Continuous Digital 12-Lead ST-Segment Monitoring
in Acute Myocardial Infarction






CIP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG
Veldkamp, Rolf F.

Continuous Digital 12-Lead ST-Segtment Monitoring in Acute Myocardial Infarction /
Rolf F. Veldkamp. - Delft : Eburon

Proefschrift Erasmus Universiteit Rotterdam. - Met lit. opg. -

Met samenvatting in het Nederlands.

ISBN 90-5166-451-6

NUGI 741

Trefw.: myocard infarct

© 1995 R.F. Veldkamp, Rotterdam

Uitgeverij Eburon
Postbus 2867
2601 CW Delft

No part of this book may be reproduced in any form, by print, photoprint, microfilm or
any other means without written permission of the author.

ISBN 90-5166-451-6



Continuous Digital 12-Lead ST-Segment
Monitoring in Acute Myocardial Infarction

Continue digitale 12-afleidingen ST-segment
bewaking tijdens het acute myocard infarct

Proefschrift

Ter verkrijging van de graad van doctor
aan de Erasmus Universiteit Rotterdam
op gezag van de Rector Magnificus
Prof. Dr. PW.C. Akkermans M.S.
en volgens besluit van het College voor Promoties

De openbare verdediging zal plaatsvinden op
woensdag 26 april 1995 om 15.45 uur

door

Rolf Frederik Veldkamp

geboren te Vleuten - De Meern



Promotiecommissie

Promotor : Prof. Dr. M.L. Simoons
Overige leden : Prof. Dr. J.R.T.C. Roelandt
Prof. Dr. Ir, J.H. van Bemmel

Prof. R.M. Califf

Co-promotor Dr. MW, Krucoff

Financial support by the Netherlands Heart Foundation for the publication of this
thesis is gratefully acknowledged.



To B.



Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

CONTENTS
Introduction
- History
- Physiology
- ST-segment monitoring
- This thesis

Krucoff MW, Croll MA, Pope JE, Pieper KS, Kanani PM,
Granger CB, Veldkamp RF, Wagner BL, Sawchak 5T,

Califf RME: Continuously updated 12-lead ST-segment

recovery analysis for myocardial infarct artery patency
assessment and its correlation with multiple simultaneous
early angiographic observations. Am ] Cardiol 1993; 71: 145-51.

Krucoff MW, Veldkamp RE, Trollinger KM, Bengtson JR, Keeler G,
Pieper KS, Sawchak ST, Pope JE, Califf RM, Greenfield JC:

Inter- and Intra- observer variability performing continuously
updated ST-segment recovery analysis following thrombolytic
therapy for myocardial infarction. J Electrocardiol 1995: in press.

Veldkamp RFE, Bengtson JR, Sawchak ST, Pope JE, Mertens JR,
Mortara DW, Califf RM, Krucoff MW: Evolution of an auto-
mated ST-segment analysis program for dynamic real-time,
noninvasive detection of coronary occlusion and reperfusion.
] Electrocardiol 1993; 25 {suppl.): 182-7,

Veldkamp RFE, Bengtson JR, Sawchak ST, Pope JE, Califf RM,
Krucoff MW: Performance of an automated real-time ST-
segment analysis program to detect coronary occlusion and
reperfusion. Submitted.

Veldkamp RF, Pope JE, Wilderman NM, Trollinger KM,
Sawchak ST, Califf RM, Wagner GS, Krucoff MW: ST-segment
deviation on the 12-lead electrocardiogram during acute
myocardial infarction: optimal leads for continuous
ST-segment monitoring. Submitted.

10
11
12
13

17

35

43

53



Chapter 7

Chapter 8

Chapter 9

Chapter 10

Veldkamp RF, Pope JE, Sawchak ST, Wagner GS, Califf RM,
Krucoff MW: ST-segment recovery endpoints in clinical
trials: past, present, future. ] Electrocardiol 1994; 26 (suppl.):
256-61.

Krucoff MW, Veldkamp RF, Kanani PM, Ryan JA, Sawchak 5T,
Wilderman NM, Bengtson JR, Pope JE, Sketch M, Phillips HR:
The impact of autoperfusion on quantitative electrocardio-
graphic parameters of ischemia severity, extent, and "burden”
during salvage of elective coronary angioplasty. ] Invas Cardiol
1994; 6: 234-40.

