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Summary

The standard 12-lead electrocardiogram (ECG) remains one of the
most important and most frequently used tools for diagnosing cardiac
diseases, although several different examination modalities in cardio-
logy have been developed over the years. The standard ECG uses 10
electrodes placed on well-defined positions on the body, 6 on the torso
and 4 distally on the limbs. Both industry and academia have invested
many years in development of the criteria used to interpret the “diag-
nostic” standard ECG, and the waveform patterns are taught in medi-
cal school.

In several situations, however — such as during long-term ECG
monitoring or stress testing — use of the electrode positions of the stan-
dard ECG is not optimal because of the abundance of noise. In these
situations, the limb electrodes must be placed proximally, often even
on the torso, and the Mason-Likar (M-L) positions are commonly
used. Interference with other clinical procedures, such as echocardi-
ography, can also constitute a problem. An ECG-recording system
with fewer electrodes and without any electrodes on the limbs that
provides a 12-lead ECG similar to the standard ECG would be valu-
able. The so-called EASI system uses only 4 recording electrodes in
easily determined locations on the torso from which the full 12-lead
ECG can be derived. The 12-lead ECG derived from the EASI system
has been evaluated in adults in several clinical situations.

Physicians who use ECGs in their day-to-day work are often not
aware of the differences between 12-lead ECGs recorded from stan-
dard versus alternative electrode positions, and they might use criteria
developed for the standard ECG when interpreting an ECG obtained
from an alternative lead system. This can lead to misinterpretation
with the risk of potentially serious consequences for the patient.
Optimizing the proximal positions for better concordance with the
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standard ECG would be of great value for improved diagnostic per-
formance. A version of the “Lund” (LU) lead system has been re-
ported to agree better with the standard lead system than does the M-L
lead system, with regard to both Q-wave width and QRS frontal plane
axis. To develop a uniform convention for ECG recording, i.e. both
for diagnostic ECG and for monitoring, a recording must produce
waveforms that have morphologies approximating those obtained with
standard ECG and that has noise immunity close to that of M-L.

The overall objectives of this thesis were 1) to further validate the
EASI system to gain more knowledge about the agreement between
EASI-derived and standard 12-lead ECGs, and 2) to investigate the
possibility of optimizing the positions of proximally placed limb elec-
trodes.

EASI studies

In Study I, age-specific transformation coefficients were determined
for use in deriving 12-lead ECGs from the EASI signals. The agree-
ment of the waveforms between simultaneously recorded standard and
EASI-derived 12-lead ECGs in children (healthy and with various
cardiac diagnoses) was studied. For children, it was better to use age-
specific transformation coefficients than adult coefficients. The
agreement between standard and EASI-derived ECGs was mostly
good.

In Study 11, the intrareader variation of interpretations of 2 standard
12-lead ECGs was compared with the variation of interpretations of
standard versus EASI-derived 12-lead ECGs in children (Study [
population). The variation of the interpretation of standard versus
EASI-derived ECGs was only slightly larger than the intrareader
variation of interpretations of standard ECGs.

In Study 111, the amplitudes of myoelectric noise and baseline wan-
der were compared between simultaneously recorded EASI-derived
and M-L 12-lead ECGs in healthy adults. Overall, the 2 lead systems
had similar susceptibilities to baseline wander, but EASI was less
susceptible than M-L to myoelectric noise.

12
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In Study 1V, differences in the estimated size of myocardial infarc-
tion (MI), as assessed by Selvester scores, were compared between
standard and EASI-derived 12-lead ECGs among patients who had
had an episode of chest pain suggestive of an acute coronary syn-
drome. These scores were also compared with MI size measured by
cardiac magnetic resonance imaging (MRI). Estimated MI size did not
differ significantly between the 2 lead systems, but neither the correla-
tion nor the agreement between MRI and either of the 2 lead systems
was very strong.

Study to optimize the proximal positions of the limb electrodes

In Study V, waveforms from the LU and M-L systems were com-
pared with those from standard ECGs with regard to the QRS axis in
the frontal plane and QRS changes of inferior MI. The noise immuni-
ties of the standard, LU, and M-L systems were also compared. LU
produced ECG waveforms that more closely resembled those obtained
with standard ECG than did M-L. The LU system was more noise-
immune than was the standard system, and the noise immunities of the
LU and the M-L systems were comparable.

13







Popularvetenskaplig
sammanfattning

Standard-12-avlednings-EKG ér fortfarande ett av de viktigaste och
vanligaste redskapen for att diagnostisera hjirtsjukdom trots att ett
flertal olika undersdkningstekniker har utvecklats under éren. Vid
standard-EKG anvénds 10 elektroder, 6 pd brostkorgen och 4 distalt
pa armar och ben. Inom béde industrin och akademin har ménga é&rs
arbete lagts ned pa utveckling av de tolkningskriterier som anvands
vid tolkning av ett “vilo”-standard-EKG och det 4&r EKG-monstren vid
standard-EKG som lérs ut under lékarutbildningen

I flera situationer &r det dock inte optimalt att anvdnda standard-
EKG pga riklig forekomst av muskelstorningar, t ex vid registrering
av EKG under en lingre tid eller vid arbetsprov. I dessa situationer
placeras arm- och benelektroderna vanligen proximalt, ofta pa brostet,
och s.k. Mason-Likar (M-L) placering &ar vanligt forekommande.
Standardelektrodplaceringen kan ocksé interferera med och darmed
utgdra problem vid andra undersékningar, sdsom ultraljudsundersok-
ning av hjirtat. Ett alternativt EKG-system med férre elektroder och
utan elektroder pa armar och ben, som resulterar i ett 12-avlednings-
EKG snarlikt standard-EKG vore virdefullt. Vid det s.k. EASI-
systemet anvénds endast 4 registreringselektroder pa latt identifierbara
punkter pa brostkorgen, frén vilka samtliga 12 avledningar kan berék-
nas. EASI-systemet har utvérderats for vuxna i flera kliniska situatio-
ner och befunnits vara vil anvéndbart.

Ett problem ér att ldkare som dagligen anvander EKG i sitt kliniska
arbete ofta inte d4r medvetna om de skillnader som finns mellan 12-
avlednings-EKG registrerade fran standard respektive alternativa elek-
trodpositioner och anvinder de kriterier som utvecklats for standard-
EKG aven nir de tolkar EKG fréan alternativa avledningssystem. Detta
kan leda till feltolkningar och fa konsekvenser for de berdrda patien-
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terna. Eftersom distal placering av arm- och benelektroderna inte alltid
ar mojlig, skulle optimering av de proximala positionerna, for béattre
Overensstimmelse med standard-12-avlednings-EKG, vara av stort
viarde for forbéttrad diagnostik. En version av det s.k. Lund (LU)-
avledningssystemet har rapporterats stimma béttre overens med stan-
dard-EKG an vad M-L gor, avseende bade den s.k. Q-vagsbredden
och den s.k. elektriska axeln. For att nd en enhetlig konvention for
EKG-registrering, i vila och under ldngre tid, méste en registrering ha
ett EKG-utseende som dr mycket likt det som erhélls fran standard-
EKG och stérningskinslighet atminstone motsvarande den hos M-L.

Avhandlingens Overgripande mal var 1) att ytterligare utvirdera
EASI-systemet och ddrmed vinna mer kunskap om &verensstimmel-
sen mellan EASI-berdknat och standard-12-avlednings-EKG, samt 2)
forsoka optimera placeringen av proximalt placerade arm- och ben-
elektroder.

EASI-studier

I studie I utvecklades aldersspecifika konstanta faktorer som anvinds
for att berdkna 12-avlednings-EKG fran EASI-signalerna. Overens-
stimmelsen hos vagformationerna mellan samtidigt registrerade stan-
dard- och EASI-berdknade 12-avlednings-EKG hos barn (friska och
med olika hjartfel) studerades. For barn visade det sig béttre att an-
vianda aldersspecifika konstanta faktorer 4n de faktorer som anvénds
for vuxna. Overensstimmelsen mellan standard- och EASI-beriiknade
EKG var mestadels bra.

I studie Il jaAmfordes variationen i tolkningen av ett standard-12-
avlednings-EKG frén en géng till en annan med variationen i tolk-
ningen mellan standard- och EASI-berdknade 12-avlednings-EKG hos
barn (samma studiepopulation som i studie I). Variationen i tolkning-
en mellan standard- och EASI-EKG var endast nagot stdrre dn géng
till gng variationen i tolkningen av standard-EKG.

