac­

cessory AV conduction pathways. These include: 12-lead ECG, vectorcardiography, 

body surface potential mapping (BSPM), 2D echocardiography, and BSPM and mag­

netic field map (MFM) inverse solution localisations. EPS mapping and epicardial 

mapping, both invasive techniques, are also used to identify the site of pre-excitation 

pathways. 

A review of most of these techniques (excluding inverse solutions) was prepared 
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by Yuan et al. [156]. They conclude that the 12-lead ECG classifications were the 

simplest and most convenient methods for initial evaluation of the AP site. BSPM 

criteria can be quite successful, and more sensitive than 12-lead ECG [75,157] clas­

sifications. However, the large number of electrodes and more extensive processing 

required for BSPM data renders it less practical than standard ECG. 

The 12-lead ECG and BSPM localisation techniques use pattern matching criteria 

based on the polarity of the 8 wave, QRS configuration or QRS axis in particular 

leads. However, the most common and successful ECG criteria use the polarity of 

the 8 wave [150,158] to determine the most probable AP location. Figure 6.1 shows 

one such scheme. 

It has been determined that in 8-wave body surface maps, the potential maximum 

is always located on the left anterior chest, while the minimum rotates around this 

maximum, in accordance with the relative location of the AP on the A-V ring [75,159], 

Variations when applying this observation by different authors primarily affects the 

time point during the 8 wave which is classified. The different comparison points have 

included the distributions at 40 ms after 6-wave onset [75,157,160], the distribution 

when the negative potentials reach —150 pV [161] which is usually earlier than 40 ms, 

but not at the same time for all patients, and the 40 ms STT maps [75,160]. 

Recent work by Dubuc et al. [162] suggests adopting a BSPM pattern matching 

technique during the actual ablation procedure. BSP maps recorded during pacing 

in the area of the ventricular insertion site are compared to maps recorded in sinus 

rhythm. The correlation between these maps reflects the accuracy of the position 

of the pacing catheter in relation to the ventricular insertion site of the accessory 

connection. Ablation of the paced site which produced maps which correlate brat 

with the 6-wave maps obtained during sinus rhythm maps had a 93% success rate 

while reducing the investigation time. Such a procedure could also be considered 

with a multi-channel MCG unit in the hospital environment. 

Localisation of AP sites using electrocardiographic and magnetocardiographic 

inverse solutions is gaining interest. In fact no other technique but inverse so-
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lutions has been researched for the magnetic field measurements (see for example 

[72,73,81,163,164,165]) and magnetic inverse localisation of AP far outnumbers sim­

ilar BSPM attempts [71,74,166]. 

6.1.2 Limitations of non-invasive AP localisation criteria 

In subjects exhibiting minimal pre-excitation, the size of the 6 wave is small in am­

plitude or short in duration and is not easily classified using non-invasive techniques. 

There can be extremely early fusion of normal ventricular activation ui this subgroup 

of WPW patients. Both the small size of the 8 wave and the fusion with normal ven­

tricular activation result in unknown distortion factors to the 6 wave when applying 

the 12-lead ECG and BSPM classification criteria. As a result, classifications based 

on existing 12-lead ECG and BSPM criteria often exclude patients with small or short 

8 waves. Since the degree of pre-excitation does not correlate with the potential risks 

for sudden death, this group does require the same investigative protocol in arriving 

at an appropriate therapy1. 

Aside from the limitations in resolution of standard electrocardiographic equip­

ment, onset of the 6 wave is not easily identified because of the interference of other 

cardiac signals. In particular, the contribution of atrial repolarisation signals can be 

large during onset of the 8 wave. Even during normal cardiac activation, the atrial 

repolarisation Ta wave overlaps with the QRS complex. In cases of pre-excitation, the 

Ta-wave overlap can distort the 6-wave onset. Additionally, Duchosal et al. [167] have 

shown that in subjects with extremely premature ventricular excitation, particularly 

in right-sided pathways, ventricular pre-excitation can begin during the P wave. In 

a group of 51 WPW patients, they found the atrial and 8 wave overlap to begin as 

early as 45 ms before P-wave offset. But, they also found 6-wave onset occurred as 

late as 23 ms beyond P-wave offset. They have particularly emphasized the effect 

this overlap with atrial activity has on distorting the apparent 6-wave onset. 

lAs do WPW patients with accessory pathways capable only of retrograde conduction. These 
subjects show no electrocardiographic manifestations of AP, but do experience arrhythmias which 
can lead to sudden death. The lack of ECG changes excludes this group from this study. 
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6.1.3 Enhancement of early 6-wave signal 

This WPW study was multi-faceted. Primarily, it comprised the first comparison of 

body surface potential and magnetic field maps in a group of WPW patients. Two 

underlying motivating factors guided this comparison. 

Firstly, the localisation of the accessory pathway using inverse solutions that 

utilise a single current dipole as an equivalent source will have its accuracy lim­

ited by the distance travelled by the propagating wavefront since £-wave onset. With 

a ventricular myocardial conduction velocity of approximately 0.6 m/s along the my­

ocardial fibres, after 40 ms, the wavefront could have travelled as much as 2.4 cm. 

This error can be minimised by obtaining inverse solutions to the earliest maps in the 

8 wave. So our aim will be to obtain such maps. Secondly, we wish to determine if 

these early 6-wave maps can be used to successfully locate the AP site in all subjects, 

including those with minimal pre-excitation. 

To address both these objectives, it is necessary to use the onset of the 8 wave to 

determine the location of the accessory pathway. The extraction techniques discussed 

in Chapter 3 were explored for application to WPW patient data to remove the atrial 

repolarisation signal from the PR segment during the early 8 wave. The results of 

Chapter 5 suggest that there is no HPS contribution to BSP and MF maps during 

the PR segment, so this signal does not have to be considered. We did not previously 

determine how successful the techniques examined could be at removing a background 

source, but we confirmed that after removing Ta signals only small residual signals 

occur.These residuals are small enough not to severely distort the <S-wave onset. In 

cases where 8-wave onset coincides with the P wave, errors associated with subtracting 

the larger P-wave signal could be much larger. 

6.2 Recording protocol and WPW study group 

The study group included 16 subjects with clinically diagnosed WPW syndrome. 

Fifteen subjects had AP locations determined by invasive EPS. Later, 9 subjects 
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underwent electrical ablation of the AP, including one subject with two right-sided 

pathways. Age, sex, PR interval and QRS durations for this group are presented in 

Table 6.1. Five patients had either small or short-duration 8 waves. 

Measurements consisted of a 56 point sequential MFM using a 7 x 8 grid and a 117-

lead simultaneous BSPM recording. The measurements were obtained at a sampling 

rate of 500 Hz, in an aluminium shielded room. The 56 points where magnetic field 

was measured were sampled for 30 seconds, while the BSPM data were sampled for 

120 seconds - all during the same session. All data were averaged off-line, filtered for 

60 Hz, and aligned (MFM relative to BSPM) on R-wave maximum. A zero isoelectric 

or isofield baseline was defined in the UP interval. 

For one subject (CM186), an intermittent AP prevented us from obtaining a MFM 

recording. For another subject (WG200) instrumentation failure permitted only a 35 

point magnetic field recording. In the case of the subject with 2 accessory pathways 

(DI189), we determined that for most beats during the MFM and BSPM recordings 

both AP were active concurrently. This subject's data were therefore excluded from 

the group. However, in the longer BSPM recording, strings of excitation via only 

one of these pathways were found. These data were included in the study. Further 

discussion of this particular patient's data is found in Appendix F. 

6.3 Development of the enhancement protocol 

The enhancement techniques and protocols were primarily developed with the BSPM 

data of the patient showing an intermittent WPW condition. During the recording, 

the atrial to ventricular conduction switched between a normal AV path and an 

accessory pathway in this patient. For the first 90 seconds a normal heartbeat was 

recorded. During the last 30 seconds, strings of WPW beats were intermingled with 

the normal beats. The sequentially recorded MFM data were not useable because 

of the intermittent condition. The waveform was unpredictable and dominated by a 

normal heartbeat. The presence of both normal and pre-excitation beats enabled us 
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Patient 

KG 162s 

HB177 
BS1844 

SL185 
CM186"1 

MR187 
JS188 
DI189m 

VP190 
EA191' 
MS193 
DK1954 

LC196 
CN197 
LA199* 
WG200m 

Averages: 
SD: 

Sex 

M 
F 
M 
M 
F 
M 
M 
F 
F 
F 
F 
M 
M 
F 
M 
M 

Age 
(Yrs) 

42 
50 
19 
24 
16 
57 
31 
27 
37 
50 
38 
44 
26 
30 
21 
22 
33 
12 

PR-int 
(ms) 

132 
75 

104 
104 
112 
128 
108 
70 
75 

135 
126 
96 

115 
120 
128 
80 

107 
22 

QRS 
(ms) 

121 
160 
113 
128 
135 
128 
134 
151 
130 
113 
156 
120 
132 
139 
108 
144 
132 
15 

Ta 
ms relative 

-80 / - 64 
none 

-84 / - 60 
-86 / - 80 
- 9 8 / - 86 

none 
-94 / - 88 

none 
none 

-100/-74 
-126/-102 
-76 / -60 
-102/-84 
-124/-102 
-80 / -60 

none 

Ta 
to R-max 
-74 / - 64 
- 9 8 / - 88 
-70 / - 60 
-86 / - 76 
-96 / - 86 
-82 / - 72 
-94 / - 84 

- 1 1 6 / - 1 0 6 
- 1 0 0 / - 9 0 
-84 / -74 

— 112/ —102 
-70 / -60 
-94/ -84 

-112/-102 
-70 / -60 

— 110/—100 

S-wave onset 
BSPM 

-62 
-84 
-58 
-74 
-84 
-70 
-82 

-102 
-90 
-72 
-98 
-60 
-82 

-100 
-56 

-100 

MFM 
* 

-80 
* 

-60 
-

-70 
-80 

-

-90 
-72 
-88 
-48 
-78 
-90 
-52 
-90 

Table 6.1: WPW patient group summary. 
PR interval is defined from P-wave onset to 6-wave onset and QRS is the interval 
from £-wave onset to S-wave offset. Ta indicates the interval during which atrial 
repolarisation patterns were found. Where 'none' is listed, the 8 wave begins during 
atrial depolarisation. Ta indicates the segment used to represent atrial activity. The 
interval times ('/' means 'to') for Ta, Ta, and onset times are quoted relative to R-
wave maximum. Superscripts s=small size or short duration 8 wave, and rn=missing 
or partial MFM recording. 
* <5-wave MFM onsets are not given because of an unclear onset. 
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(a) (b) 

Figure 6.3: Normal and accessory pathway ECG leads for subject CM186. 
ECG leads V2 and V4 for (a) the average of 11 WPW beats and (b) average of 108 
normal complexes. 

to remove the complete Ta signal, and determine the contribution that incomplete or 

incorrect removal of atrial repolarisation from the average will make to the enhanced 

S-wave maps. 

6.3.1 Method 

From the 120 second BSPM data, two averaged complexes were formed. The first 

complex was an average of 11 consecutive WPW beats (WPW file). The other was 

formed from the 108 beats present during the initial 90 seconds of the recording 

(normal file). Two BSPM leads for each of these averages are presented in Figure 6.3. 
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From the 12-lead ECG, RMS distributions and contour maps of the PR interval it 

was determined that the atrial activity in the averaged files was the same. There was 

no evidence of a wandering pacemaker site which would result in distinctly different 

atrial conduction mechanisms and prevent direct comparison of the files. The max­

imum of the P wave was chosen as a common reference point to align data files, as 

the changes in the ventricular activation wavefronts during normal and WPW fusion 

modes did not allow alignment to be made on the QRS complex. 

A common Ta segment in the files occurred from 48 to 60 ms after P-wave max­

imum. After 60 ms, the PR-segment maps in the WPW file diverged from the 2 

normal files, presumably due to 6-wave onset. A 10 ms interval in the PR segment of 

each file - representing the same atrial repolarisation events - was chosen to charac­

terise Ta. Three enhancement techniques were applied to these maps to enhance the 

6-wave signals as early as possible after onset. 

These techniques were: 

1) SVD enhancement consisting of representation of Ta maps from the WPW file by 

orthogonal expansion (SVD), and subtraction of the fitted Ta eigenmaps from the 8 

wave; 

2) TAT enhancement by means of subtraction of the average Ta map (from the WPW 

file) from the 8 wave; 

3) Enhancement consisting of subtraction of the normal file from the WPW file on a 

map-by-map basis (with alignment of the two files based on P-wave maximum). 

By subtracting on a map-by-map basis, theoretically, we would be removing any 

atrial repolarisation component resulting from temporal variation in amplitude and 

position of the Ta source. This term is small but not negligible as was demonstrated 

in Chap. 5. 

In the last method (3), the baselines of the normal and WPW files should match 

accurately. To accomplish this, the map-by-map subtraction was performed ot nor­

mal and WPW beats with isoelectric intervals defined during their own PR segments. 

The 'isoelectric' segment chosen was the same as the segment used to characterise Ta 
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(50 to 60 ms after P-max). 

6.3.2 Results 

The signal-enhanced 6-wave maps obtained using the three enhancement methods are 

presented in Figure 6.4 along with the original unenhanced maps. Most strickingly 

similar are the average Ta map (Fig. 6.4c) method and the theoretical, map-by-

map difference, method (Fig. 6.4d). The unenhanced 6-wave maps (Fig. 6.4a) have 

contributions due to the concurrent atrial repolarisation signal. This is reflected 

particularly by an apparently poor S/N in the earliest 8-vrave maps as compared 

to the map-by-map difference technique. The Singular Value Decomposition (SVD) 

method (Fig. 6.4b) also shows poor S/N spatial features, but the particular causative 

agent in this case is the non-orthogonality of the 6-wave and Ta-wave maps, resulting 

in a distortion of the 6-wave pattern. 

Of particular interest in this work will be the application of single-moving-current 

dipcle (SMD) inverse solutions to the S-wave maps in order to locate accessory path­

ways. To determine the success of the enhancement techniques on the 6-wave maps, 

single current dipole inverse solutions using a standard torso conductor model, were 

obtained for all cases, and compared to the 'theoretically' correct map-by-map dif­

ference version (method 3). The inverse solutions were performed during the interval 

from (66-122) ms relative to P-max (4 ms to 60 ms relative to S-wave onset). At 

124 ms, Q-onset begins in the file of the normal beat, hence comparisons would not 

be useful beyond this time instant. 

The inverse solution results of the different methods are compared in Table 6.2. 

The recovered dipole source locations of the theoretically correct map-by-map result 

and each of the other 3 inverse solutions are compared. The distances between 

solutions (| AR |) every 8 ms during the 8 wave was calculated, as well as the average 

and standard deviation. 