Veldkamp RF, Green CL, Wilkins ML, Pope JE, Sawchak ST,
Ryan JA, Califf RM, Wagner G5, Krucoff MW, for the Thrombo-
lysis and Angloplasty in Myocardial Infarction (TAMI) 7 Study
Group: Comparison of continuous ST-segment recovery analysis
with methods using static electrocardiograms for noninvasive
patency assessment during acute myocardial infarction. Am J
Cardiol 1994; 73: 1069-74,

Discussion

I Intermittent coronary reperfusion

I Accuracy of continuously updated 5T-segment recovery
analysis

IIT ST monitoring for triage following thrombolytic treatment

IV 5T monitoring in clinical trials

V 5T monitoring to determine prognosis

VI Continuous ST monitoring devices

VII Other noninvasive patency assessment methods

VIII Other applications of ST monitoring

IX  Areas for future research

X Conclusion

Summary
Samenvatting
Acknowledgements

Curriculum Vitae

67

75

83

91
92

92
94
99
102
104
106
111
117
119

129

133

139

141



Chapter 1

Introduction



10

INTRODUCTION

HISTORY

In 1787 Aloysic Luigi Galvani (1737-1798),
at that time Professor of Anatomy at the
University of Bologna, demonstrated that
the muscles of the hind limbs of a frog
manifested "electromotive phenomena.” A
partly dissected frog's leg with a metal
scalpel accidentally left in contact with an
exposed nerve showed muscle contrac-
tions whenever a nearby electrostatic
apparatus was rotated. Ensuing experi-
ments led him to describe a method for
stimulating tissues electrically by simply
touching a muscle or nerve with two rods
of dissimilar metals bound together, belie-
ving that it was due to electricity gene-
rated within the tissues. Allesandro Volta
{1745-1827), Professor of Physics at the
University of Pavia, challenged Galvani’s
interpretation by denying the existence of
animal electricity, believing that the stimu-
lation was due to electricity generated at
the points of contact of the two metals,
Thus arose a famous scientific controversy.
To meet Volta’s objection Galvani develo
ped an experiment in which muscle con-
traction was induced using living tissue

Figure 1

instead of metal rods. He showed that if a
nerve was made to totch another tissue a
two points, one injured and the other
uninjured, the muscle supplied by the
nerve would contract, This was the first
unequivocal demonstration of the existen-
ce of elechricity in living tissue and also the
first description of the current of injury.'
Since then many researchers were "gal-
vanized” by all kinds of electrical pheno-
mena in various animal models, some of
these related to the heart, With the deve-
lopment of more sensitive instruments
more data became available, leading to a
better understanding of the underlying
physiology. In 1887 the London physio-
logist Augustus Désiré Waller (1856-1922)
was the first person to record electrical
activity of the human heart from the intact
chest wall with the capillary electrometer.”
Dissatisfied with the quality of the recor-
dings obtained with this insensitive instru-
ment, the Dutch physician and professor
of physiology at the University of Leiden
Willem Einthoven (1860-1927) developed
a more sensitive string galvanometer,™
enabling very sensitive and highly repro-
ducible recordings of the electrical activi-
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The serial repetitious deflections or waves denoted as P, Q, R, 5, and T by Willem Einthoven.
Reproduced from Einthoven W.: Die galvanometrische Registriving des menschlichen Elektrokardiogramms,
zugleich eine Benrtheilung der Anwendung des Capillar-Elektvometers in der Physiologie, Archiv fiir die
gesammte Physiologie der Menschen snd der Thieve 1903; 472-80,



ties of the heart. He introduced the term
electrocardiogram (EKG or ECG), and
labeled the serial repetitious deflections or
waves as P, Q, R, 5, and T. He was able to
relate variations in the electrocardio-
graphic pattern with conditions such as
premature contractions of the heart, blocks
in the heart’s conduction system, and heart
enlargement due to valve dysfunction.
Noting that the shapes of the deflections
varied widely with the lead placement he
proposed a standard lead system known
as leads I, II, and III, For his discovery of
the mechanism of the electrocardiogram
he was awarded the Nobel prize for phy-
siology and medicine in 1924.°

It was Fred H. Smith who in 1918 as a
resident at the Columbia University in
New York first demonstrated ST-segment
elevation as a sign of coronary occlusion
using coronary artery ligation in dogs as a
model.* He was advised to do so by James
B. Herrick of Chicage who would later
publish the first electrocardiogram ob-
tained during the clinical manifestations of
myocardial infarction."” It is now general-
ty believed that ST-segment elevation is
the reflection of reversible transmural
ischemia, reflecting the differences in
resting potentials and depolarization
pattern between the ischemic and the
healthy myocardium,

PHYSIOLOGY

Figure 1 denotes the different deflections
of an electrocardiogram during one car-
diac cycle. The P wave reflects the electri-
cal activation of the atria. The QRS com-
plex represents the electrical activation of
the ventricles. The segment between the
QRS offset and the end of the T-wave is a
reflection of the plateau phase of the action
potentials of the ventricular myocardium
and return to the electrical resting state,
known as repolarization. The 5T segment
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is the segment between the end of the QRS
complex (known as J-point) and the begin-
ning of the T-wave.