I studie Il jamfordes utslagen fran muskelstorningar och s.k. bas-
linjevariationer mellan samtidigt registrerade EASI-berdknade och
M-L-12-avlednings-EKG, hos friska vuxna. Totalt sett hade de tva
avledningssystemen likartad kénslighet for baslinjevariationer, men
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jamfort med M-L-systemet var EASI-systemet mindre kénsligt for
muskelstorningar.

I studie 1V jamfordes skillnaderna i s.k. Selvesterpodng (ett matt
for att utifrin EKG berdkna hjartinfarktstorlek) for genomgangen
hjartinfarkt frdn standard- och EASI-beriknade 12-avlednings-EKG
hos patienter som haft en episod med brostsmérta talande for akut
hjartsjukdom. Dessa poidng jaimfordes med uppmétt hjartinfarktstorlek
vid magnetkameraundersokning (MRI). Det var ingen signifikant
skillnad i Selvesterpodng mellan standard och EASI, men varken
sambandet eller 6verensstimmelsen mellan MRI och respektive EKG-
avledningssystem var sérskilt stark.

Studie for att optimera proximala placeringen av arm- och benelek-
troder

I studie V jamfordes EKG-vagor frdn LU- och M-L-systemen med
dem frén standard-EKG, med avseende pa den elektriska axeln i fron-
talplanet och EKG-forédndringar som tyder péd inferior hjartinfarkt.
Storningskénsligheten hos standard-, LU- och M-L-systemen jamfor-
des ocksa. LU-systemet gav EKG-utseende som biéttre stimde dverens
med standard-EKG, dn vad EKG-utseendet fran M-L-systemet gjorde.
Vidare var LU-systemet mindre storningskénsligt &n standard-
systemet och storningskénsligheterna hos LU- och M-L-systemen var
jémforbara.
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Abbreviations

BSPM
DE-MRI
ECG
IHD
LU
MI
M-L
MRI
RMS
VCG
WCT

body surface potential mapping
delayed enhancement magnetic resonance imaging
electrocardiogram, electrocardiography
ischemic heart disease

Lund lead placement system
myocardial infarction

Mason-Likar lead placement system
magnetic resonance imaging
root-mean-square

vectorcardiogram, vectorcardiography
Wilson central terminal
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1 Introduction
1.1 Electrocardiography: a historic retrospective

The first electrocardiogram (ECG) in a human was recorded by
Waller' in 1887. He strapped a pair of electrodes on the front and back
of the torso, or inserted the right hand and right foot into jars of salt
solution, and connected an electrometer (an instrument that measured
electrical potential). The mercury in the electrometer moved at each
beat of the heart. Until Einthoven™ introduced the 3 limb leads — I, I,
and III — in the early 20th century, however, the ECG was not used for
diagnostic purposes. In the beginning, the patient’s distal arms and
legs were inserted into jars of conducting solution to provide optimum
interface between the body and the insensitive recording device. It
was then possible to measure the difference in electrical potential be-
tween the 2 arms, between the right arm and left leg, and between the
left arm and leg.

Today, the convention remains to place the limb electrodes distally
on the arms and legs for a “diagnostic” ECG recording. Lead I regis-
ters the potential difference between the left and right arms, lead II
registers the potential difference between the right arm and left leg,
and lead III registers the potential difference between the left arm and
leg. The sum of the potentials in leads I and III equals the potential in
lead II at any instant in time; this relationship is known as Einthoven’s
law. Einthoven developed the clinical analysis of the ECG during the
early 20th century, and he was awarded the Nobel Prize in Physiology
or Medicine in 1924 for his contributions to the development of electro-
cardiography.

In the early 1930s, Wilson et al. introduced the concept of
a “central terminal.”* The Wilson central terminal (WCT) is the aver-
age of the potentials at the left arm, the right arm, and the left leg.
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A virtual reference point was thus created, making it possible to
measure the potential difference between any point on the body and
this reference (Figure 1.1). Because the WCT has a relatively constant
potential throughout the cardiac cycle, the resultant waveform varies
mainly according to the potential at the given electrode.’

In 1938, the committees of the American Heart Association and the
Cardiac Society of Great Britain and Ireland jointly recommended the
routine use of a single precordial lead placed upon the extreme outer
border of the apex beat, determined by palpation.® The same year the
Committee of the American Heart Association for Standardization of
Precordial Leads described 6 precordial electrode positions as we
know them today (Figure 1.2).” The precordial leads record the cardiac
activity in a (slightly tilted) transverse plane from the right ventricle to
the lateral wall of the left ventricle.

FIGURE 1.1 A precordial lead is derived using the WCT. L = left,
R=right, F = foot, P = precordial electrode, and G = galvanometer.
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iMidclavicular
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[

Anterior
axillary line

Midaxillary
line

FIGURE 1.2 Electrode positions for the precordial leads, V1-V6.

The limb leads, labeled VR, VL, and VF, were generally of low
voltage. In 1942, Goldberger introduced a modification of the WCT to
amplify these voltages.® The modified WCT consists of the average of
the potentials at the 2 limbs not being explored; thus, if the potential
difference between the left arm and the modified WCT is measured,
the reference point consists of the average of the potentials at the right
arm and left leg. This modification of the WCT increased the potential
of the unipolar limb leads by 50%, so they were denoted as “aug-
mented limb leads” and labeled aVR, aVL, and aVF. The relationship
between the augmented limb leads as well as between the nonaug-
mented limb leads is that the sum of the potentials recorded by the 3
leads is 0 at any given time.

The potentials of the limb leads represent directions in the frontal
plane, from —30° to +120°, separated by intervals of 30° (Figure 1.3).
These directions are based on the Einthoven triangle’ which is in it-
self, however, an approximation. In Sweden, —aVR (the inverted aVR
lead) is preferred to aVR, and the lead sequence aVL, I, —aVR, II,
aVF, and III is most often used. This is a more logical sequence for
displaying the leads than the conventional one (I, II, III, aVR, aVL,
and aVF). The logical sequence is known as the Cabrera (panoramic)
presentation.’
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aVR aVvL

-150° -300
- I
» oo
-avVR
+300

\ 4
1] aVF 1l
+120°  4gQo +60°

FIGURE 1.3 Directions of the limb leads in the frontal
plane. 0° is arbitrarily defined to be in the direction of lead I.

Computer-aided ECG recording has become standard during the
last few decades. In the 1960s, computerized acquisition and interpre-
tation of the ECG were introduced, and are today incorporated in al-
most all modern ECG-recording devices.

The 3 limb leads (I, II, and III), the augmented limb leads (aVR,
aVL, and aVF), and the precordial leads (V1-V6) together form the
standard 12-lead ECG, which still is the most widely used system for
ECG recording. The standard 12-lead ECG, with its electrode place-
ment distally on the limbs, forms the basis for both manual and auto-
mated electrocardiographic analysis and remains one of the most im-
portant and most frequently used tools for diagnosing cardiac diseases.
For several clinically important diagnoses, e.g. acute coronary syn-
drome, the standard 12-lead ECG is of crucial importance to confirm
or rule out the diagnosis and to guide treatment decisions. The ECG,
with at least 2 recording electrodes, is the most important tool for de-
termining the cardiac rhythm. Figure 1.4 illustrates the positions of all
the electrodes of the standard 12-lead ECG.

Figure 1.5 illustrates the normal appearance of a tracing from lead
V5 of the standard 12-lead ECG. The P wave represents the depolari-
zation of the atria, and the QRS complexes represent the depolariza-
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tion of the ventricles. The distance between the P wave and the QRS
complex represents the conduction time between the atria and the
ventricles. The T wave represents the repolarization of the ventricles.
The repolarization of the atria occurs during the depolarization of the
ventricles, and the wave representing this is usually hidden within the
QRS complex.

1200 ms

FIGURE 1.5 The normal appearance of lead V5.
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1.2 Alternative lead systems

The Frank system

A vector is an entity that has a specific magnitude and direction. The
basic idea of the vectorcardiogram (VCG) is that, for every instant, the
electrical activity in the 3-dimensional heart can be summarized to 1
vector. The size and direction of the vector change as a function of
time during the cardiac cycle. By convention, the left-to-right compo-
nent of the vector is called X, the caudal-cranial component of the
vector is called Y, and the posterior—anterior component of the vector
is called Z. If the amplitudes (x, y, and z) for each component (X, Y,
and Z) are known at any instant of time, pairs of these (xy, xz, and yz)
can be plotted on the respective axes, and thus a vectorcardiograpic
“loop” in each orthogonal plane (the frontal, XY, the transverse, XZ,
and the sagittal, YZ, planes) can be obtained. The depiction of these 3
loops makes up the VCG. The shape, area, and direction of rotation of
the loops are then analyzed.