The largest differences relative to the theoretical result are found earliest in the 

S wave, when atrial and residual atrial signals may affect the solutions. The average 
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-0.019 0.020 -0.049 0.065 -0.116 0.142 

Figure 6.4: Enhanced 6-wave maps for the different methods studied, 
(a) unenhanced, (b) SVD method used to characterise Ta, (c) Ta characterised by 
an average segment, and (d) map-by-map subtraction of the 108 normal beat PR-
segment signal from the WPW beat. 
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Time 
(ms) 

4 
12 
20 
28 
36 
44 
52 
60 

Average 
St. Dev. 

Unenhanced 
9.00 
2.96 
2.19 
1.27 
0.97 
0.76 
0.54 
0.27 
2.24 
2.87 

SVD 
Enhanced 

4.06 
3.03 
3.20 
2.26 
2.10 
1.73 
1.25 
1.10 
2.34 
1.02 

TAT 
Enhanced 

0.90 
0.46 
0.29 
0.22 
0.17 
0.18 
0.12 
0.11 
0.31 
0.27 

Table 6.2: Inverse solutions compared to theoretical solution. 
Recovered DSL for each enhancement technique is compared to the map-by-map 
solutions, with the 3-dimensional difference in locations given in cm. Times are 
relative to 6-wave onset. 

differences for the unenhanced and SVD-enhanced solutions are always larger than the 

TAT-enhanced solution, which on average is only 3.1 mm away from the theoretical 

solution. 

6.3.3 Discussion 

The similarity of the early enhanced maps by methods 2 and 3 to the later 6-wave fea­

tures confirm th_t the enhanced maps reflect the pre-excitation source. The AP as­

sociated with these early 6-wave maps should be as successfully located as the later 

maps. 

The inverse solution results help demonstrate the benefits of using some form 

of signal enhancement to remove the atrial repolarisation (Ta). The RMS display 

of the WPW beat does suggest the 6-wave onset as early as 70 ms after P-max; 

however, at this time the size of the signal is still of similar amplitude as the atrial 

repolarisation signal. As a result, no attempt can be made to localise the accessory 

pathway with an SMD solution until ~90 ms. The removal of the Ta signal, however, 
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would result in an earlier localisation of the pathway. As conduction proceeds through 

the ventricles, via the accessory pathway, the centre of the equivalent current dipole 

will be moving further from the origin of the pathway. Thus the earlier a localisation 

result is obtained, the closer the result will be to the actual pathway. 

The relatively large contributions of a Ta signal to the unenhanced maps and the 

SVD-enhanced maps (method 1) accounts for the large errors of fit in the first maps. 

As can be seen in Figure 6.4a and b, there is a very low effective signal to noise 

ratio in these first maps. It is interesting to note that Nenonen et al. [72,81] used 

an orthogonal expansion method to remove the Ta signal in magnetocardiographic 

WPW maps, but did not report any unusual results. 

The final two methods give reasonable results. By not removing the temporal 

variations in the Ta source, but just the average representation, it appears that a 

difference of the order of 1 cm or less is found during initial 6-wave onset (before 

20 ms, Table 6.2). By 20 ms after 6-wave onset, the improvements fall below 2.9 mm. 

It is suggested then that a map-by-map difference of atrial repolarisation ideally 

provides the best possible localisation results. However, the Ta enhancement would 

only yield approximately 5-10 mm error during the early 8 wave, as compared to 

more than 2 cm error with unenhanced data. The localisation error falls to less than 

3 mm within 20 ms of 6-wave onset, probably because of the increased size of the 

6-wave signal compared to temporal variations of the Ta-wave. 

6.4 Method of WPW-signal enhancement 

Having established that the average map technique is the best and simplest method to 

enhance the early 6-wave maps, a protocol was developed to be used for all subjects. 

The signal-enhancement protocol followed for both the MFM and BSPM data was: 

• Maps of the PR interval and early QRS, from -170 ms to 0 ms relative to 

R-wave maximum, were plotted every 6 ms. Although R-max is an arbitrary 

point from subject-to-subject, particularly in pre-excitation subjects, it always 
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occurs well after 6-wave onset. 

• The segment corresponding to atrial repolarisation was identified. This was 

sometimes done by plotting maps every 2 ms, particularly in cases with very 

short PR segments, and early pre-excitation. The Ta segment identified for 

each subject is listed in Table 6.1. In 12 subjects, atrial depolarisation was 

complete before any evidence of pre-excitation appeared in the maps. Hence a 

definite, but sometimes short, repolarisation segment could be identified. In 4 

other subjects the 6 wave begins during the P wave. 

• A 10 ms segment was chosen to represent atrial repolarisation. The offset of 

this segment corresponded to 6-wave onset, except in cases where the duration 

of the Ta segment was less than 10 ms. For these subjects, the end of the Ta 

segment was allowed to overlap with 6-wave onset. When the P wave and 6 

wave overlapped, the representative segment was chosen to start at the time 

with the first evidence of pre-excitation in the maps. Of course, this means 

that we had to include up to 10 ms of the 6-wave onset in the Ta representative 

segment. The Ta representative segment chosen for each subject is listed in 

Table 6.1 as Ta. 

• This segment was averaged and subtracted from the PR-segment and QRS 

onset maps. The signal-enhanced 6-wave maps were plotted every 4 ms, and 

6-wave onset was determined from both the MFM and BSPM isocontour plots. 

Visual inspection of the resulting enhanced 6-wave maps is one method to eval­

uate the success of the enhancement procedure. Further confirmation was achieved 

by means of less subjective - although not necessarily more accurate - techniques. 

To determine that the pattern emerging in the early enhanced 6-wave maps indeed 

reflected pre-excitation via the accessory pathway, a computerised Gallagher AP clas­

sification was performed [150]. 



147 

The Gallagher scheme, presented in Figure 6.1, is a 12-lead electrocardiographic 

classification scheme for pre-excitation. In this scheme, specific AP locations have 

an expected 6-wave polarity in each of the 12 standard ECG leads. The scheme was 

proposed after an analysis of the mean equivalent sources during the initial 40 ms 

of ventricular depolarisation in documented cases of single accessory pathways, with 

maximal pre-excitation (large 6 waves). In our application, classification was made of 

the initial 10, 20, 30 and 40 ms of the 6 wave before and after enhancement. The AP 

location was chosen to be the site which had the largest number of correctly matched 

polarities (of 12 leads). If more than 3 leads did not match, no AP site was identified. 

This computerised search was compared to the '"nical 12-lead classification of a 

12-lead ECG derived from the BSPM data and location of AP determined during 

ablation or EPS. 

A number of examples showing general results and benefits of the enhancement 

of the early 6 wave will be presented initially. Following this, the non-invasive 12-

lead ECG classification scheme results will be discussed. We will then compare the 

BSPM and MFM patterns as a function of site around the A-V ring. Finally, we 

will describe the localisation of the ventricular insertion sites of the AP by means 

of inverse solutions that calculate a single moving current dipole from the measured 

BSP and MF maps. 

6.5 Examples 

Examples showing the effects of removing the Ta contribution from the early 6 

wave are presented for 3 particular subjects. The early 6-wave enhancement results 

for all other subjects will be discussed with reference to these examples. 

6.5.1 Left-sided pathways 

The first set of maps, presented in Figures 6.5 and 6.6, are typical results for left-sided 

pathways leading to significant ventricular pre-excitation. The subject (CN197) had 

a definite 22 ms (long) atrial repolarisation (Ta) segment between P-wave offset and 
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6-wave onset. In the unenhanced maps presented in Fig. 6.5, typical Ta patterns 

are seen in BSPM and MFM at -10 ms (relative to 6-wave onset). By 10 ms, a 

growing negative potential on the posterior torso and an increased magnetic field are 

associated with the 6 wave. As time progresses, both positive and negative potentials 

due to atrial repolarisation are masked by the growing 6-wave potentials. In the 

MFM, the presence of the 6 wave is evidenced by the growth of the negative field 

maximum from the left to the right side of the maps. A stable pattern is present in 

both sets of maps from 30 ms to 40 ms. 

The earliest 6-wave maps were enhanced by removing the dominant Ta signal. 

The maps from —12 ms to - 2 ms were averaged and then subtracted from the PR-

segment and QRS-complex maps. These enhanced maps are presented in Figure 6.6. 

There is little evidence of either the Ta or 6-wave signals at —10 ms. Starting at 0 ms, 

a stable BSPM pattern consistent with a left lateral (LL) pathway [75] emerges and 

grows in amplitude. The magnetic field map has a low S/N ratio at 0 ms, particularly 

due to the larger noise level, but the pattern is stable and grows as a function of time. 

6.5.2 Right-sided pathways 

An example of BSPM and MFM 6-wave patterns for a right postero-lateral (RPL) 

pathway are presented in the next two figures. The unenhanced maps for subject 

VP190 are presented in Figure 6.7. In this subject, as in all four right-sided pathways 

in this study, no pure atrial repolarisation phase occurred. The maps at —10 ms are 

consistent with very early atrial repolarisation, but this pattern changed immediately 

due to very premature ventricular excitation via the accessory pathway. 6-wave onset 

in the isopotential maps was signaled by the sudden, strong emergence of a potential 

maximum on the right anterior torso (0 ms of Fig. 6.7), coinciding with much smaller 

minimum potentials posteriorly. The MFM are almost entirely negative at onset. 

The enhanced maps for this subject are shown in Figure 6.8. The segment from 

—10 to 0 ms used to remove the contribution of atrial repolarisation undoubtedly 

contains a significant 6-wave signal. The residual maps at -10 ms result from the 
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Figure 6.5: Unenhanced PR-segment and early QRS-complex maps for subject 
CN197. 
Selected contour intervals of the MF and BSP maps are displayed below the maps. 
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Figure 6.6: Enhanced PR-segment and early QRS-complex maps for subject CN197. 
The segment from —12 to —2 ms relative to 6-wave onset was averaged and subtracted 
from the QRS complex. 
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Figure 6.7: Unenhanced PR-segment and early QRS-complex maps for subject 
VP190. 
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Figure 6.8: Enhanced PR-segment and early QRS-complex maps for subject VP190. 
The segment from -10 to 0 ms relative to 6-wave onset was averaged and subtracted 
from the QRS complex. 
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changes in the non-stabilised atrial source, plus a contribution from the strong 6-

wave onset. The early sequence of maps in this right postero-lateral pathway varies 

greatly for 30 to 40 ms, but stable BSPM and MFM patterns emerge r.fter this time. 

In the early maps, the minimum potentials are much smaller than the maximum 

values, suggestive of a strong current source directed toward and located close to 

the anterior torso. Later, these areas of positive potentials become negative, now 

suggesting a current flow moving away from the same region. Benson et al. [75] have 

pointed out that this pattern can easily be confused with a left lateral pathway. This 

feature, found in 3 right-sided pathways, suggests this may be a common character­

istic of these locations. It has not received much attention in past publications - to 

the extent that the BSPM pattern which has been suggested as typical for these sites 

actually does not appear until 30 ms after 6-wave onset in this group. These changes 

are further discussed later. 

6.5.3 Small or short 6 waves 

Unenhanced PR-segment and early QRS maps for a third subject (BS184) with a 

LAL pathway and associated small 6 wave, are shown in Figure 6.9. This patient had 

a PR-segment duration of 24 ms. The maps at —2 ms show typical Ta BSPM and 

MFM patterns. At 4 ms, a negative potential extremum emerging on the posterior 

torso (right side of map) marks the onset of the 6 wave in the BSP maps. In the 

MFM, there is no clear indication of the emergence of a second source in the early 

maps, until the map at 22 ms. Here the positive magnetic field has moved superiorly, 

while the minimum has moved to the right in the map. 

The enhanced 6-wave maps are shown in Figure 6.10. The early body surface 

potential maps are similar to those in Figure 6.6, supporting the belief that the 2 

subjects in question had similar AP locations. However, because of the small size of 

the 6 wave, and the higher noise level, it was not possible to isolate a stable, dipolar 

pattern consistent with pre-excitation in this subject's magnetic field maps. The 

MF maps in this subject do not reveal a clear pre-excitation signal, nor was there a 
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Figure 6.9: Unenhanced PR-segment and early QRS-complex maps for subject BS184. 
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significant 6 wave in the magnetic field temporal waveforms. By 28 ms, the MFM is 

consistent with early, normal QRS activity. 

All 12 subjects with left-sided pathways had early BSPM 6-wave maps which could 

be successfully enhanced. In 3 subjects, the 6 waves were significant in amplitude, 

but short in duration, resulting in a QRS duration less than 120 ms. In these 3 

cases, as in 6 other subjects with significant 6 waves, it was possible to extract the 

atrial repolarisation signal from the early MFM 6-wave signal. Two subjects, BS184 

(Fig. 6.10) and KG162, did not have large 6 waves. The Ta and 6-wave features in 

their MFM could not be clearly separated. There was no MFM measured for the 

twelfth subject (CM186). 

6.6 12-lead ECG localisation of AP 

Results fo- Gallagher's classification of pre-excitation are presented for each subject, 

in Table 6.3, and summarised in Table 6.4. Twelve of sixteen AP could be successfully 

localised within 1.5 Gallagher sites2 using the 12-lead ECGs derived from enhanced 

BSPM data, obtained during the first 20 ms of 8 wave. 

The most important observation that can be derived from these results is that the 

enhancement protocol successfully separated the early 6 wave from the contaminat­

ing background signal generated by atrial repolarisation. Had there been significant 

residual atrial signal, the 10 ms and 20 ms classifications would not have been success­

ful. The enhanced 12-lead ECGs, derived from the enhanced BSPM data, generally 

yielded more successful classifications earlier in the 6 wave. 