In 1956 Frank presented a lead system for VCG recording, which
was the first truly corrected orthogonal lead system;'” that is, the lead
vectors associated with the system were indeed orthogonal. The Frank
system measures the potential variations from 7 well-defined posi-
tions: 5 on the torso (A, C, E, I, and M), 1 on the back of the neck (H),
and 1 on the left foot (F) (Figure 1.6). Leads A, C, E, and I are placed
in the same transverse plane, in the fourth or fifth intercostal place. A
and [ are placed in the left and right midaxillary lines, respectively; E
and M are placed on the sternum and spine, respectively; and C is
placed between E and A. The nomenclature of the electrode positions
was derived from the concept of labeling points around the chest at
intervals of 22.5°, starting from the center of the body and position A,
and moving anteriorly.

Frank constructed a torso model with the dimensions of a medium-
sized man (weight, 79 kg; height, 1.79 m), filled it with salt water, and
placed a dipole in the position of the heart. With the dipole directed to
the left, downwards, or backwards, he measured voltages for about
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200 positions on the surface of the torso. The results from these ex-
periments'' underlie the equations from which the 3 orthogonal leads
(X, Y, and Z) are generated. Today, few medical practitioners are
familiar with the technique of VCG.

Y

FIGURE 1.6 Electrode positions of the Frank system.

The EASI lead system

When the acquisition and interpretation of the ECG became computer-
ized, the storage requirements and time required for data transfer and
analysis were all markedly reduced if only 3 leads were used instead
of 12. However, most clinicians wanted to see a 12-lead ECG. Dower
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et al. introduced a method for deriving a 12-lead ECG from the
VCG."? Mathematically, each of the leads is expressed as a linear
combination of the orthogonal X, Y, and Z leads:

Derived lead = aX + bY +cZ,

where a, b, and c represent fixed coefficients. The X, Y, and Z poten-
tials represent simultaneous measurements from each of the leads at
one particular instant; thus this calculation must be carried out at each
sampling instant.

The Frank system, with electrodes on the back of the torso and on
the back of the neck, is not practical for monitoring. The EASI lead
system of Dower et al.,”* is probably the most frequently used derived
12-lead system at present. This system requires only 4 recording elec-
trodes, and their positions are shown in Figure 1.7. Positions A, E, and
I are those of the Frank VCG system. Lead E is placed on the lower
end of the sternum, leads A and I are placed on the left and right mid-
axillary lines, respectively, in the same transverse plane as E, and lead
S is placed on the sternal manubrium. The term EASI was constructed
from rearrangement of the electrode labels.

FIGURE 1.7 Electrode positions of the EASI lead system.
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Three quasi-orthogonal ECG leads are yielded by pairwise subtrac-
tion of the signals recorded at the E, A, S, and I sites:

Al=V,-V,
ES:VE*VS
AS:VA—VS

Lead Al views the electrical activity of the heart in a left-to-right di-
rection (X). Lead ES views the electrical activity of the heart in a cau-
dal-cranial direction (Y), and also contains a considerable posterior—
anterior component (Z). Lead AS views the electrical activity of the
heart in both left-to-right and caudal-cranial directions (X and Y) and
contains a small posterior-anterior component (Z). The 12-lead ECG
is then derived by linear combination of the quasi-orthogonal ECG
leads as described above. Dower did not publish explicit transfer coef-
ficients, however; this was done later by Feild et al."

Similar to modified 12-lead ECGs from other alternative lead sys-
tems,"> '’ the EASI-derived 12-lead ECG has the disadvantage of al-
tering the resulting ECG waveforms compared with the standard 12-
lead ECG. The transition zone (where the QRS complexes change
from being predominantly negative to being predominantly positive)
in the EASI-derived 12-lead ECG often occurs between leads V2 and
V3, whereas in the standard 12-lead ECG, it generally occurs between
lead V3 and V4. The QRS voltages also tend to be slightly smaller in
the EASI-derived 12-lead ECG, especially in the precordial leads,
compared with those of the standard 12-lead ECG.'"® However, the
EASI-derived 12-lead ECG achieves high agreement with the standard
12-lead ECG (standard or proximal limb lead placement) in detection
of myocardial ischemia'®* and other cardiac abnormalities'® and in
classification of arrhythmias.'®'® A prior study has indicated the utility
of the EASI-derived 12-lead ECG compared to just the 3 EASI leads,
Al, ES, and AS, with regard to information on arrythmias in Holter
recordings.”* Few studies have examined the EASI lead system in
children.
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The Mason-Likar lead system

Excessive noise, mainly due to the distal placement of the limb elec-
trodes, has made it impractical to use the standard 12-lead ECG with
distal limb leads for ECG monitoring. The limb electrodes are now
usually placed on the torso to attain acceptable noise levels, and the
Mason-Likar (M-L) modification of the standard 12-lead ECG™ is
commonly used for ECG monitoring. The M-L lead system uses all
the conventional precordial electrode sites, but the limb electrodes are
positioned on the anterior part of the torso instead of on the distal
limbs (Figure 1.8).

Ground

FIGURE 1.8 Electrode positions of the M-L lead sys-
tem. The right and left arm electrodes are positioned in
the right and left infraclavicular fossae, respectively,
medial to the border of the deltoid muscle and 2 ¢cm be-
low the lower border of the clavicle. The left leg elec-
trode is positioned in the anterior axillary line, halfway
between the costal margin and the crest of the ilium.
The ground electrode can be placed anywhere.
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Fundamental differences between the M-L 12-lead ECG and the stan-
dard 12-lead ECG include rightward shift of the QRS axis in the fron-
tal plane; reduction of R-wave amplitude in leads I and aVL; increase
of R-wave amplitude in leads II, III, and aVF; and poor reproduction
of variables indicating especially chronic inferior myocardial infarc-
tion (MI).">'” The R-wave amplitudes in the precordial leads are also
altered as a result of moving the 3 limb electrodes onto the torso.
These differences can have clinical significance in the interpretation
and serial comparison of diagnostic ECGs recorded with different
limb electrode placements. Unfortunately, the misconception persists
among physicians that the M-L and standard lead systems produce
essentially identical waveforms.

The Lund lead system

The Department of Clinical Physiology at Lund University Hospital
has used the Lund (LU) lead system for exercise tests with bicycle
ergometry for many years."” This lead system uses all the conventional
precordial electrode sites, but the limb electrodes are positioned on the
lateral side of the left and right arm at the level of the axillary folds,
and on the left iliac crest in the anterior axillary line. The differences
between the LU and the standard lead systems were found to be much
less pronounced than were the differences between the M-L and stan-
dard lead systems." This is in good agreement with the findings of
Wilson,*® in that the magnitude of potential differences decreases with
increasing distance from the heart only until the attachment of the
limbs to the torso; there is no further appreciable drop in potential
along the limbs. Moving the left leg electrode of the LU lead system
to the major trochanter of the left femur (Figure 1.9) diminishes the
potential differences between this system and the standard 12-lead
sys‘cem.16

Many physicians are unaware of the nonequivalence of ECG re-
cordings made with standard limb electrode positions versus proximal
limb electrode positions, and therefore use the interpretation criteria
developed for the standard positions when interpreting all ECGs. This
can lead to misinterpretation with risk of consequences for the patient.
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Given that the distal limb placement of the electrodes cannot be used
in all situations, optimizing the positions of proximal limb electrodes
for better concordance with the standard 12-lead ECG would have
great value in improving diagnostic performance, and in achieving the
objective of having a uniform convention for diagnostic ECG re-
cording and for ECG monitoring. To develop such a convention, a
recording must produce waveform morphologies that are close to
those obtained with the standard ECG and that has noise immunity
close to that of the M-L system. Large noise levels lead to false-alarm
situations that are very disturbing for the nursing staff and that can
compromise patient safety.

FIGURE 1.9 Electrode positions of the limb leads of the
LU (@), the M-L (X), and the standard lead systems (O).
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Body surface mapping

The 10 electrodes of the standard 12-lead ECG cover only a small part
of the body surface. Body surface potential mapping (BSPM), a tech-
nique that uses a larger number of electrodes to cover more of the
body surface, was introduced to permit better resolution of the spread
of excitation and recovery through the heart. Waller published the first
study within this area in 1889.%” Present-day systems vary greatly in
the number and placement of recording sites.