Better classification results, using the automated computerised technique (unen­

hanced and enhanced) could have been achieved for cases with right-sided pathways, 

if 6-wave onset in this group had been chosen later, to coincide with the beginning of 

the stable pattern emerging only 30-40 ms after our onset. Three of the four cases 

which could not be classified to within ±G1.5 in the first 20 ms had right-sided AP 
2Gallagher localisation is quoted to within ±0.5 sites. This occurs because the actual pathway 

was located between adjacent sites or fit either of two adjacent sites equally well. 
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22 ms 

I ____! I — 

10 ms 28 ms 
Cl=(50.50.50.50.125,1000) fT 
Cl=(2.0,10.0,10.0,20.0,40.0,100.0) uV 

Figure 6.10: Enhanced PR-segment and early QRS-complex maps for subject BS184. 
The segment from —12 to —2 rns relative to 6-wave onset was averaged and subtracted 
from the QRS complex. 
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Patient 
SL185 

KG 162 

CM186 

LC196 

JS188 

MS 193 

CN197 

LA199 

BS184 

EA191 

MR1P7 

DK195 

WG200 

DI1892 

VP190 

HB177 

EPS/Ablated 
G6e 

G7e 

G7 

G7.5 

G8e 

G8 

G8e 

G8.5 

G9 

G9 

G9e 

G10* 

Gl.5e 

G2 

G3.5 

G5 

Clinical 
G6 

G3 

G5 

G3 

G2 

G8 

G8 

G8 

G8 

G9 

G9 

G10 

Gl 

G2 

G4 

G3 

10 ms 20 ms 30 ms *0 ms 
G7 G5.5 G5.5 G6 
G6 G6 G6 G6 

G5 G6.5 G2/6 
G6 G6 G6.5 G2/6 
G5 G6 G6 G6 

G6 G6 G6.5 
G6 G6.5 G6 

G7.5 G6 G6.5 G6 
G2.5 G2 G2 G2 
G2 G2 G2 G2 

G9 G9 
8 G8.5 G9 G9 

G8 G8 G8 
G7.5 G8 G8 G8 
G9 G8.5 G9 G9 
G9 G9 G9 G9 
G5 G8 G9 G9.5 
G6 G8 G9 G9.5 

G9 G9 G9 
G9 G9 G9 G9 
G2 G2 G0.5 G0.5 
G2 G2/6/10 G10 G10 

Gl G0.5 G0.5 
Gl G0.5 G0.5 

G7 G7 G6 G2 
G7 G5 G2 

G7.5 G9 
G8 

G7.5 G7 G6.5 G6.5 
G7.5 G6 G5.5 G6 

G2/5.5 G2/6 G2/6 G2/6 
G2/5 G2/6 G2/6 G2/6 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

UE 
E 

Table 6.3: Locations of WPW accessory pathway. 
The ablated AP location, when available, is used to confirm the predicted location. In 
relevant cases, EPS confirmations are indicated by the superscript e. The unenhanced 
(UE) and enhanced (E) Gallagher sch^e classifications were determined by computing 
the average potential after 10, 20, 30 ana 40 ms. When a site is given as 'G6.5\ this means 
that the actual pathway was located between the adjacent sites G6 and G7 or fit either of 
two adjacent sites equally well. When more than one distinct, but equally possible match 
was found, the '2/6' nomenclature was used. A match with any of these sites was later 
accepted as a correct classification. * This subject did not have EPS or ablation therapy 
confirmation; the site suggested is the 12-lead clinical determination. 
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Number of subjects where: 
Accuracy within 
±G0.5 

Accuracy within 
±G1.5 

Unenhanced 
Enhanced 
Clinical 
Unenhanced 
Enhanced 
Clinical 

Interval ending (ms) 
10 20 30 40 
2 3 3 1 
7 0 3 2 

3 6 3 1 
8 4 0 1 

N 
9 
12 
10 
13 
13 
11 

Table 6.4: Comparison of results obtained by 12-lead Gallagher classification. 
The number of subjects where the AP was located within ±0.5 or 1.5 Gallagher sites 
after a given time relative to 6-wave onset is tabulated for 12-lead ECGs derived from 
unenhanced and enhanced BSPM data. The clinical results are also summarised. 

The sites which were generally incorrectly classified by a clinician were sites G7 and 

G8 (4 cases). 

The 12-lead ECG localisation criteria of Gallagher et al. [150] presented in Fig­

ure 6.1 were derived from the polarity of the 12-lead ECG obtained during rapid atrial 

pacing, resulting in maximal pre-excitation. The AP locations were determined by 

epicardial mapping during operation in patients with single accessory pathways and 

no associated anomalies. They suggest that their results should be applied to patients 

in whom the QRS duration is more than 140 ms. Lemery et al. [168] tested the merits 

of various electrocardiographic AP classification schemes, including that proposed by 

Gallagher et al., on resting 12-lead ECGs. In their study, they concluded that this 

technique could only successfully classify 15 out of 47 AP locations (32%). 

The success of Gallagher's criteria used on our resting 12-lead ECGs (derived 

from the enhanced BSPM measurements) suggests a contrary conclusion. All but 

one of 12 subjects with left-sided pathways could be classified successfully using the 

Gallagher criteria to within 1.5 (Gallagher) sites. The right-sided AP classifications 

were not as successful, primarily because of the choice of 6-wave onset in these cases. 

A few observations from the 12-lead ECG classification data prompted an eval­

uation of the classification scheme itself. In our data, the best fit site was chosen 
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Site 
Gl 
G2 
G3 
G4 
G5 
G6 
G7 
G8 
G9 
G10 

Gl 
0 
1 
3 
3 
4 
5 
7 
8 
3 
1 

G2 
1 
0 
1 
1 
1 
2 
4 
6 
4 
1 

G3 
3 
1 
0 
1 
2 
3 
5 
9 
8 
6 

G4 
3 
1 
1 
0 
1 
1 
3 
9 
6 
5 

G5 
4 
1 
2 
1 
0 
1 
2 
8 
6 
4 

G6 
5 
2 
3 
1 
1 
0 
2 
8 
5 
4 

G7 
7 
4 
5 
3 
2 
2 
0 
6 
7 
6 

G8 
8 
6 
9 
9 
8 
8 
6 
0 
6 
6 

G9 
3 
4 
8 
6 
6 
5 
7 
6 
i) 

1 

GIO 
1 
I 
6 
5 
4 
4 
6 
6 
1 
0 

Average 
3.5 
2.1 
3.8 
3.0 
2.9 
3.1 
4.2 
6.6 
4.6 
3.4 

SD 
2.6 
1.9 
3.1 
2.9 
2.6 
2.4 
2.4 
2.6 
2.6 
2.4 

Table 6.5: Self-fit test of the Gallagher 12-lead scheme. 
The Gallagher scheme [150] for the 10 site accessory pathway determination was 
tested against itself to determine its sensitivity. Entries represent the number of 
leads (out of 12) which did not fit the criteria. 

as the one which had the maximum number of polarity matches, without exceeding 

3 incorrect polarities. In many cases there was a broad distribution of sites which 

had less than 3 incorrect polarities, and rarely was there an exact match with all 12 

polarities for that best site. Furthermore, we observed that some sites (especially 

G2) were recurrently chosen incorrectly as the best-fitting site. 

To determine the accuracy of the Gallagher classification scheme, the scheme 

was tested against itself. For example, the polarities of the 12 leads for Gl were 

compared to all 10 sites as if that data set were taken from a patient. The number of 

unmatched polarities were counted for all sites compared to one another. This result 

is presented in Table 6.5. For site G2, 7 of 10 sites have only 2 or less polarities wrong, 

resulting potentially in many incorrect classifications. On the other hand, criteria for 

site G8 would be highly selective, resulting in few wrong G8 classifications. The 

better selectivity for sites G7-G9 (higher average number of wrong match counts) 

may reflect the fact that AP are more common in these sites, resulting in better 

statistics when the original scheme was developed by Gallagher. 
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The ambiguity and large changes in the onset of right-sided pathways may in 

itself account for the low success in correctly classifying these AP and propensity to 

incorrectly choose these sites. The similarity of the 6-wave onset in the patterns of 

left-lateral sites, and smalerl number of right-sided pathways may have resulted in 

poor statistics when determining the criteria for these sites. 

This being said, we suggest that increased success may be achieved with a modified 

Gallagher scheme, which first determines whether the pathway is right- or left-sided 

(e.g. Rosenbaum type A or B [169]), then restricts the classification to either the 

right or left criteria. An additional criteria for right- or left-sided pathways might 

include P-wave to 6-wave onset duration. The averaged 'PR interval' for right-sided 

pathways was 75 (4) ms for this sub-group, as compared to a whole group average of 

107 (22) ms (see Table 6.1). It might even be approp '.ate today to take advantage 

of the ability to obtain larger sample sizes, to design a newer set of criteria. The 

widespread use of catheter ablation could provide the essential confirmation of the 

AP location. Previously, confirmation was obtained during the much less frequent 

surgical ablation procedures. This limitation reduced the number of subjects available 

in developing the criteria. 

6.7 BSPM and MFM as a function of AP site 

BSPM 6 wave patterns have been described extensively [75,157,159,161,170,171]. In 

summary, the isopotential maxima are located near the center or left side of the 

anterior chest wall. Discrimination between the sites is possible, becausp the potential 

minima rotate around the maxima in a set pattern, according to the AP loi^uon 

around the A-V ring. The minimum is located on the back for left-s:ded AP and on 

the right anterior chest for right-sided sites. The negative potentials extend along 

the inferior borders of the map (diaphragm) for posterior sites and along the superior 

edge (neck) for anterior locations. 

All but 2 of the 16 single accessory pathways resulted in BSPM patterns which 
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could be successfully classified within 1.5 sites by comparison to the 40 ins representa­

tive maps suggested by Benson et al. [75] and simulated maps of Nenonen et al. [70]. 

The maps of Benson were obtained under maximal pre-excitation during pacing, 

thus are not considered representative of preexcitation during sinus rhythm. How­

ever, with the assumption that maximal pre-excitation minimises interference from 

other sources, the earlier enhanced maps could mimic this situation, since interfering 

atrial signals and ventricular fusion are eliminated. This assumption is supported 

by a study of Giorgi et al. [170] which demonstrates that modifying the degree of 

pre-excitation does not essentially change the distribution of potentials. These ob­

servations permitted successful classification of the early 6-wave maps in most cases, 

including subjects with small 6 waves. The classification of right-sided pathways was 

done with the maps measured 40 ms after 6-wave onset. This successful classification 

served primarily to confirm that our enhanced BSPM patterns agreed with previously 

published maps. 

With this confirmation, a retrospective arrangement of the body surface potential 

and magnetic field maps as a function of site around the A-V ring was produced. 

Subjects with pre-excitation site confirmed by catheter ablation were arranged ini­

tially; the remaining subjects were positioned afterward. Since the results obtained 

by EPS localisation are not as accurate as those yielded by the ablation procedure, 

some liberty was taken to place these subjects. The order of patients in Table 6.3 

reflects this relative positioning. 

The BSP- and MF-enhanced ventricular maps as a function of site at 20 ms and 

40 ms for 10 subjects are shown in Figures 6.11 and 6.12, respectively. Before any 

discussion of th~se maps, we emphasize that some of these maps do not represent 

pure pre-excitation, since fusion with normal ventricular activation can be significant 

in sujects with small 6 waves. 

The BSPM patterns at 20 ms and 40 ms are quite similar in most right-posterior 

and left-sided AP maps. However, amongst this group are 3 subjects with small 6 

waves (LA199, BS184, EA191). Two of these have a clear change in the location of 
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Figure 6.11: MF and BSP ventricular excitation maps at 20 ms into the 6 wave as a 
function of AP location. 
Subjects with small 6 waves are marked by *. 
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Figure 6.12: MF and BSP ventricular excitation maps at 40 ms into the 6 wave as a 
function of AP location. 
Subjects with small 6 waves are marked by *. 
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the maximum negative potentials from 20 ms to 40 ms. Two subjects (WG200 and 

VP190) with right-sided AP show the greatest variability between the 20 ms and 

40 ms maps. 

Variations in the magnetic field maps obtained in the frontal plane as a function 

of site around the A-V ring, are consistent with the orientation of the A-V ring in the 

torso as in the case of the BSP maps (see Fig. E.5). Pre-excitation maps originating 

from right-sided, right- and left-posterior pathways (roughly from Gl to G7) are sim­

ilar, with negative magnetic fields in the superior portions of the maps and positive 

fields covering inferior portions. However, close examination reveals variations consis­

tent with the relative locations of the AP around the A-V ring. Extrema associated 

with anterior sites are generally more superior than their posterior counterparts (i.e. 

WG200 versus SL185 in Fig. 6.11). Also, the positive and negative extrema of right-

sided pathway s are closer to each other than for left-sided AP, consistent with their 

closer proximity to the anterior torso (VP190 versus LC196 in Fig. 6.12). At 40 ms, 

the relative orientation of the MFM extrema at these sites is consistent with the X 

and Y components of the equivalent current dipole (ECD) moment (P) of the BSP 

maps. For example, in Figure 6.12 in WG200's MF maps, the current flow, reflected 

by the vector perpendicular to the line joining the two extrema, points in a similar 

direction as the vector joining the maxima in the BSP maps. Both vectors point from 

the right shoulder to the left hip. For some locations, when making this association, 

one has to disregard the contribution of Pz to the BSP maps. 

The MFM for subject HB177 at 20 ms deserves special explanation. While at 

40 ms a clear dipolar pattern of pre-excitation has emerged, at 20 ms there are two 

maxima in the distribution. However, closer investigation of this subject revealed 

that pre-excitation originated from a right posterior paraseptal site; thus the superior 

maximum should be associated with residual atrial repolarisation, or possibly late left 

atrial depolarisation, while the inferior maximum is due to ventricular pre-excitation. 

This analysis is supported by the short PR-interval duration (see Table 6.1) typical 

of all right-sided AP, resulting in characterisation of atrial events during the end of 
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the P wave. In this case it was not possible to remove the atrial contribution because 

it is still varying significantly during 6-wave onset. Fenici et al. [99] recorded similar 

MF maps in a subject with a right posterior paraseptal AP. 

MF maps of 6 waves associated with AP located at left lateral to left anterior sites 

(G8 to G9) are distinct from other sites, with two particular patterns found. Subject 

MR187 has a left anterior AP (G9), confirmed by EPS. The MF maps at 20 and 

40 ms show an almost monopolar pattern, with only a small negative field detected 

in the left upper area of the torso. A similar pattern was recorded, in the 20 ms 

6-wave MF maps, for two subjects (DK195, not shown, and EA191) with 6 waves of 

short duration. In these two cases, the area of negative magnetic field is slightly larger 

(see Figure 6.11, subject EA191) encompassing two minima on the left side of the 

torso. These two minima are suggestive of two different sources, creating a single large 

positive maximum. The lower of these two minima evolves and dominates at 40 ms 

(Fig. 6.12, EA191). The MF maps of MR187 (AP site G9) arc actually consistent 

with the previous description of sites Gl to G7. The ECD direction correlates with Px 

and Py suggested by his BSP maps. The nearly monopolar MF maps is a consequence 

of the extremely anterior and deep LA location of AP, resulting in a negative field 

maximum outside of the measured grid area. 

The MFM patterns of other patients with AP originating near G8 and G9 had 

the distributions found for subjects MS193 and LA199 in Figure 6.11 and 6.12 and 

subject CN197 (Fig. 6.6). These patterns are characterised by the separation of the 

MFM into positive and negative areas suggestive of current flow pointing along an 

oblique line roughly running from the left shoulder area to the right waist. The 

general description of MF maps for other sites does not apply to these maps. 