Compared with the standard 12-lead ECG, BSPM has higher sensi-
tivity for the diagnosis of chronic MI and left ventricular hypertrophy,
and can better localize accessory atrioventricular pathways in patients
with Wolff-Parkinson-White syndrome.”*** However, Carley et al.
showed that the use of BSPM resulted in only a small increase in sen-
sitivity and a corresponding decrease in specificity for the diagnosis of
acute MI compared with the standard 12-lead ECG.”!

BSPM is primarily used for research, and no standards have been
established for the lead systems. It is seldom used clinically because
of the time required to record the large number of signals, and because
of the difficulty to assess the large quantity of information.

1.3 The Selvester QRS scoring system

The Selvester QRS scoring system estimates MI size in the left ventri-
cle by a quantitative evaluation of QRS changes in the standard 12-
lead ECG.** Based on computer simulation of the electrical activation
sequence of the human heart, Selvester et al. originally developed a
57-criteria, 32-point QRS scoring system.”> Wagner et al. then evalu-
ated intra- and interobserver variability in humans for a simplified
version of the system containing 37 criteria and 29 points.** The sys-
tem was evaluated and modified through a series of studies®™* into
the present 50-criteria, 31-point system* * based on QRS changes in
10 of the 12 leads (Figure 1.10); each point corresponds to infarction of
approximately 3% of the left ventricular myocardium. To investigate
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the precision of the standard ECG printout format when manually
performing the scoring, Wagner et al.*® determined the difference
between using a standard printout format and a 4-fold magnified
(“quad plot”) format of the ECGs during manual QRS scoring. Their
primary finding was that MI size can be systematically underestimated
with use of the standard ECG printout format. The QRS scoring re-
quires substantial time if individual ECGs are scored manually, but an
automated version has been developed that is adequate for routine
use.*”
Except for QRS changes related to single Mls, the Selvester QRS
scoring system is limited to ECGs with normal cardiac conduction;
however, recently QRS scoring criteria for infarct quantification in the
presence of cardiac conduction abnormalities have been suggested.*
These criteria need further clinical validation. The presence of multi-
ple MI may cause problems for QRS scoring; ECG changes due to
both anterior and inferior MI might counterbalance each other and
result in cancellation of QRS changes, and thus also of QRS criteria.*
The amplitudes and durations of QRS waveforms change with age
and differ between sexes,* and the specificities of many of the criteria
of the Selvester QRS scoring system have been shown to depend on
age and sex,” variables that also affect its performance.* Age- and
sex-specific QRS scoring criteria have been proposed, but these need
further evaluation.”’

1.4 Cardiac magnetic resonance imaging

Magnetic resonance imaging (MRI) is a noninvasive imaging tech-
nique, free of ionizing radiation, that uses a magnetic field and radio
waves to acquire images of the human body. In MRI, different mag-
netic properties, such as water or fat content, of different tissues are
used to obtain image contrast. Thus, this imaging technique has a
unique ability to characterize soft tissues that makes it feasible for
cardiac imaging. Its ability to acquire images in any arbitrary plane
with no limiting acoustic windows has made cardiac MRI the refer-
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ence method for noninvasive assessment of cardiac dimensions and
function.
Cardiac MRI also has a unique ability to distinguish infarcted from
noninfarcted myocardium noninvasively by use of the so-called “de-
layed-enhancement” technique.” By intravenous administration of an
extracellular, gadolinium-based contrast agent 15-30 minutes before
image acquisition, necrotic or scarred myocardium can be distin-
guished from viable myocardium. There is a relative increase in the
amount of contrast agent in injured myocardium compared with viable
myocardium, due an increase in regional fractional distribution of
extracellular contrast media in the former.* > The gadolinium-based
contrast agent affects the surrounding tissue’s magnetic properties,
resulting in hyperenhancement of necrotic and scarred myocardium
when applying a specific MRI acquisition sequence designed to en-
hance the contrast between viable and nonviable myocardium.”
Delayed enhancement-MRI (DE-MRI) has been shown to be a
promising method for quantitative assessment of MI,>*** and is fre-
quently used as a reference method to assess size and location of MI
in vivo. Several aspects must be considered for accurate MI quantifica-
tion, however, such as timing of imaging relative to the acute ischemic
event,”® contrast dose, time between injection of the contrast agent and
image acquisition,”’ the relative contrast and brightness used in the
image display, and how the delineation of the region of hyperen-
hancement is performed.” There is currently no international consen-
sus regarding DE-MRI use for MI quantification.” Consequently, MI
quantification can vary significantly between different laboratories
and clinics.

1.5 Ischemic heart disease and myocardial infarc-
tion

In the Western world, ischemic heart disease (IHD) is a major cause
of morbidity and mortality.” The term “ischemic” refers to insuffi-
cient blood supply relative to the demand of the tissues. The underly-
ing cause of THD is almost always atherosclerosis,” involving accu-
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mulation of lipids and inflammatory cells, particularly in the inner
layer (intima) of the arterial wall. Atherosclerosis principally occurs in
medium-sized and large arteries such as the aorta and the coronary
arteries,®’ and it can lead to the development of atherosclerotic plaques
that protrude into the arterial lumen.®> These may diminish or com-
pletely obliterate the lumen and thereby also reduce or completely
block the blood flow. Angina pectoris appears when coronary blood
flow cannot meet the demand of the cardiac muscle. Clinical manifes-
tation of IHD depends on the extent of changes in the coronary arter-
ies, the activity of the disease, and the function of the left ventricle.
Stable coronary artery disease usually manifests as angina pectoris
upon exertion, whereas unstable coronary disease can appear as unsta-
ble angina pectoris, acute MI, or sudden death. Heart failure is another
clinical manifestation of IHD. This can develop as a consequence of
myocardial cell death during MI or from chronic ischemia with fibro-
sis of the myocardium, so-called ischemic cardiomyopathy.

MI involves loss of heart muscle cells, local or regional cell death,
and thus loss of electrically active myocardium. The underlying
mechanism is rupture of an atherosclerotic plaque with subsequent
coronary artery thrombosis (local clotting of the blood) and secondary
effects on the myocardial blood supply. The delay until reperfusion
therapy and its results are crucial determinants of the size of MI and
thus the function of the heart. The presence of collateral vessels is also
of importance for the size of MI.

Acute MI can be divided into 2 categories: ST-segment—elevation
MI (STEMI), with typical ECG patterns involving elevation of the ST
segment, and non-ST-segment—elevation MI (NSTEMI), which has
more nonspecific ECG patterns. Acute chest pain occurring concur-
rently with ST-segment elevation indicates acute ischemia through the
entire cardiac wall and impending MI, in most cases caused by a total
occlusion of a coronary artery. Acute MI without ST elevation is, in
most cases, a consequence of reduced myocardial perfusion caused by
thrombosis that only partly occludes a coronary artery.” Serological
biomarkers together with the patient’s history, symptoms, and ECG,
are important tools to diagnose acute MI. The aim of emergency
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treatment of possible MI is to alleviate the pain, to limit the develop-
ment of MI, and to reduce the risk for serious complications.

The ECG pattern of chronic MI can show more unspecific patterns,
from normal appearance to reduced R-wave amplitudes and perma-
nent Q waves.

1.6 ECG diagnoses mentioned in this thesis

Left- and right-axis deviation

The left ventricle dominates the propagation of the electrical impulse
through the ventricles, due to its thicker muscular wall compared with
the right ventricle. Therefore the main direction in the frontal plane of
propagation of the impulse through the ventricles (termed the electri-
cal axis of the heart) is normally downwards and to the left, between
0° and +90° (Figure 1.3). An electrical axis < —30° is said to be devi-
ated to the left, and an axis > +90° is said to be deviated to the right.

Left and right bundle branch block

Normally the cells in the sinoatrial node generate the impulses, which
thereafter propagate through the muscle cells of the right and left atria.
In the cells of the atrioventricular (AV) node—the pathway between
the atria and ventricles at the base of the right atrium—the propaga-
tion of impulses is relatively slow (because of the smaller size of these
cells and fewer gap junctions compared with other myocardial cells);
thus, the atria have time to contract before the ventricles are activated.
From the AV node, the impulses propagate down the interventricular
septum through the bundle of His. The bundle of His divides into a
right bundle and a left bundle, which eventually leave the septum and
enter the walls of the right and left ventricles, respectively. The right
bundle continues in the right ventricle and branches off into Purkinje
fibers, which are located below the endocardium and are the last
branches of the conduction system. The left bundle divides into 1 an-
terior branch and 1 posterior branch called fascicles, which both also
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branch off into Purkinje fibers. After the Purkinje fibers the impulses
pass from cell to cell toward the epicardium.