Very few magnetocardiographic studies of WPW syndrome have discussed the 

general features of maps for varying AP locations. A number of papers produced by a 

Finnish group [72,81,172] have described a dipolar pattern for right and posteroseptal 

pathways, in agreement with our findings. However, they have described posterior 

and left-sided AP as generating monopolar field patterns. Good agreement is found 
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with maps published by Fenici et al. [173], including the left-free-wall pathways. 

6.8 SMD localisation of AP from BSP and MF 
maps 

6.8.1 Method 

Standard torso model 

We performed single-moving-current dipole inverse solutions on magnetic field and 

body surface potential maps of the enhanced 6-wave maps. Two volume-conductor 

models were used: (a) infinite medium, and (b) standard homogeneous torso model 

(Fig. E.4). Inverse solutions were obtained for seven maps selected from an interval 

0 ms to 40 ms after 6-wave onset. To improve signal-to-noise before performing the 

inverse solutions, maps at t — 2 ms, t, and t + 2 ms were averaged to get the solution 

at t. A starting location for all maps was chosen near the center of the heart, at the 

level of the A-V ring. 

In all cases, the recovered dipole source locations were compared to the known 

Gallagher sites in the standard torso. The A-V ring projection of Figure 6.1 and 

known AP locations on this epicardial surface were used in the comparison. 

Individualised torso models 

For two subjects (BS184 and MS193), torso models were created from MR images of 

their geometries. The procedure used to obtain the tesselated torsos is described in 

detail elsewhere [174]. Briefly, points on the boundaries of interest are first digitised 

and then a spherical harmonic expansion of the digitised data is obtained, resulting 

in the specification of the thoracic geometry at all points on its surface. From this 

complete description of the torso surface, any set of node points can be defined. This 

last feature is particularly important for the BSPM inverse solutions, where electrode 

locations must be specified on the torso surface with fixed distances of 5 cm along the 

surface in the Y direction. Inverse solutions were obtained for the infinite medium 
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MS193 BS184 

Figure 6.13: Torso models for two WPW patients. 
The torso surfaces have 383 node points and 762 triangles. The lungs for MS 193 have 
190 node points and 372 triangles. 

and homogeneous torso volume-conductor models - at tbr -ame time points as the 

standard torso solutions. In addition, an inhomogeneous iurso with right and left 

lungs were also used in the solutions for MS 193. 

The torso models for MS193 and BS184 are shown in Figure 6.13. The position 

of the 4tA intercostal level and sternum, used as reference for the MFM grid and 

BSPM lead positions, were determined from markers during the MRI sessions and 

measurements made during the recording sessions. 

To evaluate the success of the enhancement of the early 6 wave, inverse solutions 

were also obtained from the unenhanced mapping data using the infinite medium 

and homogeneous volume-conductor models for both subjects. These results were 

compared to the equivalent enhanced data solutions. 
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| AR | (cm) 
MFM Infinite 

medium 
Homogeneous 
torso 

BSPM Infinite 
medium 
Homogeneous 
torso 

8 ms 20 ms 32 ms 
7.64 6.97 6.06 

(2.86) \ V (2.15) 
7.33 6.dC 6.63 
.'2.87) (2.29) (2.14) 
4.06 3.86 4.07 

(1.38) (1.23) (1.41) 
3.81 3.81 3.91 

(1.25) (1.02) (1.35) 

Table 6.6: Average distance and standard deviation of the recovered DSL to the 
correct AP location in a standard torso model. 

6.8.2 Results and discussion 

Standard torso model 

Standard torso inverse solution results are presented in both tabulated and graphical 

form. In Figure 6.14, the recovered dipole source locations, 20 ms after 6-wave onset, 

using the homogeneous torso model, are plotted on two views of the epicardial surface. 

In both views, the MFM results are extremely scattered in space, while the BSPM 

results are found to be located in close proximity to the A-V ring. 

These results are further summarised in Table 6.6. In this table, the 3-dimensional 

distance (| AR |) from the known AP location to the recovered DSL for all subjects 

was calculated and averaged. Inverse solutions for BSPM in infinite medium and 

homogeneous torso models are, on average, closest to the true AP site (~ 4 cm). DSLs 

recovered by inverse solutions for the MFM using infinite medium and homogeneous 

torso models are located ~ 6.5 cm to 7.5 cm away. In both the MFM and BSPM 

solutions, the infinite medium and homogeneous torso solutions are similar. 

Table 6.7 list the averages of the absolute values of the components of the distance 

to the AP location at 20 ms after 6-wave onset. The discrepancies in the MFM X 

and Y directions are, on average, 2 cm larger than the BSPM discrepancies, while at 

1.3 cm, the difference in the Z component is slightly smaller. 
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BSPM solutions 

L R 

MFM solutions 
5 cm 

S • 

L R 

Figure 6.14: DSLs recovered at 20 ms in the standard torso. 
Solutions are plotted on a basal view of the epicardium at the level of the A-V 
ring (left) and an anterior view (right). Four different symbols were used to plot 
locations, depending on the known AP sites: (x) Left posterior (G6-G7), (open • ) 
Left lateral/anterior (G8-G10), (+) Right posterior (G3-G5), and (solid D) Right 
anterior (G1-G2). 
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Distances (cm) 
MFM Average 

S.D. 
BSPM Average 

S.D. 

| AX AY | | AZ 
3.72 3.37 2.73 

(2.68) (2.31) (1.75) 
1.72 2.43 1.40 

(1.14) (1.60) (1.07) 

| AR 
6.50 

(2.29) 
3.81 

(1.02) 

Table 6.7: Average distance of the recovered DSL to the correct AP location in a 
homogeneous, standard torso model at t=20 ms. 

Gulrajani et al. [71] had already shown, in BSPM recordings of a group of 28 

WPW patients, that the same torso conductor model used for all subjects was only 

able to resolve AP locations to 3 general regions of the heart: right-side, posterior and 

left-side. Figure 6.14a suggests a similar clustering of BSPM solutions into particular 

areas of the A-V ring. However, these areas do not correspond to the same areas 

found by Gulrajani et al. In particular, none of their solutions were laying outside 

the heart, where most of our left-lateral and left-anterior sites were located. These 

differences could result from different standard torso geometries, and in particular, 

variations in location and orientation of the epicardial surfaces of the heart within 

the torso. A clustering into regions is not found in the MP'M solutions. 

The MFM inverse solutions are generally further from the immediate area of 

the A-V ring than the BSPM. It is difficult to account for such a large difference. 

One possibility relates to the MCG grid position relative to the standard torso, as 

compared to the actual subject. The origin of the BSPM and MFM grids are at the 

same X and Y locations of the torso during the recordings, where MCG grid point 

D3 located at the intersection of the 4th intercostal space and sternum, corresponds 

to BSPM lead position 33. Any alignment error of these points relative to the torso 

model for an individual patient will be equivalent in both BSPM and MFM inverse 

solutions. On the other hand, the location of the MCG grid above the subject's 

chest can vary, and as shown in Table 2.4, will be reflected primarily in an equivalent 

difference in the Z coordinate of the recovered DSL. By using a constant distance to 
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the standard torso, a difference in the definition of the origin of the Z axis between 

the BSPM and MFM data, is introduced during the measurements and the modelling. 

However, if this were a significant factor, there would lixely be a larger difference in 

the discrepancies of the MFM Z location than either X or Y. In fact (see Table 6.7), 

the Z component '.ifference is on average smaller than that of either X or Y. 

Generally, tne use of the same standard (male) torso for all subjects gave some­

what better results for BSPM solutions than for MFM data. However, it should be 

noted that the cross-sectional area of the A-V ring is in itself only ~ 6.5 cmx7.5 cm. 

Hence, although the BSPM solutions are closer than the MFM results, relative to the 

actual size of the A-V ring, both results are of limited clinical value. 

The objective in removing atrial repolarisation signals from the early 6 wave was 

to minimise the AP localisation error due to movement of the wavefront from the 

ventricular insertion site. However, this objective can as well be abandonned in the 

use of a standard torso model, since the modelling errors themselves will introduce 

greater discrepancy than can be accounted for by the effect of distance travelled by 

the wavefront from the insertion site of AP. This in part explains the focus of the 

results just presented on the maps obtained 20 ms after 6-wave onset. In addition to 

the modelling errors, the MFM noise level is larger than the BSPM data, so that it 

is not always possible to obtain a magnetic field inverse solution much earlier than 

at 20 ms. The magnetic noise level affects the onset maps in subjects with small 

6 waves in particular, but not exclusively. In this group, fusion of ventricular pre­

excitation with excitation via the HPS occurs sooner than in most other subjects -

thus preventing comparisons later in the 6 wave. 

Individualised torso models 

Inverse solutions for subject MS193 were obtained for three volume-conductor models: 

infinite medium, homogeneous torso and torso with lungs. The solutions for the torso 

with lungs, projected onto the subject's MR images, are shown in Figure 6.15. The 

solutions at 14 ms during the 6 wave for both the MFM and BSPM results are shown. 
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Anterior Anterior 

Posterior Posterior 

I 1 7.0 cm 

Figure 6.15: Recovered DSL projected onto MR transverse images of subject MS 193. 
The solutions at 14 ms during the 6 wave, using an inhomogeneous volume-conductor, 
are plotted for the MFM data (left) and BSPM data (right) with a •. Above the 
images are displayed the maps at 14 ms and ECG lead V4. 

The BSPM solutions (right) recovered a correct left lateral AP slightly above the level 

of the A-V ring, while the MFM solutions (left) suggest a more anterior location on 

the left ventricular wall. 

The relative displacements of DSLs recovered from the BSPM and MFM are 

depicted in Figure 6.16. The two solutions are shown on frontal and sagittal views of 

the digitized torso (top) and expanded scales of these same views (bottom), for the 

first 40 ms of the 8 wave. The BSPM and MFM solutions both move anteriorly, while 

the two solutions diverge in other directions. The MFM solutions move superiorly and 
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the BSPM locations move inferiorly. Included on these projections are the recovered 

vectors of dipole moment and relative magnitudes at each location. 

BSPM solutions for subject BS184 suggest a left-anterior AP in the first 14 ms. 

The equivalent MFM solutions during this time were not confined to any particular 

region of the heart. The MFM and BSPM inverse solutions obtained using the 

standard male torso model placed the recovered dipole sources at 5.23 cm and 3.59 cm 

from the known LAL site. The same solutions placed recovered AP of subject MS193 

at 20 ms after the 6-wave onset, respectively, at 10.34 cm (MFM) and 4.49 cm (BSPM) 

from the LL location. The result for subject MS 193 was the furthest of all from the 

known AP in the MFM data and only 0.6 cm away from the worst BSPM result. 

A comparison of the solutions obtained using the 3 different models of volume-

conductors models for MS193 is presented in Table 6.8. This table contains, on the 

diagonal elements, the difference between the MFM and BSPM results obtained with 

the 3 conductor models. In the upper off-diagonal elements the MFM solutions using 

the 3 conductor models are compared to each other, while the bottom off-diagonal 

elements contain the BSPM comparisons. The average three-dimensional distance, 

as well as standard deviations, were computed for the 7 maps. 

Ave. k S.D. (cm) 
Infinite medium 
Torso 
Torso k lungs 

Infinite medium Torso Torso k lungs 
2.48 (0.30)Mtf 2.64 (0.61 )M 2.32 (0.67)" 
0.96 (0.09)fl 4.42 (0.55)'WB 1.47 (0.52)M 

0.88(0.08)B 1.08(0.02)* 2.99 (0.46)MS 

Table 6.8: Relative differences in recovered DSL for subject MS193. 
Infinite medium, homogeneous torso and inhomogeneous torso (torso and lungs) are 
compared. Superscripts M, B and MB denote comparisons made between 2 MFM, 
2 BSPM and MFM vs. BSPM solutions, respectively. 

In general, the BSPM solutions for MS 193 only change by 1 cm with different 

volume-conductor models. The small standard deviation on all 3 BSPM comparisons 

reflect the stability in the solutions during the entire 6 wave. The total change in 
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Figure 6.16: The recovered DSL projected onto the torso model of subject MS193. 
The solutions from 0 ms to 40 ms during the 6 wave, using an inhomogeneous volume-
conductor, are plotted for the BSPM and MFM data in frontal and sagittal views. 
The MFM solutions are above the BSPM results in both views. In the bottom, the 
same results and views are plotted at an enhanced scale. 



175 

Average for all subjects: 
Standard homogeneous torso 6.11 (2.24) cm 

For MS193: 
Standard homogeneous torso 
Tailored homogeneous torso 
Tailored torso with lungs 

6.78 (1.67) cm 
4.42 (0.55) cm 
2.99 (0.46) cm 

Table 6.9: Average difference (S.D.) between MFM and BSPM recovered DSL in 
various volume conductor models. 

location from 0 ms to 40 ms (inhomogeneous solution) was 0.6 cm. 

The larger variability of DSL among conductor models suggests that the MFM 

inverse solutions are more sensitive to modelling parameters, but the decision as to 

which volume-conductor model is most appropriate cannot be made with only two 

MFM and BSPM data sets. The larger differences in the MFM solutions reflect 

the greater variability in recovered DSL during the 6 wave, using various conductor 

models, which may in turn follow in part from the higher signal-to-noise level relative 

to the BSPM data (by factor of ~ 6, Table 1.1). The total change in location during 

the 6 wave in the MFM data was 2 cm, with the greatest displacement found in the 

Y direction (toward the head). 

The relative differences between the MFM and BSPM solutions are not easily 

interpreted. These differences are repeated in table 6.9, along with standard torso 

results. If one assumes, that ideally both inverse solutions can recover the correct 

DSL, then the most accurate volume-conductor model should yield no difference in 

the two solutions. This rule cannot be applied universally, since the effects of any 

volume-conductor approximation might be more or less equivalent in both inverse so­

lutions. However, it is known that infinite medium MFM inverse solutions are not as 

accurate as homogeneous torso solutions [72,81]. The small differences in the BSPM 

and MFM solutions for subject MS193 (2.5 cm) for the infinite medium model then 



176 

probably reflect a similarity in modelling approximation errors. The other results 

(comparison of a standard homogeneous, tailored homogeneous and tailored inhomo­

geneous torsos) more likel\ reflect the relative accuracy of each solution, suggesting 

that the MFM and BSPM inhomogeneous solution with tailored torso geometries 

(difference of 3 cm) most accurately reflects the true accessory pathway location. 

Because of the poor S/N of the 6 wave, subject BS184 had differences between 

MFM and BSPM solutions that were >7 cm, but the comparison of BSPM solu­

tions for the infinite medium and homogeneous conductor models yields only a 0..36 

(0.09) cm difference. The MFM solutions for these two conductor models differed by 

0.99 (0.98) cm. 

Unenhanced versus enhanced 6-wave solutions 

In Table 6.10, the difference between the enhanced and unenhanced 6-wave BSPM 

and MFM inverse solutions for a homogeneous volume-conductor are presented for 

both subjects. The larger differences occur for maps obtained less than 20 ms after 

the onset of 6 wave; in both the MFM and BSPM solutions this can be accounted 

for by the contamination from the atrial signals. The discrepancy is smaller after 

the 20 ms mark since for subject MS193 the 6 wave dominates the measured maps 

and in subject BS184 the small difference confirms that similar solutions were found. 

However, the source that has been located in these latter solutions, in particular by 

the MFM solution, corresponds to normal ventricular activation (see Figs. 6.9 and 

6.10). Also, the differences in the latter case are smaller than in subject MS 193 

because the signals due to normal ventricular activity are larger (S/N is higher). 

For subject MS193, there is a particularly small difference in the BSPM solutions 

after 20 ms, and a very short distance is travelled by the recovered DSL in the 

enhanced data (0.6 cm); this supports the conclusion that even the very earliest 

enhanced maps reflect the pre-excitation signal. Whatever residual atrial signal might 

be present, it minimally affects the localisation results of these maps. 

In the case of MFM solutions for subject MS193, the larger differences that occur 
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MS193 1 2 8 14 20 26 32 38 (ms) 
BSPM 5.22 2.56 1.14 0.63 0.37 0.22 0.15 
MFM 8.64 12.14 13.64 14.36 1.48 1.28 1.33 

BS184 2 8 14 20 26 32 38 (ms) 
BSPM I 9.32 2~M L13 0.74 0.16 0.06 6\0T~ 
MFM 6.35 8.78 9.67 7.40 0.73 0.28 0.12 

Table 6.10: Difference (cm) between recovered DSL in unenhanced and enhanced 
data. 
These results are for homogenous volume-conductor inverse solutions. 

after 20 ms into the 6 wave might be explained by a number of factors. The lower S/N 

of the MFM may result in poorer localisation results, even during times of significant 

pre-excitation. The voiume-current contributions due to inhomogeneities may be 

more important in the MFM solutions [174]. However, another explanation may be 

that the atrial signals were not satisfactorily removed. The greater sensitivity of the 

magnetic measurement system to right atrial repclvirisation sources (see Chap. 4), 

particularly due to the closer proximity of the right atrium to the front-end coil, 

may result in larger residual atrial signals. These residual signals would distort the 

6-wave maps, which due to the deep location of the left lateral pathway, could be 

relatively smaller than the BSPM signals. 

The contributions of atrial repolarisation are reflected in the results for subject 

BS184, who has a small 6 wave. Stability of the DSL recovered from the BSPM 

data during the first 20 ms of the 6 wave by the inverse solution suggests that the 

atrial signal was successfully removed from the early maps, and that the enhanced 6-

wave maps faithfully reflect the ventricular pre-excitation signal. The solutions for the 

MFM data might have been better with a higher S/N level. But the greater sensitivity 

of the gradiometer to the proximal right atrial sources may always adversely affect 

cases in which small 6 waves are encountered, particularly because the associated AP 

are found almost exclusively in the deep, left ventricular wall. 

w®*,n 
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6.9 Discussion 
6.9.1 Success of 6 wave enhancement 

The primary objective in enhancing the 6 wave onset was to (i) include subjects 

with minimal pre-excitation, whose 6 waves are small, and (ii) minimise errors of 

localisation by inverse solution due to travel of the pre-excitation wavefr jnt. In the 

case of the BSPM data, the stability of the enhanced patterns and recovered dipole 

source locations confirm that the enhancement technique will allow both objectives 

to be met. However, the DSLs recovered by BSPM inverse solutions spanned only 

5 mm during the entire 40 ms of 6 wave for the subject with a large 6 wave (MS 193). 

This suggests that the enhancement is not critical for all subjects. 

In the case of the subject with a small 6 wave (BS184), the early BSPM location of 

the AP to the left antero-lateral area confirms the success of the enhancement. Soon 

afterward, fusion of pre-excitation and normal ventricular depolarisation interfere 

with successful localisation of the maps. This result suggests that the enhancement 

of the early 6 wave would be beneficial in localising AP in this sub-group of WPW 

patients. A universal application of such a protocol in the pattern-recognition tech­

niques would allow most patients with ECG manifestations of preexcitation to be 

included in i Dn-invasive protocols for localisation of AP site. 

Right-sided pathways, because of their tendency to cause extremely early pre­

excitation, overlapping with the P wave, may need special consideration in an en­

hancement protocol. In actual fact, right-sided pathways (with a normal right-sided 

pacemaker site) are unlikely to produce a small 6 wave, and may not need any en­

hancement. 

Two factors may have contributed to some of the problems in the early 6 wave M FM 

enhanced patterns. Inherent to the magnetic field measurement system is its higher 

sensitivity to atrial signals and right-atrial activation in particular (Chap.4). This 

feature may have, in some cases (HB177 is an extreme example) prevented the re­

moval of most of the atrial signals. These residual atrial signals will distort maps at 
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the onset of 6 wave, and in the particular case of some small 6 waves, the atrial signal 

has severely distoitcd the 6 wave of short duration. 

The noise in the MFM recording system could have also prevented successful 

enhancement of the small 6 waves. This noise level also affected the early MFM in 

other subjects, but in these cases, the effect primarily resulted in a later 6 wave onset 

time (see Table 6.1). 

6.9.2 Map features 

Early 6 wave for cases with right-sided pathways 

The BSPM and MFM of subject VP190 and other subjects with right-sided pathways 

(Fig. 6.8) are a clear example of the preferential detection of radial3 currents in BSPM 

recordings and of tangential currents in MFM recordings. At least two publications 

[75,159] have associated the onset pattern in right-sided pathways with an initial 

endocardial-to-epicardial movement of the depolarisation wavefront. This is consis­

tent with the finding that a majority of right-sided pathways have a subendocardial 

course [67]. 

In these right-sided pathways, the subendocardial ventricular connection produces 

an initial endo-to-epicardial wavefront propagation as observed by DeAmbroggi et 

al. [159] and Benson et al. [75]. This wavefront, initially spreading within the thick­

ness of the right-ventricular wall, will produce a strong radial component, preferen­

tially detected in the potential measurements, and consistently reflected as a strong 

posterior-to-anterior current direction. This effect would be most significant in path­

ways located closest to the anterior chest (e.g. right lateral sites), as opposed to the 

deeper right anterior and posterior pathway sites. Concurrently, the axial propaga­

tion in the myocardial wall produces a current component parallel to the anterior 

chest. The relative insensitivity of the magnetic field measurements to radial sources 

results in a preferential detection of this axial current flow. 
3Terms radial and tangential refer to the directions with respect to cavities of the heart chambers 

(atria and ventricles) 
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The initial large positive potentials on the anterior torso and very small negative 

potentials in posterior regions reflect the posterior to anterior current direction, due 

to a source located relatively close to the anterior chest wall. This significant radial 

current will exist only temporarily. The change in 8 wave BSP maps 30 to 40 ms after 

onset reflects the a'ansition to a dominant axial current flow. At this time, areas in 

the BSP maps which were previously positive are now negative because the source is 

now moving away from the site of initial pre-excitation, at the base cf the heart. 

An endocardial-to-epicardial current flow may also be present in lef^-sided path­

ways. However, the relative depth of the left heart in particular, as well as the absence 

of a large change in orientation of the left heart wall, obscure the detection of this 

change. 

Effects of fusion 

It has been suggested that by 20 ms, the MFM of subject BS184 primarily reflected 

normal ventricular activation. The association of later MFM patterns with normal 

QRS features was obvious in subject BS184. However, the similarity of this pattern 

with the 6 wave MFM data of other left-lateral AP (G8/G9), creates doubt as to the 

origins of the typical left-lateral MFM recorded in this study group. In some cases, 

these maps are clearly taking place during pure pre-excitation, but the similarities 

may, in other cases, lead to false classification to a left-sided pathway. 

This situation arises because the sensitivity of the gradiometer to proximal sources 

during the magnetic field measurement results in a higher sensitivity of this mea­

surement to the normal ventricular activation processes. Early QKS depolarisation 

originates from the septal and apical areas [175]. The left-lateral ventricular wall, in­

volved in the actual pre-excitation, is deeper, hence when fusion occurs, there could 

be significant contribution from normal excitation, possibly greater than in the BSP 

maps, even in subjects exhibiting relatively large pre-excitation. The MF maps de­

scribed previously for these sites, in some cases, may in fact be a combination of 

normal ventricular excitation (e.g. 40 ms for BS184 - Fig. 6.12) and a pre-excitation 
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pattern similar to that recorded for MR187 (Fig. 6.11). 

AP site determination with MFM patterns 

With the exception of deep LL and LAL pathways (G8 and G9), we have established 

a description of 6 wave MF maps consistent with the relative locations of the AP 

sites around the A-V ring (Section 6.7). Although MF maps of sites G8 and G9 may 

be affected by normal ventricular onset, this pattern is nonetheless typical for these 

sites. The current direction at these locations, as suggested by the orientation of 

the zero-lines, is generally pointing from the left shoulder to the right waist. This 

pattern would be highly selective for the G8 and G9 sites. For sites G1-G7, the source 

current depth and orientation is reflected by the relative location and orientation of 

the maximum and minimum fields. The zero-lines suggest current flow from right to 

left, while pointing toward the shoulder for posterior locations and to the waist for 

anterior locations. The criteria found for discriminating AP sites from the MF maps 

of this group of WPW patients can -now be used as a training set, and applied to 

locate AP sites in test groups of WPW patients. 

6.9.3 Single-current-dipole inverse solutions 

Accuracy of localisation 

A number of parameters may limit the accuracy of AP-localisation results indepen­

dent of the choice of volume-conductor model. Some of these have been explored in 

different parts of this study (Sec. 2.3.6 and 6.3.2) and will now be summarised. 

• Because of the small size of the accessory connections (<1.5 mm diameter by 

1 cm to 2 cm in length [67]), the insertion in the ventricle should create a fairly 

localised source at onset. However, inverse solutions of the WPW maps from 

the Horacek anisotropic heart model [70] (Sec. 2.3.6) suggest that ~ 1.4 cm error 

should be associated with the approximation of the pre-excitation wavefront by 

a single current dipole. 
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• The residual contributions of atrial activity, in the case of the BSPM data, 

are small (Section 6.3.2). Very early in the 6 wave 0.5-1.0 cm error may be 

attributable to these residual signals, but within 14 ms the error drops to less 

than 3 mm. These estimates result from comparison of solutions obtained for 

the TAT-enhanced data of subject CM186, versus an accurate (theoretical) 

removal of the atrial contribution. In the case of the MFM, these numbers 

were not determined, but the increased sensitivity to atrial activity suggest this 

contribution to the error could be larger. 

• Independent of any source and volume-conductor model, the 6 wave is the 

signature of ventricular pre-excitation. Localising this signal, using any of the 

techniques studied, yields a result correlated to the site of ventricular insertion 

of the accessory connection. This point is 1-2 cm beyond the insertion point 

in the atria [67]. Further, the course travelled along the A-V ring, from the 

atria to the ventricles, is unpredictable. Since the atrial insertion side of the 

connection is often ablated, this discrepancy in sites cannot be removed. 

In summary, these effects contribute on the order of 3.0-4.5 cm uncertainty in the 

localisation results. 

Volume-conductor effects 

No previous study has addressed the relative inaccuracies of BSPM and MFM inverse 

solutions applied to measured patient data. In previous separate studies (some of 

the more extensive ones are [71,72,73,74,81,165]) a variety of source and volume-

conductor models have been used, making direct comparisons of results somewhat 

difficult. Our choice of a single current dipole source and standard volume-conductor 

model, provided a comparison and direct information on the relative difference of the 

two solutions. Our approach did not require any individualised patient geometry, 

and in a clinical setting, could have been the most efficient method to localise the 

AP with either MFM or BSPM data and inverse solutions. 
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The results obtained for the infinite medium and standard torso model are not 

promising, particularly for MFM data. In the case of the BSPM data, the average 

discrepancy of 4 cm is within the expected uncertainty of 3.0-4.5 cm. The additional 

discrepancy in the MFM data has not been accounted for with any certainty, but 

may confirm the results of modelling studies in our laboratory which have suggested 

that magnetic inverse solutions are more sensitive to the accuracy of the conductor 

model [174,176]. In both cases, a large contribution to the differences should be 

associated with variations in position and orientation of the heart between individuals, 

which will not only affect the localisation results relative to a standard epicardium, 

but in extreme situations may also change the measured distributions, influencing 

pattern recognition localisations. 

The present study confirms previous reports [71,70,177,176,174] which conclude 

with a need for individualised torso geometries to increase the accuracy of SMD 

inverse solutions. Although only two subjects were studied, there is convincing ev­

idence that the BSPM inverse solutions have an accuracy well within the expected 

uncertainty and are less sensitive to the volume-conductor models and hence, volume-

current contributions. In fact, since the change in recovered DSL with different con­

ductor models (infinite medium, homogeneous and inhomogeneous torsos) was much 

smaller (1 cm) than the 3.0-4.5 cm uncertainty from oth - factors, the simplicity and 

speed of an infinite medium solution make it very attra.. ;ve and practical. In this 

model, the potentials must however be calculated on a surface representative of the 

subject's geometry. The MFM results, relative to the BSPM solutions, suggest that a 

realistic inhomogeneous volume-conductor (torso with lungs) is necessary in order to 

obtain an equivalent level of accuracy. Finally, the difference of the recovered MFM 

and BSPM DSL for subject MS193 using the inhomogeneous torso solution is only 

3 cm on average. This difference, within the expected accuracy, and source locations 

on the left lateral aspect of epicardium close to the A-V ring, suggests that both 

MFM and BSPM solutions can reflect the AP location equally well. 

To absolutely determine the accuracy of MF and BSP map single-current-dipole 
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inverse solutions the following information would be required: 

- individualised torso geometries, with lungs. 

- accurate correlation of reference points on body to MR images and, as suggested 

by Hren [174] from simulation results, knowledge of the absolute location of the 

electrodes on the torso surface and the positions of the MFM grid points above the 

anterior chest. 

- X-ray image of RF ablating catheter in place. 

Merits of pattern recognition versus numerical inverse solutions 

The pattern recognition techniques (12-lead and BSPM) applied to the enhanced 

data in this study were quite successful. The simplicity of these inverse techniques 

for WPW accessory pathway localisation compared to the numerical inverse solutions 

merits further effort toward automating and increasing the accuracy of the pattern 

matching techniques. Much effort is presently direcied toward improving MFM and 

BSPM inverse solution accuracy. The present cost of time and resources necessary 

to obtain the accurate numerical inverse solution estimates of AP locations may not 

be justifiable in the clinical setting. 