Bundle branch block implies that the propagation of the impulse is
blocked in either the left or right bundle, resulting in the impulse
reaching the affected ventricle only by spread of excitation from cell
to cell. Propagation of the impulse in the affected ventricle is outside
the conduction system, which results in prolonged propagation time
and a changed ECG appearance (prolonged QRS duration and ST-T-
wave changes). Right-sided bundle branch block can indicate cardiac
disease but also occurs among healthy individuals, whereas left-sided
bundle branch block almost always indicates cardiac disease.

Left and right atrial enlargement

Enlargement of the left atrium can be due to diseases of the mitral
valve. When this atrium is enlarged, the spread of the rhythmic im-
pulses through its myocardium takes longer time than usual, so the P-
wave duration in the ECG is increased.

Enlargement of the right atrium is often due to chronic pulmonary
disease. In normal circumstances, rhythmic impulses first spread
through the myocardium of the right atrium. Thus in right atrial
enlargement with an enlarged P vector, the first part of the P-wave
amplitude in the ECG is increased.

However, the ECG is a nonspecific and insensitive method for di-
agnosing atrial enlargement.

Left and right ventricular hypertrophy

Left ventricular hypertrophy can reflect prolonged, untreated hyper-
tension, stenosis of the aortic valve, or other disorders. Left ventricu-
lar hypertrophy results in large vectors directed to the left, that is,
increased R-wave amplitudes in the left-sided ECG leads, increased S-
wave amplitudes in right-sided ECG leads, and often left-axis devia-
tion. The spread of excitation through the myocardium takes longer
than usual, which can result in a prolonged QRS complex duration.
ST-T-wave changes often develop in the left-sided ECG leads.
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Right ventricular hypertrophy can result from congenital heart dis-
orders such as stenosis of the pulmonary valve, or to chronic lung
diseases that cause increased pressure in the pulmonary circulation.
Hypertrophy of the right ventricle results in larger vectors directed to
the right, that is, increased R-wave amplitudes in the right-sided ECG
leads, increased S-wave amplitudes in the left-sided ECG leads, and
often right-axis deviation. ST-T-wave changes can be seen in the
right-sided ECG leads. Hypertrophy of the right ventricle must be
fairly pronounced for it to be evident in the ECG.

The ECG is a nonspecific and insensitive method for diagnosing
ventricular hypertrophy.
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2 Aims of the Thesis

The first aim of this thesis was to further validate the EASI lead sys-
tem to gain more knowledge about the agreement between EASI-
derived and standard 12-lead ECGs. The second aim was to investi-
gate the possibility of optimizing the positions of proximally placed
limb electrodes for standard 12-lead ECGs.

The specific aims for each paper were:

Paper I; to 1) simultaneously collect standard 12-lead ECGs and
ECGs using EASI electrode positions in children of various ages,
2) develop and determine the value of using age-specific transforma-
tion coefficients for deriving 12-lead ECGs, and 3) study the “good-
ness-of-fit” between the standard and derived 12-lead ECGs.

Paper II; to compare the intrareader variation in interpretation of stan-
dard 12-lead ECGs with the variation in interpretations of standard vs.
EASI-derived 12-lead ECGs in children.

Paper I1I; to test the hypothesis that the EASI lead system is less sus-
ceptible to baseline wander and myoelectric noise than is the M-L lead
system.

Paper 1V; to 1) compare the differences in Selvester scores for chronic
MI provided from standard and EASI-derived 12-lead ECGs, and
2) compare these scores with MI sizes as measured by DE-MRI.

Paper V; to test the hypotheses that 1) compared with the M-L lead sys-
tem, the LU lead system produces ECG waveforms with closer relation-
ship to the morphologies of the waveforms obtained from the standard
lead system with regard to the QRS axis in the frontal plane and QRS-
estimated inferior MI size, and that 2) the LU lead system is more noise-
immune than the standard lead system, and that 3) the noise immunities
of the LU and M-L lead systems are comparable.
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3 Materials and Methods

3.1 Study populations

Paper I and Paper II. Two hundred and twenty-one children of vari-
ous ages, healthy and with varying cardiac diagnoses, admitted to the
Department of Pediatric Cardiology at the Lund University Hospital,
Lund, Sweden were included in these studies. The protocols were
approved by the Ethics Committee at Lund University, and informed
consent was given by the parent/guardian or the individual, depending
on age.

Paper III: Nineteen healthy volunteers, all staff at the Department
of Clinical Physiology, Lund University Hospital, were included in
this study. The protocol was approved by the Ethics Committee at
Lund University. Informed consent was given by the volunteers.

Paper IV: Thirty-seven individuals enrolled in the MRACS (Mag-
netic Resonance in Acute Coronary Syndromes) study at the Glasgow
Western Infirmary® were included in this sub-study. The study com-
plied with the Declaration of Helsinki. The protocol was approved by
the Ethics Committee of the North Glasgow University Hospitals
NHS Trust. Written informed consent was given by the individuals.

Paper V: Eighty patients, women and men, with normal waveform
morphologies, left QRS axis deviation, or QRS changes of inferior MI
in their standard ECGs were included for the primary aim of the study.
The infarcts were identified by significant inferior Q waves or Q-
equivalent patterns according to the Glasgow ECG interpretation pro-
gram.”® The other ECGs were also interpreted by this program. The
noise-immunity sub-study included 11 patients from the original co-
hort and 9 healthy volunteers. All patients were admitted to the Lund
University Hospital, either to the Department of Clinical Physiology,
the Cardiac Intensive Care Unit, or the Medical Emergency Care Unit.
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The healthy volunteers were enrolled at the Department of Clinical
Physiology. The Ethics Committee at Lund University made an advi-
sory statement in which the study was considered to be valuable, and
there were no objections against it from an ethics point of view.

3.2 ECG acquisition and analysis

Papers I and I1

In each individual, the standard 12-lead and the EASI ECGs were
acquired simultaneously at rest, with the individuals in supine posi-
tion, using a PageWriter XLi (Philips Medical, Oxnard, CA) during 10
seconds. The same ground electrode was used for both lead systems.
The sampling rate was 500 samples/s, and the amplitude resolution
was 5 uV. The ECG signals were saved in digital format on a com-
puter diskette for further processing offline. Each lead of the derived
12-lead ECG was constructed by linear combination of the 3 bipolar
ECG leads of the EASI system: Al ES, and AS (for example, derived
V2 = a*Al+b*ES+c*AS).

In Paper I, the optimum coefficients (a, b, and c¢) were calculated
for each lead and each age group (< 1 year, 1-6 years, 7-12 years, and
13-18 years) that minimized the aggregate root-mean-square (RMS)
difference between the standard and EASI-derived 12-lead ECGs.
RMS denotes the square root of the mean value of the squared differ-
ences. RMS differences were computed starting at the onset of the
QRS complex and ending at the end of the T wave. The resulting
RMS difference expressed the “goodness-of-fit,” that is, the similarity
of the 2 sets of waveforms. The results of using age-specific coeffi-
cients were compared with the results of using coefficients developed
for adults.

In Paper 11, the age-specific transfer coefficients calculated in Pa-
per I were used when deriving the 12-lead ECGs from the EASI lead
system. The printouts of the ECGs did not indicate which lead system
was used, and all ECGs were submitted to the readers in random or-
der. Two experienced pediatric cardiologists interpreted the ECGs.
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The readers used structured case report forms in which they were
asked to make an overall assessment and to assess and report the
rhythm, the electrical axis (mean vector) in the frontal plane, the pres-
ence of possible bundle branch block, and the presence of possible
abnormality of the atria or hypertrophy of the ventricles. First, each
reader interpreted a set of 221 ECGs with randomly allocated standard
and EASI-derived 12-lead ECGs. Next, the readers interpreted the
complementary ECG set without having access to the first set. Finally,
the readers reinterpreted the standard ECGs from 98 children.

Paper 111

In each individual, the M-L and the EASI ECGs were simultaneously
acquired at rest during 10 seconds, with the individuals in supine posi-
tion, and during the performance of 5 different physical activities,
using a PageWriter XLi (Philips Medical, Oxnard, CA). The sampling
rate was 500 samples/s, and the amplitude resolution was 5 pV. The
ECG signals were stored digitally for later offline processing. The
same ground electrode was used for both lead systems. Each lead of
the derived 12-lead ECG was constructed by linear combination of the
3 bipolar ECG leads of the EASI system using optimal transfer coeffi-
cients."