6.10 Conclusions 

Two primary conclusions can be derived from results yielded by this study. First of 

all, the enhancement of the early 6 wave in WPW data by removing the interfering 

atrial repolarisation signals is beneficial when localising the AP from BSPM data 

in patients exhibiting minimal pre-excitation. A consistent protocol, which includes 

enhancing the early 6 wave, applied to all suspected cases of left-sided accessory 

connections would allow the non-invasive localisation of such pathways. Performed 

before invasive EPS and ablation, this procedure would minimise the time involved 

in such procedures and decrease risk to the patient. Enhancement of 6 waves due 

to right-sided pathways may be of limited use, since these subjects rarely exhibit 
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minimal pre-excitation. As well, the overlap of atrial depolarisation because of very 

premature pre-excitation may contribute a large residual atrial signal. 

Secondly, many factors suggest that the ideal objective of accurately localising ac­

cessory pathways in WPW patients, and perhaps other cardiac sources non-invasively, 

may be futile. The maximum accuracy of 3.0-4.5 cm, estimated from results of this 

study and from the anatomical nature of these patnways, has been achieved long 

ago. For example, the 12-lead ECG schemes such as Gallagher's [150], extensively 

in use already, subdivide the A-V ring into 10 locations or segments. With an ap­

proximate cross-sectional area of 6.5 cm x 7.5 cm, the total perimeter of the A-V 

ring is only ~22 cm. The Gallagher scheme, hence has already subdivided the A-V 

ring into ten 2 cm representative segments of sources of pre-excitation as accurately 

as can be expected. All that may be necessary are additional locations representa­

tive of the rarer septal locations. This does not suggest specifically that Gallagher's 

scheme should be universally applied. As suggested by Yuan et al. [156], other ECG 

schemes have better predictive value, but they are all similar in nature, ultimately 

yielding accuracies within the limits we have determined. We have also proposed that 

catheter ablation of sites could facilitate the design of a new, possibly more accurate 

non-invasive classification schemes based on 12-lead ECG or MFM. Such schemes 

should consider the PR-interval duration as a primary discriminator between left-

and right-sided pathways. 



Conclusions 

PR-interval mapping 

A comparative analysis of BSPM and MFM patterns in a group of 30 subjects was 

presented and the following conclusions were made: 

• Magnetic field signals generated by the atria are relatively larger than corre­

sponding electrical potentials, due to an increased sensitivity of gradiometers 

to the right atrial current sources. 

• This increased sensitivity permits the identification of the transition period 

from right-atrial depolarisation to right-atrial repolarisation in MF maps. This 

time occurred at ~65 ms after P-wave onset. 

• Because of an effectively decreased sensitivity to left-atrial sources in MF maps, 

BSP maps are advantageous when studying left-auial activity. In particular, 

the end of left atrial depolarisation and onset of pure atrial repolarisation was 

easier to identify in BSP maps. 

• The occurrence of peak fields on the edge of both BSP and MF mapping areas 

suggests that future atrial mapping studies would be enhanced by extending 

the measurement grid. 

• Atrial repolarisation is measured during the PR segment of BSP and MF maps. 

His-Purkinje-system mapping 

In a group of 30 subjects, various signal-extraction techniques were used in an attempt 

to isolate the spatial features of the His-Purkinje system from the atrial repolarisation 

pattern in the PR segment. In summary, the following conclusions were made: 

186 
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• In a normal subject, the spatial features of HPS cannot be measured and sep­

arated from the atrial repolarisation pattern. 

s The PR-segment ramps reflect atrial repolarisation currents. No significant 

HPS signal contributes to these ramps. 

• The dipolar patterns found by means of the four extraction techniques (SVD, 

KLT, CT, TAT) reflected, at the body surface, the continuous changes in the 

atrial repolarisation current sources as a function of time. Such changes vio­

late the assumptions made in the extraction techniques, leading to erroneous 

conclusions about the origin of these dipolar patterns. 

6-wave mapping and AP localisation in WPW syndrome 

The signal-extraction techniques were applied to a group of 16 WPW patients, ex­

hibiting varying degrees of pre-excitation. Analysis of these enhanced maps led to 

the following conclusions: 

• An average atrial repolarisation map can be successfully removed to enhance 

the early 6 wave, particularly in left-sided pathways. 

• During pre-excitation onset via some right-sided APs, the axial wavefront prop­

agation (relative to heart) is detected mainly by the gradiometer, while the 

radial current flow is reflected predominantly in the BSP maps. 

• Amongst all 4 subjects with right-sided AP, 6-wave onset occurs sooner relative 

to P-wave onset (75 ms±4 ms) than in other subjects belonging to the study 

group. This observation, if found to be consistent in right-sided AP, could be 

an additional criteria in AP localisation pattern recognition schemes. 

• MFM and BSPM 6-wave patterns both reflect the relative location of the sites 

of accessory pathways on the A-V ring. MF maps obtained in this study, and 

their description, could be used as a training set in the determination of AP 

from MFM 6-wave patterns. 
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• Catheter ablation of AP will assist in developing these improved non-invasive 

AP localisation schemes, which include determination of PR-interval time and 

signal enhancement of the early 6 wave in sinus rhythm. 

• We found that MFM and BSPM single-moving-dipole inverse solutions of the 

6 waves have a limited accuracy of 3.0-4.5 cm. This results purely from limita­

tions in the SMD source and volume-conductor models, and the actual length of 

the accessory connections. Increased inverse solution accuracy will be achieved 

with individualised torso volume-conductor models, taken from MR images, and 

source models which reflect the distributed nature of the propagation wavefront. 

However, such numerical inverse solution techniques are extremely labour in­

tensive. Consequently, effort should be directed toward developing improved 

pattern-recognition schemes to obtain preliminary estimates of the anatomical 

location of the AP. At this time, the pattern-recognition schemes are easier 

and more practical to use than numerical inverse solutions in the clinical set­

ting, while leading to similar accuracy. Following these preliminary estimates, 

invasive methods which match the pattern of a pacing catheter with the 6-

wave pattern can be used to accurately locate the AP. Having located the AP, 

ablation follows. 

Final comments 

The measurement and parallel analysis of cardiac magnetic field and body surface 

potential maps has provided new insights into electrophysiological mapping and signal 

extraction. 

• Manipulation of electrophysiological mapping data should proceed with cau­

tion. Before associating any physiological significance to numerically manipu­

lated data, as in the signal-extraction techniques explored in this study, a firm 

understanding of the nature of the mathematical descriptions and all physiolog­

ical parameters associated with the problem in question is necessary. Applied 
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appropriately, a technique which might fail in one problem (e.g. HPS) could be 

successful in another (e.g. WPW). 

• A number of examples have been identified where the information contained in 

BSP and MF maps provides complementary information about the electrical 

processes of the heart. In particular, MFM is more sensitive to sources closest to 

the gradiometer and anterior chest, and might reveal specific information about 

the electrical function of the right heart. On the other hand, this increased 

sensitivity to the proximal sources in the heart can interfere with the detection 

of events in the deeper left heart. As a result, BSPM more accurately reflects 

the electrical processes of deeper sources. 

• Although the MFM results in this study were at times limited by a higher noise 

level than the BSPM data, it is clear that measurement of both the magnetic 

and electric fields would provide the most complete, non-invasive facility for the 

study of electrical processes in the heart. Most often equivalent information can 

be deduced from both systems, but as suggested, because of the sensitivity of the 

MFM to the right heart, there can be exceptions. Particularly in the research 

environment, this complete data set would be beneficial to understanding heart 

function and developing the most accurate diagnostic tools. 



A MCG and BSPM Recording 
Procedures 

A . l Before participant arrives 

- get 3, 2400' recording tapes from Biophysics 
- charge razor and batteries 
- make sure dewar is topped with He 
- put dewar in shielded room 
- tune SQUID 
- prepare electrodes - apply collars, apply paste, remove excess, remove collar peel 
backs 
- clean tape drive 
- load mapping program from boot tape 

A.2 Have the following available in the shielded 
room 

- electric razor 
- 4 disposable limb electrodes 
- alcohol swabs 
- alcohol bottle 
- gauze wipes 
- measuring tape and chest calipers 
- surgical tape 
- ECG limb electrode and MCG cables 
- towel 
- pen 
- MCG recording information sheet 
- clothing for participant 

190 
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A.3 Participant arrives 

- sign consent form if not already done 
- allow participant to change in shielded room 
- remove all jewellery, watches, dentures etc. 
- get participant info - height, weight, DOB, measurements 
- apply limb electrodes - shave, alcohol rub, dry 

A.3.1 BSPM 

- prepare skin - shave, alcohol rub, towel rub down 
- mark 4th intercostal space around torso 
- applying electrodes 

- back first, with participant sitting 
- electrode tails around left side 
- tape down back, participant lies back 
- apply and tape down front electrodes 

- connect limb electrodes 
- pass BSPM cables through hole and connect 
- enter participant/recording information 
- turn on batteries 
- view all BSPM electrode signals - attempt correction of noisy ones 
- remember - electrode number = dial number + 1 
- turn off batteries and wait at least 20 minutes from time of electrode placement to 
ensure proper conductivity 
- do Quality check at terminal 
- lights off in shielded room 
- record BSPM 

- normally 30 seconds at 5mV, 500 Hz 
- WPW: 2 minutes at 5mV, 500 Hz 

- turn off batteries (and anytime there is a delay) 
• unplug BSPM cables and pass back through hole 
- begin removing electrodes from participant's front, then back 
- wipe clean with gauze and wet facecloth 
- do not remove limb electrodes, but change to MCG cable 
- re-mark 4th intercostal space on front 
- give participant top if female or if cold 
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- dismount BSPM tape, mount MCG tape 

A.3.2 MCG 

- connect MCG limb electrode cable 
- make sure participant is lying straight on bed 
- level chest and shoulders 
- lower gradiometer to within ~.5 cm of highest point on chest 
- position D3 at mark 
- adjust sliding X and Y markers to read D3 
- check range of bed 
- measure SQUID to chest distance at all reference points 
- pass MCG cable through hole and connect 
- turn on power to MCG channel 
- check that signal is being picked up by SQUID 
- position participant at Al - cover if cold to avoid shivering 
- enter participant/recording information 
- turn on batteries, do Quality check 
- check that all channels are present - 114,115,116,127 
- begin recording, observing signal on scope 
- be sure to note any repeats on MCG recording sheet 

A.4 End of session 

- remove remaining limb electrodes, clean, participant dresses, call cab 

- charge batteries 
- clean electrodes - remove paste from electrodes, clean cups with alcohol and swabs, 
wipe entirely with alcohol, wipe tails, apply new collars 



B Averaging and DALECG 

B.l The averaging process 

The term averaging implies the accumulation of N observations and then the division 

by N of this sum to obtain a single representative value. In practice, when obtaining 

this average of (semi-)periodic waveforms, such as an ECG complex, for the purpose 

of improving S/N levels, other functions are involved besides the actual summation 

and averaging. Usually it is one particular step in the full process that makes each 

program novel and is thus emphasized by the names of many techniques and programs 

[119,138,178,32]. 

Specific steps required in any averaging of ECG or MCG complexes are beat de­

tection, inclusion/rejection testing and alignment of successive waveforms. The most 

common techniques required and used to perform these tasks are: 

1) Level Trigerring - The time reference point is detected when the signal's value 

exceeds some preset threshold. 

2) Contour Limiting - A contour (or template) is constructed as a reference wave­

form and the detection occurs as the successive waveforms are fitted in the contour. 

3) Correlation - A correlation function is evaluated between a template and the 

successive waveforms to obtain the optimal alignment. Alperin and Sadeh [179] have 

shown that the correlation techniques have higher success rates for correct alignment. 

The averaging process used in this work exemplifies how some form of all these 

functions can be required in a complete averaging package. The averaging program 

has been developed over many years by members of the Department of Physiology and 

Biophysics at Dalhousie University [22,32]. The Dalhousie ECG Analysis Program 

(DALECG) is a highly flexible program, written as a collection of modules which 

can be combined and adapted to accomodate a wide variety of data (e.g. 12 lead 
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ECGs, Frank lead ECGs, body surface potential maps (BSPM), magnetocardiograms 

(MCG), etc.. .) . The versatility is achieved mostly through the large number of 

parameters defining such essentials as the number of multiplexed leads, sampling 

rate, sampling time, etc... The program has 2 main functions. Firstly, as in this 

application, it is used for straight (off-line) ECG/MCG averaging. It also provides a 

separate set of routines used for ECG classification and diagnostics (Novacode ECG 

Classification Program [32]). 

The following short description of DALECG applies to both the BSPM and MCG 

data averaged in this work. The whole process can be grouped into three main 

steps: beat detection, family assignment and beat alignment, and averaging. A more 

detailed description of each of these steps follows. 

B. l . l Beat detection 

Up to 3 independent leads are used for beat detection. The three leads used for 

beat train selection in the BSPM and MCG recordings are the Frank X, Y and Z 

orthogonal leads and limb leads I, II and III, respectively. Each of the 3 leads are 

scanned using 8 slope and 11 amplitude detection algorithms. From these 3 to 19 

'beat trains' are identified. A beat train consists of a sequence of time points where 

an event, as defined by each of the 19 criteria, is detected. At the end of the scan, one 

beat train from each lead is selected as appropriate for that lead. From these three 

trains, up to 7 combinations are formed, to maximise the number of beats detected. 

These new trains are then checked for number of beats, minimum and maximum 

variation of the R-R intervals, and number of R-T-R patterns to choose the single 

beat train to be used in all further processing which best represents the recording. 

A check was made for differences in averages using the two different lead groups 

in BSPM and MCG recordings by setting up a BSPM version which used the limb 

leads for the detection rather that the Frank leads. It was found that although the 

detected R-wave maximum location may vary by several milliseconds, the actual 

average waveform is identical. The equivalent check was not made for the MCG data 
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since the torso electrodes required to obtain the Frank leads would interfere with the 

magnetic recordings. 

B.l.2 Family assignment and beat alignment 

Each beat detected becomes the template of a new family or is assigned to an existing 

family. The first beat automatically becomes the template for family 1. The next 

beat will either be assigned to the first family or will become the template for family 2. 

Several tests are performed to assign beats to a family. 

• A correlation algorithm is used to time-align the candidate beat with the template, 

using one of the family's large amplitude leads . The co-variance is calculated over a 

window centered on the QRS complex, using a width twice that of the QRS. A notch 

filter centered at 60 Hz is applied to the data to prevent aligning on cycles which are 

in phase. 