For each lead in each individual, the baseline wander and the
myoelectric noise amplitudes were calculated and compared at rest
and during each physical activity for both lead systems (Figure 3.1).
Baseline wander (low-frequency noise; < 1-2 Hz) was quantified by
fitting a regression model to the original ECG signal with use of a
regularized least-square criterion.”” Baseline wander was defined as
the peak-to-peak amplitude of the estimated baseline during the 10-s
recording. Myoelectric noise primarily contains frequency compo-
nents > 15 Hz. We therefore quantified noise after the signal had been
high-pass filtered (filter cutoff frequency, 15 Hz) and the QRS com-
plexes had been blanked. The RMS value was computed in each R—R
interval of the processed signal, and the largest value was taken as the
measurement of myoelectric noise for that record.
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A
B
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FIGURE 3.1 A, Original 10-s epoch in a precordial lead during a
change in body position. B, Estimated baseline wander during the
epoch. C, Filtered-out myoelectric noise during the epoch. A seg-
ment around and including each QRS complex has been blanked.

If the difference in the measurements between the M-L and EASI
systems was < 25 uV for myoelectric noise or < 300 uV for baseline
wander, the results were declared “equal” for the 2 systems. These 2
threshold values were selected with reference to a signal amplitude at
which the noise begins to have a clinical impact on the ECG interpre-
tation. If the difference was greater than these respective thresholds, a
“winner” was declared.
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Paper IV

For each patient, BSPM was made with 120 electrodes placed in a
standardized way® at rest with the subject in supine position during 15
seconds. The sampling rate was 1000 samples/s, and the amplitude
resolution was 1 pV. Data processing was performed offline. The
averaged PQRST waveforms from the standard 12-lead and the EASI
ECG leads were extracted from the BSPM data. Thus, the standard
12-lead and the EASI ECGs were simultaneously acquired. Each lead
of the derived 12-lead ECG was constructed by linear combination of
the 3 bipolar ECG leads of the EASI system using optimal transfer
coefficients for adults.'* The standard and the EASI-derived 12-lead
ECGs were printed in a quad plot format,* which magnifies the ECG
waveforms 4-fold along each axis (100 mm/s and 40 mm/mV com-
pared with the conventional scale; 25 mm/s and 10 mm/mV) as illus-
trated in Figure 3.2. The quad plot format facilitates quantitative ECG
measurements by allowing the waveforms to be viewed more clearly
and measured more precisely. Selvester QRS scoring® was performed
for all patients.

Paper V

For each of the 80 patients in the morphology study, 2 standard, 1 LU,
and 1 M-L 12-lead ECGs were recorded within a few minutes of each
other, at rest with the patient in supine position. The positions of the
distal limb electrodes were unchanged between the 2 standard re-
cordings. For both alternative lead systems, the precordial electrodes
remained in the same positions as for the standard 12-lead ECG. For
each of the 20 individuals in the noise-immunity sub-study, 2 stan-
dard, 2 LU, and 2 M-L ECGs were recorded in sequence while the
individuals, in supine position, performed 2 different limb movements
known to influence the technical quality of the ECG signal. The indi-
viduals began the movements a few seconds before the 10-s ECG
recording began, to ensure that noise generated by the limb move-
ments would be present in the analyzed ECG.
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FIGURE 3.2 Example of the quad plot format compared
with the conventional format for the standard 12-lead
ECG (top) and the EASI-derived 12-lead ECG (bottom).
The small complex illustrates the conventional format,
25 mm/s and 10 mm/mV, and the large complex illus-
trates the quad plot format, 100 mm/s and 40 mm/mV.
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The recordings were made either with a Megacart recording device
(Siemens-Elema AB, Solna Sweden) or with a MAC 5500 recording
device (GE Healthcare, Milwaukee, WI, USA). In both recording de-
vices, the ECG signals were stored with a sampling interval of 2 ms.

In the morphology study, all ECGs were reanalyzed in the Infinity
Megacare ECG server (Draeger Medical, Telford, PA, USA), which uses
a Draeger version (#24), of the Glasgow program®® to process the
ECGs. For all 80 patients, we chose the QRS axis in the frontal plane for
comparative analysis. We performed Selvester scoring™ for all patients
except for those 5 who had ECG findings considered confounding factors
for QRS scoring (left ventricular hypertrophy, or left anterior fascicular
block). One patient who had QRS changes of anterior MI, and 1 patient
who had QRS changes of multiple MI were also excluded. The differ-
ences in measurements between standard and LU ECGs, and between
standard and M-L ECGs, were compared with the differences between
the 2 standard ECGs. For each patient, the first standard 12-lead ECG
was used as the “gold standard” for comparison with all the other ECGs.

Three ECG readers subjectively assessed the noise immunity in each
of the 6 ECGs obtained from each of the 20 individuals. The printouts
of the ECGs did not indicate which lead system was used, and the
ECGs were submitted to the readers in random order. The readers used
a scale of 1 through 5 to indicate how much they thought the limb
movements influenced the technical quality of the ECG signal, with 1 =
very little influence, 2 = little influence, 3 = moderate influence, 4 =
pronounced influence, and 5 = very pronounced influence. The readers
assessed the total noise influence from the limb movements, both
myoelectric noise from muscle activity and baseline wander from varia-
tions in electrode impedance caused by the physical activity. Influence
levels 1 and 2 were combined for analysis, as were influence levels 3-5,
because we assumed that influence levels 1 and 2 should not influence
diagnostic accuracy, whereas influence levels 3—5 might. When evaluat-
ing the data, the assessments from the 3 readers were combined.
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3.3 Infarct quantification by the Selvester QRS
scoring system

Papers IV and V

Figure 1.10 shows the 50-criteria, 31-point Selvester QRS scoring
system’' used in both papers. As mentioned in the introduction section
(1.3), each point represents infarction of approximately 3% of the left
ventricle. For example, in lead I, QRS points can be awarded for the
Q-wave duration, the R-wave amplitude, and the R/Q-amplitude ratio.
If the Q wave is > 30 ms, 1 point is awarded, and if the R/Q-amplitude
ratio is < 1 and/or the R-wave amplitude is <0.2 mV, 1 additional
point is awarded.

In Paper IV, 2 investigators, independent of each other and blinded
to the MRI results, manually measured the QRS waveforms required for
Selvester QRS scoring. Differences in Selvester scores provided from
EASI-derived versus standard 12-lead ECGs were compared with the
intrareader variation (for 1 of the investigators) in Selvester scores for
the standard 12-lead ECGs. Differences in points between the 2 ob-
servers were assessed in conference for comparison with the MRI
results. The results from the 2 lead systems were systematically com-
pared with the cardiac MRI results.

In Paper V, The Selvester scoring was based upon the Glasgow pro-
gram waveform measurements, and calculated by 1 of the authors (AW).
Another author (OP) scrutinized QRS morphologies and the automated
measurements to possibly discover any mismeasurements of waveforms.
A third author (GW) performed Selvester scoring based on visual/manual
measurements. The group of investigators determined ‘“‘adjudicated”
scores in conference. No QRS measurements were changed in this proc-
ess, but some Selvester cores were. The scores from the 48 patients with-
out QRS changes of MI were evaluated as were also the scores from the
25 patients with QRS changes of inferior MI. The final score was only
counted if the ECG complied with the screening criteria of Anderson et
al.”
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3.4 Infarct quantification by DE-MRI

Paper 1V

Cardiac MRI was performed on a 1.5-Tesla whole-body scanner
(Magneton Sonata, Siemens AG, Erlangen, Germany) with a phased-
array chest coil. The images were acquired with the patients lying in
supine position during breath hold. Image acquisition was gated to the
ECG. For the measurement of left ventricular dimensions and func-
tion, a short-axis cinematographic (CINE) stack of the left ventricle
was acquired. For infarct quantification, DE-MRI was performed in
corresponding short-axis slices using the standard segmented gradient-
echo inversion-recovery sequence as described elsewhere.”> Meas-
urement of the left ventricular mass was evaluated using manual
planimetry on commercially available Argus software (Siemens, Er-
langen, Germany) by an observer blinded to all other clinical data.
The DE-MRI data were analyzed using CMR Tools (Imperial College,
London, UK). Regions of MI by DE-MRI were defined as those with
hyperenhancement involving at least the subendocardium. The epi-
and endocardium were manually delineated with computer-assisted
planimetry, and the signal intensities of gadolinium-enhanced myo-
cardium were also manually delineated.

3.5 Statistical analysis

Paper |

The paired t-test was used to test differences between RMS values
based on adult and age-specific coefficients for each ECG lead.