• Similarity tests are performed on a number of pre-defined leads (pre-cordial in 

BSPM case or limb leads in MCG's). The top 10 consistently directed rises and 

falls are located in the template. The search is done through the complete one or 

two second window. The inner 50% of each of these segments are located and then 

compared to the same points in the candidate beat. If these tests are passed then 

the reverse comparison is performed. The top 10 rises and falls of the candidate beat 

are now identified and the family template is examined for similar rises and falls. We 

have now tentatively assigned each beat to a family. 

B.l.3 Averaging 

Non-linear interpolation is now used to re-sample the candidate beat (to .5 ms accu­

racy) to match the sampling of the template beat. All beats in all leads assigned to a 

family have their baselines adjusted to match the baseline of its family template beat. 

This process is demonstrated in Figure B.l. The candidate and template beats are 

subtracted (after alignment and re-sampling) to obtain their relative drift. A third 

order polynonual is then fit to the difference to obtain the desired correction. This fit 
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(a) 

(b) 

(c) 

(d) 

-/^^Y^^^S^ 
Figure B.l: Baseline adjustment of candidate beat, 

(a) Template Beat; (b) Candidate beat; (c) Superpostion of (a) and (b); and (d) 
Difference (a) - (b) and 3"' order polynomial fit. 
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is then added to the candidate beat to obtain a new baseline which better matches 

the baseline of the template. However, if a satisfactory fit cannot be achieved the 

candidate beat is not included in this family, independant of decisions made for other 

leads. 

During the process of matching the candidate baseline with that of its family 

template, a test is made to identify which beat in a family actually has the flattest 

baseline. This is done by comparing the average level in a 50 ms segment —100 to 

—50 ms before R-onset (during the PR interval) of the candidate beat to the same 

level in the preceeding and following beats. As each comparison is made, and a new 

flattest beat is identified, the baseline correction used to match the baseline of this new 

flattest beat to that of the template is saved in an accumulator. This information will 

be used after the final average has been obtained to adjust the baseline to correspond 

to that of the flattest member beat of that family. 

In most "-><•?, more than one family is obtained. Usually the family with the most 

menuWs is chosen as the representative family. Other or all families can be selected 

(i.e. ectopic beats) if desired. The members of the representative family are now 

summed, calibrated and averaged and the correction for flattest beat is applied. 

A final baseline adjustment to the average is necessary. Although the average 

obtained so far is as flat as the flattest beat, there is no guarantee that this flattest is 

satisfactorily flat. To correct for this a final baseline correction procedure is used. In 

this instance, a third order polynomial fit to irregularly sampled data is obtained. The 

data fit in this case contains only a subset of points which exclude the P wave and the 

QRST complex. Finally, a single, refined set of onsets and offsets are determined for 

P, QRS and T wave events. These onset and offset times can be manually corrected 

if not satisfactory (see Chapter 1.3.3). 
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B.1.4 Specific programs, their functions and output data 
format 

This description of programs used to get data off magtape, averaged and stored 

follows from Figure 1.11. The magnetic tapes with the MCG and BSPM raw data 

are brought to the Dept. of Physiology and Biophysics where a magnetic tape drive 

is available to download the data to a /iVAX-3400, where it is then transferred for 

processing to the ^VAX-3300 located in the Dept. of Physics. The program which 

brings the data to the VAX-3400 is called RAWTAPE (RAWBSPM)1. At this stage 

the data is unpacked from 12 bit to 16 bit words, appropriate calibration is applied 

and, in the case of MCG data, ECG leads RA, LA and LL are combined to form the 

Burger leads I=LA—RA, II=LL—RA and III=LL—LA. A convention for file names 

is used. The initials of the surname and family names form the first 2 digits (PP). 

A recording session number forms the next 2-3 digits (NN). In raw data files, the 2 

letter code (RC) indicates the MCG grid location (R=A to H, C=l to 7) as indicated 

in Figure 1.8. This code is replaced by the letters BSP to designate BSPM data. 

Each MCG file is independently averaged with DALECG and each of the 1 chan­

nels recorded are stored in a data base file using the program NSWPCHG while all 

120 BSPM leads are averaged simultaneously then arranged into a permanent file 

using BSWPCHG. The new files have names which begin with the 4 (or 5) digit pa­

tient code and two additional letters to indicate the file is an original averaged data 

file (PPNNOR). The 4 different channels processed (MCG, and limb leads I, II, and 

III) are distinguished by the extensions .MMM, .EE1, .EE2 and .EE3 respectively 

while the averaged BSPM data file will be PPNNOR.BSP. The PPNNOR.* files are 

direct access files, so that the 56 grid points or 120 BSPM leads are written to 56 or 

120 different records containing first a header, then either 500 or 1000 data points. 

The number of data points will vary depending on whether a 1 or 2 second window 

around each beat was averaged. A final record (57 or 121) is used as a bad lead array 

indicator. 

Program names in brackets are the equivalent BSPM versions. 



C Peper's time shift method 

C.l The shift operator 

The basis for Peper's method originates with an application of the shift operator in 

Z-transform theory [180]. Applied to sequences, the shift operator is defined by the 

relations, „ r+j = Eur, and u r + 2 - Eur+i = E2uT, such that, in general, 

Enur = ur+n. (C.l) 

If (u)t is a function of the continuous variable t and if r is a given constant, we 

define the shift operator E here by the formula 

EnTu(t) = u(t + nr). (C.2) 

In applications to difference equations, the shift operator plays the same role as the 

differentiation operator D in differential equations [180]. 

C.2 Application to cardiac traces 

Let f(t) and s(t) be two independent time functions, of which s(t) follows f(t) with 

a time-difference Tf3. Let f(t — r) and s(t) be the same functions, but with a time 

difference now of Tja — r. The two functions, shown in Figure C.la and b, can be 

described with the equations ga(t) = f(t) + s(t) and gb(t) = f(t — r) -f s(t). The two 

sequences are aligned relative to the second signal s(t). Subtracting trace (a) from 

(b) in Fig. C.l, we get 

h(t) = f(t)-f(t-r). (C.3) 
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(a) 

(b) 

(c) 

(d) 

(e) 

(0 

2 .00 mV 

200 ms 

Figure C.l: Simulation of Peper's signal separation technique, 
(a) ga(t) s= f(t)-rs(t), (b) <ft(t) = f(t-T)-rs(t), where r = 10 ms, (c) reconstructed 
fr(t) using Eq. C.ll, (d) isolated s(t) = ga(t) — fr{t), (e) inclusion of a constant noise 
term of 1 pV is integrated into a sloping noise source, and (f) a slope of .25 rnV/s 
becomes parabolic in the reconstruction process. Scales apply to all traces. 
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If we make use of the shift operator [147] as in Equation C.2, we can represent 

f(t — T) as a function of f{t), 

z-Tf(t) = f(t - T). (C.4) 

Substituting Equation C.4 into C.3, we then have a difference equation in f(t), 

h(t) = f(t)-z-*f(t) (C5) 

= ( 1 - 0 / ( 0 - (C6) 

Or, solving for f(t), 

/w - r^W- (c.7) 
Now, the binomial expansion applied to 1/(1 — z~T) allows C.7 to be written, 

Mt) = i>_,TA(0 (C.8) 

= 5>('-«>) (C.9) 
t=0 

(CIO) 

where K is the integer value of t/r and h(t) = 0 for t < 0. 

The discrete version is simply 

K 

/r(«) = EM«-™) (Cll) 
t=0 

where in the discrete case t =» n and T => m, such that K = int(n/m) and h(n) = 0 

for n < 0. 

In Peper et al. [126,134,4], Equation C.ll is used to reconstruct the signal f(t) (or 

f(t — T) as required). In the reconstructed signal fT{t), s(t) is absent (see Fig. C.lc). 

If we now subtract fr(t) from the original signal ga{t), we obtain s(t) isolated from 

f(t) (Fig. C.ld). Although the traces shown in Figure C.l are not similar to the 

true signals of interest, in the isolation of the His bundle (or HPS) signal, f(t) would 

represent the P wave, and s(t) is the HPS signal. In an actual ECG, in trace d, we 
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would have isolated events correlated in time with the QRS complex, including the 

His bundle signal. 

Though this technique is promising, there are limitations and problems which are 

discussed in Chapter 5. For these reasons, this technique was not pursued in much 

detail. One problem, which we'll demonstrate, could result from baseline wander. 

Suppose in gb there is an additional noise term not present in ga, such that gb — 

f(t — T) + s(t) + p(t), and the difference as given in Equation C.3 now becomes, 

h(t) = f(t)-lf(t-r)+p(t)}. (C.12) 

With the use of the Z-transform shift operator, f(t) can again be isolated, but the 

new equation becomes, 

£ ( 0 = D*(* - «>) + p(* -»•)]• <c-13) 
t = 0 

In accordance with Jury's remarks [180], this equation now represents an inte­

gration equation. Hence, the additional term p(t) is integrated in the reconstruction 

process. This effect is demonstrated in Figure C.le-f. In trace (e), gb(t) included a 

noise term, equivalent to an offset of 10 pV. In the reconstruction, this constant offset 

is integrated to a baseline of constant slope. Trace (f) results from the reconstruction 

of a term which includes a noise source of constant slope, equivalent to .25 mV/s. 



D Gradiometer Design 

The magnetic field measurements in this study were all obtained with a 2nd order 

asymmetric gradiometer with a 4 cm baseline. It is well understood that the sensitiv­

ity of the system decreases as a function of gradient of the measuring system [181,182]. 

However, the actual field patterns measured have not been analysed as thoroughly. 

In pattern recognition types of inverse solutions, any dependence the measured maps 

may have on gradiometer design will have to addressed. 

D.l The measured fields 

From Equation 2.3, in an infinite homogeneous medium the Z-component of the 

magnetic field, B^, due to a current dipole source, JP = Py, located at the origin is 

given by, 
no /*e P* m n 

' 4r (_2 -(- j , 2 + r*)3/2 { ' 

where x, y and z are coordinates in the measurement plane. This equation assumes 

a magnetometer design with a point-size front-end coil diameter. 

A similar point-size 1" order gradiometer, for the same source configuration, 

measures 

Bl=B°,(x,y,z)- B°(x,y,z + b), (D.2) 

and the field sensed by a 2nd order gradiometer is 

B] = B°z{x,y,z) - 2B°z(x,y,z + b) + B°z(x,y, * + 26), (D.3) 

where b is the baseline of the gradiometer (distance between adjacent coils). 

One of the most prominent features of measured maps is the location of the ex­

trema. From this location one can infer the source depth. To explore the effect 

of gradiometer design on the field patterns a numerical simulation was performed. 
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Forward solutions for the equations of a magnetometer, and 1" and 2nd order gra-

diometers of varying baselines were obtained. The locations of the field extrema were 

determined for the different gradiometer designs. For the previous choice of a dipole 

moment, P = Py, the location of the extrema will be found on the ar-axis at y = 0, 

perpendicular to the direction of the dipole moment. Hence the actual simulations 

are restricted to the y = 0 line. 

D.2 Simulations 

Figure D.l is a plot of the location of the maximum measured field as a function of 

source depth (z). The 5 curves result from calculations of the locations determined 

for a magnetometer, and 1"' and 2nd order gradiometers at 2 baselengths each (4 cm 

and 8 cm). 

The location of the field extrema, xmax, for the source configuration and magne­

tometer described by Eq. D.l is xmax = zj\/2. The first curve (in Figure D.la) is 

a plot of the solution of this equation. For deep sources (generally deeper than the 

baseline) the other 4 curves reflect two trends: (i) as the baseline of the gradiometer 

gets shorter, the extrema get closer together, and (ii) as the gradiometer order in­

creases, the extrema again get closer. Both these features result in a perception of a 

shallower source depth, as compared to the magnetometer design. 

Further examination of the curves reveals a few additional trends. In all 4 gra­

diometer types examined (curves b to e), at large source depths there is a linear or 

near-linear dependence of the location of the maxima as a function of source depths. 

At very small source to sensing-coil distances, the slopes follow the magnetometer 

solution more closely. There is a transition to a different slope at approximately z = b 

for the 1" and 2nd order gradiometers. 

Because of these differences it would be necessary to normalise measured field pat­

terns to a standard gradiometer design. This would be necessary if pattern matching 

techniques of MF maps were applied to data originating from different systems, mea-



205 

5. 10. 
Source depth (cm) 

Figure D.l: Location of extrema for various gradiometer designs. 
The 5 curves plotted correspond to (a) a magnetometer, (b) a 1*' order gradiometer of 
8 cm baseline, (c) a 1" order gradiometer of 4 cm baseline, (d) a 2nd order gradiometer 
of 8 cm baseline, and (e) a 2nd order gradiometer of 4 cm baseline. 
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suring sources at distances exceeding the baseline. In future clinical applications, 

it will be imperative to designate a world standard gradiometer design in order to 

have universally applicable MFM diagnostic criteria. This standardisation would be 

equivalent to the present standardisations (i.e. Wilson Central Terminal reference) 

applied to clinical ECG equipment. 



E Heart and torso anatomy 

E.l Anatomy of the heart and ECG trace nomen­
clature 

In Figure E.l, a sketch of the human heart shows some of the gross anatomical parts 

of the heart. The heart is composed of four chambers. The right/left heart is on 

the left/right side of the sketch. The right and left atria are superior to the right 

and left ventricles. The conduction system is composed of the sino-atrial (S-A) node, 

the atrio-ventricular (A-V) node, the common or His bundle, bundle branches and 

Purkinje fibre network. These last 3 structures, as a composite, are commonly called 

the His-Purkinje system (HPS). The A-V ring is a non-conducting structure which 

electrically isolates the atria and ventricles. 

Also shown in Figure E.l are representative ECG recordings from each region. The 

P wave is associated with atrial depolarisation. The QRS complex is the signature 

of ventricular depolarisation and the T wave, ventricular repolarisation. Further 

nomenclature is summarised in Figure E.2. This terminology is also used for the 

MCG signals. 

As will be discussed in Chapter 6, in the condition known as Wolff-Parkinson-

White (WPW) syndrome extra or anomalous myocardial connections can exist at this 

level which permit alternative conduction pathways from the atria to the ventricles. 

An example of such a connection is shown in Figure E.3. 

E.2 Heart and torso coordinate systems 

Anatomical references will be made to both the heart and torso. Terminology used 

in reference to the two structures is the same, however the relative orientation of the 

heart in the body results in potential confusion. The plots of Figures E.4 and E.5 
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Figure E.l: Anatomy of the heart. 
On the right are representative ECG recordings from each region. They are positioned 
with respect to their depolarisation in the cardiac cycle and the composite ECG 
recording in the lowest trace. (From reference [175]). 
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UP-
interval 

Figure E.2: Electrocardiographic nomenclature of the heart cycle. 

(top) show the location of the heart in the torso with references to a coordinate 

system where the X axis points from the right to left, the Y axis from the feet to the 

head (inferior to superior) and the Z axis from back to front (posterior to anterior). 

Shown in Figure E.6 are similar views of the ventricular epicardium, also with 

anatomical references. Included on the view of the A-V ring are ten common sites 

for accessory connections (1-10). The anatomical references of the heart are not the 

same as in the torso. This perspective is demonstrated by Figure E.5 (bottom). This 

view of the epicardial surface shows that the anterior sites (i.e. 1 and 10) on the A-V 

ring are closer to the head than the posterior sites (5 and 6). The right side of the 

heart (sites 2,3,4) is closest to the anterior chest and gradiometer. 
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S-A node 

Accessory 
pathway 

Pre-excitation 
region 

Left atrium 

A-V ring 

Left ventricle 

HPS 

Figure E.3: Sketch of heart with accessory connection at A-V ring. 
The area of ventricular insertion of the accessory connection initiates ventricular de­
polarisation (pre-excitation) before excitation via the usual conduction system (HPS). 
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Superior 

Right Left 

! © — • * Inferior 

Figure E.4: Anterior view of torso model and ventricular epicardial surface. 
The torso coordinate system is plotted. 



Posterior 

212 

Right Left 

v© Anterior 

Figure E.5: Transverse view of torso model and ventricular epicardial surface. 
The torso coordinate system is plotted. Below the torso is an enlarged plot of the 
same view of the epicardial surface. The numbers correspond to the 10 Gallagher 
sites for accessory pathways in WPW syndrome. 
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Figure E.6: Plots of the epicardial surface. 
The labels refer to the epicardial anatomy: R=right, L=left, P=posterior, 
A=anterior, S=superior and I=inferior. 



F Case study: W P W syndrome patient 
with two accessory pathways and atrial 
pacemakers 

F.l Introduction 

In this study, we present the case of a 27 year old female WPW patient with two (2) 

right sided accessory connections, with the additional pathology of two (2) distinct 

atrial pacemaker sites. The presence of multiple accessory atrio-ventricular path­

ways (AP) in Wolff-Parkinson-White (WPW) syndrome patients is not an unusual 

occurrance. In many such cases, the different AP can simultaneously contribute 

to pre-excitation of the ventricles. This concurrent activation usually results in an 

inability to successfully determine the locations of the AP non-invasively. In this 

patient, more than one ventricular complex was recorded. Due to the presence; of 

the 2 atrial pacemaker sites, we were able to determine the nature of the different 

ventricular complexes present. 

F.2 Method 

During a course of routine clinical evaluation for suspected (then confirmed) Wolff-

Parkinson-White syndrome, the patient in question underwent invasive electrophys­

iological (EPS) investigations. As part of an ongoing research project, the patient 

also agreed to body surface potential mapping and cardiac magnetic field mapping. 

During this time, a 117-lead body surface potential map (BSPM) and a 56 point 

magnetic field map (MFM) were obtained in an Al shielded room. After EPS evalu­

ation, the patient was referred to another hospital where she underwent RF-ablation 

therapy. 
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F.2.1 BSPM and MFM recording systems 

The 117 BSPM unipolar leads referenced to WCT were recorded simultaneously for 

120 seconds at a sample rate of 500 Hz. The magnetic field sensor (1 channel only) 

consisted of a 2nd order asymmetric gradiometer arrangement, with a 4 cm baseline 

and 2.5 cm front end coil diameter. Since only one detector was available, the 7 x 8 

MFM grid of 4 cm spacing was sampled sequentially, with ECG leads I, II, III recorded 

simultaneously with each of the 56 points to serve as reference for alignment later 

in the processing. Each point was recorded for 30 seconds, again at a sample rate 

of 500 Hz. Data was averaged off-line and filtered for 60 Hz line interference. An 

isoelectric interval was defined during the UP interval. 

F.3 Results 

When the BSPM and MFM recordings were originally obtained, it was not known 

that 2 AP existed. Only after examining the BSPM data did it become evident that 

more than one cardiac complex was present. In fact, as is displayed in Figure F.l, the 

different beats, labelled A, B, C, and D, have similarities, but no two are identical. 

The 4 ventricular waveforms, under careful examination are found to be all different, 

but with A and C, then B and D, resembling each other. These differences are seen 

primarily as amplitude variations, but also slight waveform differences are observed, 

which are not attributable to normal cardiac fluctuations. 

Groups of beats from each of these 4 complex types were averaged. Only beat 

types A, B and C were found in the first 20 ms of the recording. Five (5) to 10 beats 

were averaged in each case. The rest of the BSPM recording, as well as the magnetic 

field map, contained beat types B and D, with type D most prevalent. 

F.3.1 BSPM data 

Body surface potential maps during the P wave and ventricular complex were plotted 

for each beat type. A selection of these maps, arranged in columns, along with 
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1.00 mV 
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L_^ v ' ^«~* 

Figure F.l: Raw data traces of leads aVL and aVF. 
This sequence of beats contains four different complexes, labelled A, B, C, and D. 
Beat couplets A and C, and B and D, have similar ventricular complexes. However, 
none of these are identical. 
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precordial lead V%, is presented in Figure F.2, for all 4 beat types. They are presented 

in the same sequence as in Figure F.l. 

From the isopotential maps, as well as a 12-lead ECG derived from the BSPM 

data, it was determined that 2 different P-wave types were recorded. Beats A and B 

had one type, while beats C and D had another. This is most apparent by following 

the zero isopotential contour Une in the first row of maps of Figure F.2. P-wave 

maximum isocontour plots of beats C and D are consistent with a pacemaker complex 

located along the sulcus terminalis and superior vena cava-right atrial junction in the 

upper posterior right atrium [110], and are typical atrial depolarisation BSP maps 

(see Chap. 4 and references [103,104,105,183]). The P-wave maps for beats A and 

B are not typical atrial depolarisation distributions, suggesting an alternative right 

atrial pacemaker site [110]. 

Ventricular complex maps for each of these 4 beats are shown at three different 

times after 6-wave onset (Fig F.2). 6-wave onset was defined as the very first instance 

in the isocontour maps where there was evidence of pre-excitation. In all 4 cases, 

this onset was signalled by the emergence of an area of positive potentials on the 

right anterior torso, inconsistent with atrial activity. The positive area in the early 

6-wave maps (second row of maps in Fig. F.2) developped from this initial indication 

of pre-excitation. The 6-wave onset patterns were not stable, evolving into the maps 

seen in the third row (Fig. F.2). In all cases, a general distribution of positive 

potentials on the left-lateral chest wall (center of maps), and negative potentials on 

the right side (4th row, Fig. F.2) persisted to the end of ventricular depolarisation. 

Throughout the ventricular depolarisation complex (rows 2-4), similarities are seen 

between beat pairs A and C, and beats B and D. 

Following schemes such as Benson et al. [75], the isopotential patterns displayed 

in the 3rd row of Figure F.2 suggest that the ventricular pre-excitation complexes of 

beats A and C correspond to right anterior AP locations. Equivalently, beats B and 

D are most consistent with right lateral pathways. 
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Figure F.2: BSPM isocontour plots of 4 different beats for subject DI189. 
Precordial lead V2 is first plotted for each beat type (A, B, C, D). Below each lead V2 

are plotted 4 maps at maximum P-wave activity and for 3 times during ventricular 
activation via the accessory pathways for each beat type. The times of these maps, 
relative to 6-wave onset, are indicated in each Vj trace. Extrema values plotted below 
each map are in mV. 
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Figure F.3: MFM isocontour plots of beat D for subject DI189. 
MFM grid point B2 is plotted, along with 4 maps during the P wave and ventricular 
complex. Map times are indicated in MCG trace B2. Magnetic field extrema are in 
units of pT, with the positive field (solid lines) corresponding to the field pointing 
into the body. 

F.3.2 MFM data 

In the MFM data, we were not able to create averages of both types B and D, since 

type B was not frequent enough. A map of type D was obtained, and is presented in 

Figure F.3. 

F.4 Discussion 

During EPS 2 accessory atrio-ventricular pathways were found, and successfully inter­

rupted with RF ablation therapy. The 2 sites corresponded to a right anterior (RA) 

and a right postero-lateral (RPL) (Gallagher [150] sites 2, and midway between 3 

and 4). In combination with the two different atrial pacemaker sites, these 2 AP pro­

duced 4 different cardiac complexes. With a careful analysis of the BSPM patterns, 

it is possible to determine the contributions each of these components make to the 

different complexes recorded. In the following discussion, the 2 different ventricular 

complexes will be referred to as 6j (beats A and C) and 63 (beats B and D). 

Both the timing of the onset of the 6 waves relative to the P-wave maxima, and 

the BSPM distributions of the 6 waves provide the evidence necessary to explain 
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each of the 4 cardiac complexes recorded. First of all, pre-excitation onset for beat 

types A and C (61) occurs at 32 ms and 40 ms and for beats B and D (62) at 22 ms 

and 36 ms, relative to P-wave maximum. The later onset of the 61 complexes in 

beats A and C suggests that these beats are the result of pre-excitation via a single 

accessory connection. The shorter pre-excitation onset times of 62 suggest that the 

propagation wavefront reaches the location of the AP responsible for 62 first. If 

this AP does not conduct, the wavefront moves on to the second, more distant A I3 

(Si), and pre-excitation is then initiated. Hence, pre-excitation via a single accessory 

pathway generated the 8\ complex. Finally, the localisation of the BSPM 61 maps to 

a right anterior pathway corresponds exactly with the location of one of the ablated 

sites, supporting the conclusion that the ventricular complexes of beats A and C 

result from pre-excitation via a single RA pathway. 

The finding for 61 does not determine whether or not the 62 complex results from 

one or two accessory connections. Though close to a right postero-lateral location, the 

assignment of 62 based on the BSPM patterns, to a right lateral site is not accurate. 

In fact, the right lateral pattern probably emerges because of the combined effect of 

an anterior and a posterior location, suggesting that 62 results from concurrent pre­

excitation via the two known pathways. Figure F.4 summarises the probable timing 

of the atrial and early ventricular pre-excitation events, in each of the 4 beat types. 

With the first atrial pacemaker site, the 2 pre-excitation complexes form the cardiac 

complexes labelled A and B. Under the action of another pacemaker location, the 

same 2 pre-excitation complexes result in two additional beats (C and D), which are 

only slightly different from A and B. 

One may argue that the 62 complex could also reflect pre-excitation via a single 

(RPL) accessory pathway. This would require that both pathways conduct inter­

mittently, but due to the independence of the 2 AP, this situation would result in a 

third type of ventricular pre-excitation complex. Two of these complexes would be 

due to excitation via each pathway, plus a third would reflect a random, but highly 

probable, simultaneous pre-excitation event. In combination with the 2 pacemaker 
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SA, SRA His B e a t A 

SA, 8RPL SRA His 

SA2 6^ His B e a t C 

SA2 8RPL SRA His 

Figure F.4: Sketch of timing of events in the 4 pre-excitation complexes. 
The relative times when the excitation wavefront reached particular locations for 
each combination are indicated, relative to the AP's (6 waves). The scales are not 
accurate, since some events cannot be determined (e.g. His-onset). Each combination 
would result in a slightly different ventricular complex, at 6-wave onset, because of 
interfering atrial components, then later because of fusion from activation via the 
normal conduction pathway. (SAi, SA2=pacemaker complexes 1 and 2, 8Rj\ = right 
anterior AP, 8Rpi,=right postero-lateral AP, His=H\s bundle) 

sites, this scenario would then result in a total of 6 different cardiac complexes. 

The slight differences found between each of the two ventricular complex pairs 

8\ (A and C) and 62 (B and D) result from two factors not yet discussed: atrial 

potentials during 6-wave onset and fusion of pre-excitation potentials with excitation 

via the His-Purkinje system (HPS). During onset of pre-excitation, the 2 different 

pacemaker sites will result in small differences in the maps. It was found that the 

actual 6-wave onset occurs during late atrial depolarisation in all 4 cases. T's- ft-

tervals were all less than 60 ms, while a normal P-wave duration itself is >90 •."•- ' "<- • 

erence [103,110] and Chapter 3). Duchosal et al. [167] found that this extremely 

premature pre-excitation was common in right-sided accessory pathways. Atrial de­

polarisation and repolarisation potentials (and magnetic fields) associated with the 2 

different pacemaker sites will combine with early pre-excitation events to create small 

differences in the combination maps. The atrial potentials will primarily affect the 
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low-level minimum potentials in the 6-wave onset maps (e.g. Fig. F.2 at ~ 25 ms). 

Ventricular excitation via the usual A-V conduction system (HPS) is expected 

sometime after onset of pre-excitation, resulting in a fusion complex. The two differ­

ent pacemaker sites will again contribute to create different fusion patterns, through 

the relationship of the S-A node and A-V node. The two S-A nodes have different 

wave propagation times to the A-V node, resulting in different onset of ventricular 

activation via the normal pathway, independent of the onset of preexcitation. 

The MFM data was aligned relative to the average of beats D, using the 3 EGG 

leads recorded simultaneously. These 3 leads also provided confirmation of the beat 

type actually present in the MFM. The magnetic field maps were plotted to corre­

spond to the same times as Figure F.2, hence the first map represents atrial depo­

larisation. This agrees with typical atrial depolarisation magnetic field maps, in the 

next map, the multipolar pattern suggests the presence of 2 distinct sources, proba­

bly atrial repolarisation and 6-wave onset. However, the presence of two concurrently 

active sites of pre-excitation might also produce a multipolar MFM pattern, because 

of the higher spatial resolution of the magnetic recording system, as compared to 

BSPM. The two extrema on the left side of this map, are continuous with the single 

dipole patterns in the following 2 maps, supporting the hypothesis that the second 

map contains both atrial repolarisation and pre-excitation dipoles. 

F.5 Conclusion 

Two different accessory A-V pathways were identified at RF-ablation. From analysis 

of body surface potential maps and the timing of the onset of pre-excitation relative 

to atrial activation, it was determined that a right anterior connection consistently 

contributed to ventricular pre-excitation. However, a right postero-lateral pathway 

conducted only intermittently. When both pathways contributed to pre-excitation, 

the resultant BSPM incorrectly reflected a right lateral connection. 

Two separate atrial pacemaking complexes have been found to contribute to the 
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formation of slightly different ventricular pre-excitation complexes via two mecha­

nisms. The first results from the different potential distributions arising from changes 

in the atrial excitation wavefronts originating in the 2 sites. Finally, two fusion pat­

terns will follow from the differing delays between onset of atrial activity and con­

duction through the His-Purkinje system, even for pre-excitation via the same path­

way^). This combination of two pacemaking sites and two accessory A-V pathways 

produced four distinct heart complexes. 
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