Paper 11

The agreement between interpretations of standard and EASI-derived
12-lead ECGs was evaluated with the kappa («) statistic,”’ a measure
of how much better the agreement between the interpretations is than
what could be expected by chance. Student’s t-test was used to com-
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pare the x value for the agreement between standard and EASI-
derived 12-lead ECGs with the « value for the intrareader agreement
of standard 12-lead ECGs.

Paper 111

The y? statistic was used to compare the proportion of winners in the
EASI and M-L lead placement groups. In situations where there were
no winners in 1 of the 2 groups, Fisher’s exact test was used. One P
value was determined for the summed limb leads and the summed
precordial leads for each physical activity separately.

Paper IV

The Spearman rank correlation coefficient was used to assess the cor-
relation between MI size estimated from the standard and EASI leads,
from EASI leads and MRI, and from standard leads and MRI. The
Bland-Altman method,”" was used to evaluate the agreement in MI
size estimates between the 2 lead systems. Within-individual differ-
ences between the various methods were compared with the Wilcoxon
signed-rank test.

Paper V

The paired t-test was used for comparison of the QRS axis variables
obtained with each method; the Wilcoxon signed-rank test was used
for the MI size variables, and the y? statistic was used to compare
categories of the noise-immunity variables.
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4 Results and Comments

4.1 Comparison of waveforms and diagnostic con-
clusions from EASI and standard ECGs in children
(Papers I and II)

RMS differences decreased with increasing age. In the subgroup of
adolescents 13—18 years of age, the RMS difference using the age-
specific coefficients was very similar to that obtained in adults (Figure
4.1). Comparison of the RMS differences showed that the age-specific
coefficients typically yielded between 10% and 16% lower RMS dif-
ferences than did the adult coefficients.

HV

200

150 |1 1

O Adult coefficients
B Age-specific coefficients

100 1

50 1—

<1yr 1-6yrs 7-12yrs 13-18yrs  Adults
Age

FIGURE 4.1 RMS differences between EASI-derived and standard
12-lead ECG waveforms, averaged over all 12 leads, as observed in
the four pediatric age groups and in an adult population. The result of
using age-specific versus adult coefficients is compared.
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For each age group, the largest RMS differences were observed in
either lead V2 or V4. The smallest RMS difference was found in lead
V6 in each age group.

The RMS differences obtained using the age-specific coefficients
were only slightly larger than those previously found in a set of ECGs
from adults, and the overall goodness-of-fit expressed as RMS differ-
ences was similar to that reported in adults (D. Field, Philips Medical
Inc; personal communication).

When the possibilities for interpretation by the readers were sev-
eral categories (e.g. hypertrophy of the right or left ventricle was cate-
gorized as none, possible, probable, or definite), there was a consider-
able intrareader variation in the interpretation of standard 12-lead
ECGs for both readers, as reflected by the k values, and the variation
in the interpretation of EASI-derived versus standard 12-lead ECGs
was only slightly larger (Table 4.1). Furthermore, for most of the ECG
diagnoses, for both readers, the differences in agreements between the
EASI-derived and the standard 12-lead ECGs were not statistically
significant.

When the possibilities for interpretation by the readers were re-
duced to 2 categories, normal and abnormal (that is, all other classes
combined), the intrareader agreement still varied considerably in the
interpretation of standard 12-lead ECGs. The differences in agree-
ments between the EASI-derived and standard 12-lead ECGs did not
achieve significance for any of the ECG diagnoses.

The algebraic transfer coefficients that were used to derive the 12-
lead ECG from the EASI leads were based on the QRST waves and
not on the P waves; thus, the EASI derivation might tend to influence
P wave morphology and assessment of the rhythm more than QRST
wave morphology. For both readers, the agreement for ventricular
hypertrophy was better than that for atrial abnormality when compar-
ing EASI versus standard. The EASI lead system, on average, causes a
shift of the direction of the electrical axis in the frontal plane,22 and, as
expected, the intrareader agreement for axis deviation was better than
the agreement between EASI-derived and standard 12-lead ECGs.
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There was considerable intrareader variability for several of the
ECG diagnoses. Other ECG studies with less intrareader variability
have been reported.””” The larger « values found in those studies
could at least partly be explained by the fact that those ECGs were
from adults and that the studies focused on measurements of ampli-
tude and duration rather than on interpretations.

Papers I and 11 showed that the age-specific transformation coeffi-
cients performed slightly better than the adult coefficients did and that
the agreement of the waveforms between the standard and EASI sys-
tems was mostly good. Furthermore, the variation in the interpretation
of standard versus EASI ECGs was only slightly larger than the in-
trareader variation in the interpretation of standard ECGs.

4.2 Noise immunity of the EASI lead system and its
capacity to predict M1 size (Papers Il and 1V)

Baseline wander

We found few differences between the EASI and M-L systems either
at rest or during physical activities required for “arms up” or cycling.
The EASI lead system was superior, attaining a significantly higher
number of “wins” in the precordial leads, for treadmill exercise and
for turning supine-to-left (Figure 4.2), whereas the M-L system at-
tained a significantly higher number of wins for turning supine-to-
right in both the limb and the precordial leads.

Myoelectical noice

We found few differences between EASI and M-L either at rest or
during physical activities required for arms up, whereas the EASI lead
system was superior, attaining a significantly higher number of wins
in the limb leads for treadmill exercise, cycling, and for turning su-
pine-to-left (Figure 4.3). However, M-L attained a significantly higher
number of wins in the precordial leads for turning supine-to-right.
EASI is much more susceptible to both baseline wander and
myoelectrical noise than is M-L when turning from supine to the right
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side, because only the EASI lead system uses an electrode placed in the
right-midaxillary line. Overall, however, the M-L and the EASI lead
systems did not show large differences regarding susceptibility to base-
line wander, most likely because variations in electrode impedance, the
primary cause of baseline wander, affect the electrodes of the 2 systems
equally, and EASI s less susceptible to myoelectrical noise than is M-L.

Baseline wander
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FIGURE 4.2 Comparison of the outcomes with the M-L and EASI
lead systems for baseline wander at rest (A) and during all five physi-
cal activities (B—F). On the horizontal axis, the “0” indicates equiva-
lent performance of the M-L and EASI-derived 12-lead ECGs. A
longer bar to the right than to the left indicates superiority of EASI,
and vice versa. The numbers on the horizontal axis indicate the fre-
quency of these occurrences.
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Myoelectrical noise

A: Rest D: Arms up
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FIGURE 4.3 Comparison of the outcomes with the M-L
and EASI lead systems for myoelectric noise at rest (A)
and during all five physical activities (B—F). The same
conventions apply as described in Figure 4.2.
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Estimated infarct size

The EASI lead system often gave higher Selvester scores and thereby
estimated the MI to represent a larger percentage of the left ventricle
than did the standard lead system (Figure 4.4). The mean difference in
the percentage of infarcted left ventricle between standard and EASI
systems was —1.4% + 4.3%. The agreement between the 2 lead sys-
tems can be less than satisfactory at times, but the difference between
the intrareader variation in Selvester scores for standard ECGs and the
variation between the EASI and standard ECGs was not statistically
significant (P = 0.26).
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FIGURE 4.4 Bland-Altman plot for MI size, as indicated by percent of
the myocardium affected, for standard vs. EASI-derived 12-lead ECGs.
The X axis represents the average percentage of infarcted myocardium
of the standard and EASI-derived 12-lead ECGs. The broken line just
below the X axis represents the mean difference in the percentage of in-
farcted myocardium between the 2 lead systems for all patients, and the
2 outer broken lines represent 2 standard deviations from this mean dif-
ference. The Y axis represents the difference in percentage of infarcted
myocardium between the 2 lead systems.
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FIGURE 4.5 Relationship for infarct size, expressed as
percentage of the left ventricle affected, between MRI
measurements and the EASI lead system (top) and be-
tween MRI measurements and the standard lead system
(bottom). The line in the diagrams is the identity line.
Neither the correlation nor the agreement between MI
sizes estimates by Selvester scores from both of the 2
lead systems and by MRI were very strong.
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The 2 ECG lead systems often underestimated the percentage of in-
farcted left ventricle compared with cardiac MRI, and both lead sys-
tems missed MI in several cases and had false-positive MI results
compared with imaging (Figure 4.5). The mean difference in the per-
centage of infarcted left ventricle between MRI and EASI 12-lead
ECGs was 2.6% =+ 9.5%; between MRI and the standard 12-lead
ECGs, it was 3.6% £ 9.0%. The agreement between MRI and each
lead system can differ considerably in individual cases. The difference
in variations between MRI and the EASI system versus the variations
between MRI and the standard system was not statistically significant
(P=0.08).

Paper 111 showed that, overall the 2 lead systems have similar sus-
ceptibilities to baseline wander. However, the EASI lead system is
less susceptible to myoelectric noise than is the M-L lead system.

Paper 1V showed that the estimations of MRI-measured MI size of
standard and EASI-derived 12-lead ECGs were comparable. Neither
the correlation nor the agreement between ECG and MRI measure-
ments of MI size were very strong.

Update since publication of Paper IV

There is no international consensus for MI quantification by cardiac
MRI. Thus, differences in measured MI size between laboratories can
be significant.

After Paper IV was published, the MRI data were reevaluated by
means of a recently validated MI quantification method.” The original
Glasgow MRI measurements of infarct size were, on average, 51%
larger than the measurements of the validated method (Figure 4.6).

When the MRI measurements of the validated method are com-
pared with ECG-estimated MI sizes, the concordance between the
ECG and MRI methods is markedly improved (Figure 4.7).
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FIGURE 4.6 Relationship for infarct size, expressed as
percentage of the left ventricle affected, between the
validated method and Glasgow MRI measurements. The
whole line in the diagram is the identity line, and the
broken line in the diagram is the regression line. The
equation is the equation for the regression line.
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FIGURE 4.7 Relationship for infarct size, expressed as
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line in the diagrams is the identity line.
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The new MI quantification method is based on an automated com-
puter algorithm that accounts for partial-volume effects in the quantifi-
cation process. This method has been validated in computer phantoms,
in animals, and in humans.’® The Glasgow MI measurements were per-
formed manually, not taking partial-volume effects into account.

4.3 12-lead ECG waveforms from monitoring posi-
tions (Paper V)

Variability in QRS axis between the 2 standard ECG recordings was
compared with standard vs. LU as well as standard vs. M-L (Figure
4.8). The analysis included all 80 patients to provide a wide range of
QRS axes. Most of the patients with the QRS axis within normal lim-
its, > —30 degrees and < 90 degrees, in their standard ECGs had a
marked rightward QRS axis shift (mean difference 22 degrees) in their
M-L ECGs. A small rightward QRS axis shift (mean difference 4 de-
grees) was also seen in most of the corresponding LU ECGs. The axis
shifts were statistically significant (p < 0.0001), but the difference in
QRS axis between the standard and LU ECGs should have little clini-
cal importance.

When analysing the Selvester scores calculated from the 48 pa-
tients without QRS changes of MI, only 3 patients received scores.
One received scores in the first standard ECG recording only, 1 in
both the second standard and in the LU ECG recordings, and 1 in both
the standard and in the LU ECG recordings. There were no scores in
the M-L ECG recordings.

Variability in Selvester scores between the 2 standard ECG re-
cordings was compared with standard vs. LU as well as standard vs.
M-L (Figure 4.9). The analysis included all 25 patients with QRS
changes of inferior MI. Compared with the first standard ECG, there
were both false-positive and false-negative diagnoses in the second
standard ECG and in the LU ECG, and false-negative diagnoses in the
M-L ECG. The difference in estimated infarct size between standard
and M-L recordings was statistically significant (p = 0.008), but the
difference between standard and LU was not (p = 0.72).
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FIGURE 4.8 Relationships for the QRS axis between
the first and second standard ECG recordings (top) and
between the first standard and the LU and M-L ECG re-
cordings (bottom), for each of the 80 patients. The line
in each diagram is the identity line.
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tween the first and second stan-
dard ECG recordings (top), be-
tween the first standard and the
LU ECG recordings (middle), and
between the first standard and the
M-L ECG recordings (bottom) for
infarct size expressed as percent-
age of the left ventricle, for each
patient with QRS changes of infe-
rior MI. The numbers of patients
at the origin are 7 in the top dia-
gram, 6 in the middle diagram,
and 8 in the bottom diagram. The
numbers of patients on the x-axis
are 3 in the top diagram, 4 in the
middle diagram, and 7 in the bot-
tom diagram. The line in each
diagram is the identity line.
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The difference in noise immunity between standard, LU and M-L
ECG recordings was compared with regard to arm and leg movements
(Figure 4.10). The difference between standard and LU was statisti-
cally significant for both arm and leg movements (both comparisons,
p < 0.0001). The difference leg vs. arm movements was statistically
significant for M-L (p = 0.028), but not for LU (p = 0.087). The dif-
ference between M-L and LU was not statistically significant, neither
for arm movements (p = 0.25) nor for leg movements (p = 0.10).
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FIGURE 4.10 Noise immunity of the standard, LU,
and M-L lead-placement systems.

The study results confirm our hypothesis that, with regard to the
QRS axis in the frontal plane and inferior MI size, the LU electrode-
placement system produces ECG waveforms that more closely resem-
ble the waveforms obtained with the standard ECG than does the M-L
electrode-placement system. Furthermore, the LU system is more
noise immune than the standard system, and the noise immunities of
the LU and the M-L systems are comparable.
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4.4 Limitations of the studies

Papers I and 11

Age was taken into account in both Paper | and Paper Il. Weight and
height, though dependent on age, might have contributed to better
agreement of the derived ECG with the standard tracing, but this was
not specifically investigated.

The RMS difference used in Paper | is the most commonly used
method for comparing waveforms, but it can be a crude way of ex-
pressing similarities or finding differences between detailed waveform
patterns.

In Paper I, the reader knew the exact age for patients <1 year old
only when he had specifically asked for it. There could have been
cases for which the interpretation would have improved if more de-
tailed information on age had been given for each patient in this age

group.
Paper 111

Some common artifact-generating movements that can cause false
alarms, such as combing hair, brushing teeth, and shaving, were not
included in the protocol.

The subjects were all relatively young (30—64 years) and healthy,
which is not representative of the population monitored in hospitals.
Myoelectrical noise and baseline wander might be influenced by age
and infirmity.

Paper IV

The small study population could explain the lack of significance for
the difference between the intrareader variation in Selvester scores for
standard 12-lead ECGs versus the variation between EASI-derived
and standard 12-lead ECGs.

The investigators had access only to the average complexes of the
ECGs. When it was difficult to be certain of the beginning of the QRS
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complex, it might have been valuable to have access to the complete
ECG signal.

For 8 of the 37 patients, there was a delay (4—340 days) between
the BSPM and the cardiac MRI scanning, with the BSPM being made
after MRI.

The MRI is used as the gold standard for quantification of MI, al-
though there is no international consensus on the parameters required
for accurate MI visualization and sizing by cardiac MRI.>® As a result,
there could be large differences in MI size between laboratories and
clinics.

Paper V

The subgroups were rather small, and only a few aspects of ECG
morphology were investigated. However, we chose the variables to be
studied based on where the largest influence on the ECG waveforms
could be expected when moving electrodes from the standard posi-
tions to the torso.

The best way of evaluating possible differences between the lead
systems would have been to simultaneously record the 4 ECGs for
each patient. Because this was not possible, all ECGs were recorded in
direct sequence.

In real situations, movements other than those studied are of course
also performed, and no data exist to establish the validity of the 5-
point scale used to assess the influence of limb movements on the
technical quality of the ECG signal.
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5 Major Conclusions

The major conclusions of each paper were that:

L

IL.

111

IV.

EASI leads in children have the same high level of “goodness-
of-fit” to replicate standard 12-lead ECG waveforms, as re-
ported earlier in adults.

For most of the ECG diagnoses, similar diagnostic conclusions
can be achieved from EASI-derived and standard 12-lead ECGs,
supporting the suggestion that the EASI lead system is a poten-
tial alternative to standard lead placement in children.

The EASI and the M-L lead systems have similar susceptibili-
ties to baseline wander. However, the EASI lead system is less
susceptible to myoelectric noise than is the M-L system.

The estimations of MRI-measured MI size of standard and EASI-
derived 12-lead ECGs were comparable. The agreement between
ECG and MRI measurements of MI size was only moderate.*
Compared with the M-L electrode-placement system, the LU
electrode-placement system produces ECG waveforms that
more closely resemble the waveforms obtained with the stan-
dard ECG. The LU system is more noise immune than the stan-
dard system, and the noise immunities of the LU and M-L sys-
tems are comparable.

*MI sizes measured by MRI have since been remeasured by means of

a recently validated MI quantification method.” When the MRI meas-
urements of the validated method were compared with the ECG-
estimated MI sizes, the agreement between the ECG and MRI meth-
ods was markedly improved.
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