Two electrocardiophysiologic pheno-
mena have been suggested to explain ST
elevation during transmural ischemia (lack
of oxygen) resulting {rom total coronary
artery occlusion as commonly seen during
acute myocardial infarction. During the
resting phage of the cardiac cycle (diastole)
healthy myocardial cells maintain a resting
meinbrane potential of approximately -80
microvolts, while this resting potential is
less for the ischemic cell. Thus, duting
ischemia a current ("current of injury")
flows from the ischemic to the healthy
myocardium during diastole, leading to a
depression of the T-Q interval, These cur-
rents disappear during the Q-T segment in
the electrocardiogram, when all ventricu-
lar tissuie is depolarized. This is represen-
ted as 5T-segment elevation relative o the
T-P and P-Q intervals in the ECG*’ Fur-
thermore, during the activation phase of
the myocardium (systole) ischemic cells do
not depolarize as much as healthy cells
and their repolarization occurs earlier.
This results in a current from the healthy
to the ischemic myocarditum during systo-
le, which is also reflected as ST elevation
on the electrocardiogram.’

Approximately 75% of acute myocardial
infarction patients have ST-changes sug-
gesting transmural infarction at pregentation
(presumably new ST elevation or depres-
sion 2 1-2 mmy), while this percentage may
increase whith serial ECG assessments.”™
Patients without ST deviation generally
have smatller infarcts and often have less
benefit of reperfusion therapy.™"” Without
reperfusion of the infarct related artery the
ST deviation gradually lessens over the
next hours to days due to necrosis of the
myocytes and therebg loss of myecardial
mass ("burn out”). ™ % After reperfusion
a more rapid normalization of the ST-
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segment occurs. This phenomenon has
been demonstrated clearly during intra-
coronatry adininistration of thrombolytic
drugs to dissolve the thrombus occluding
the infarct related artery”™ Figure 2
demonstrates the differences in ST-seg-
ment behavior over time during continu-
ous coronary occlusion and after reperfusi-
on through the infarct related coronary
artery.

ST-SEGMENT MONITORING
The observation of rapid ST recovery at

Figure 2
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the moment of angiographically docu-
mented reperfusion led to several studies
correlating quantitative ST recovery to
infarct related artery patency. Several
methods comparing ST-segment deviation
between a post treatment ECG and a fixed
pre-treatment reference ECG have been
reported.”” These methods measure the
ST deviation in one or few post-treatment
ECGs at intervals typically 60 to 180 minu-
tes after onset of thrombolytic treatment.
If the ST-segment has recovered below a
threshold expressed as a percentage of

the pre-treatment reference ECG ST level,
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Holter ST-segment trends in 2 patients with comiplete occlusion of the infarct related artery. Top,
successful reperfusion after intra-coronary thrombolysis is characterized by the sudden decline of 5T-
segment elevation. Bottom, unsuccessful reperfusion with a slow, gradual achievement of ST steady
state. Reproduced with permission from: Krucoff MW, Green CE, Satler LF, Miller KM, Del Negro A4,
Pearle DL, Fletcher RD, Rackley CE: Noninvasive detection of coronary artery patency using continuons
ST-segment monitoring, A | Cardiol 1986; 57: 916-22, Copyright 1986, All rights reserved,



reperfusion is considered to have occur-
red. If the ST-segment did not recover
below this threshold reperfusion is con-
sidered to have failed.

Continuous ST-segment monitoring
using Holter recorders was developed to
better document the timing of reperfusion.
Recordings were analyzed retrospectively
and atlowed to distinguish patients with
reperfused infarct related arteries from
those in whom the infarct related artery
failed to reperfuse after treatment.” How-
ever, Holter recordings are limited in the
number of leads to be used and cannot be
used at the bedside for guidance of clinical
care since they require off-line analysis.
Therefore dedicated continuous multi-lead
computerized electrocardiographs have
been developed by several groups wich
can measure, compare, and display the 5T-
segment in real time so that the recorded
information can be used to guide clinical
care. ™ The major application of these
devices is the display of ST-segment re-
covery and of new ST-segment abnormali-
ties as a reflection of ischemia in various
unstable coronary syndromes such as
acute myocardial infarction, unstable
angina pectoris, and post coronary angio-
plasty. Accordingly they have been called
"ST monitors” or "ischemia monitors."

THIS THESIS

The Ischemia Monitoring Laboratory at
the Duke University Medical Center in
Durham, USA, in cooperation with Morta-
ra Instrument, Milwaukee, developed a
real-time oriented digital 12-lead electro-
cardiograph. Essentials of this ST monitor
(5T100) have been published previously.™
* The manuscripts gathered in this thesis
are a reflection of investigations as a re-
search fellow in cardiovascular medicine
at the Duke University Medical Center,
focussing on the development and testing
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of hardware and software as well as the
clinical application of ST monitoring,
Chapter 2 describes the initial experien-
ce of non-invasive patency assessment
using continuously updated 12-lead ST-
segment recovery analysis.” In a series of
22 acute myocardial infarction patients
sensitivity for an occluded infarct related
arkery was 90% and specificity was 92%. In
view of these promising results and the
results of a larger 144 patient series,” an
inter- and intra- observer variability ana-
lysis of this patency assesment technique
was performed, as presented in Chapter
3.* The evolution and salient principles of
an automated ST-segment analysis pro-
gram for real-time non-invasive patency
assessment is described in Chapter 4 and
the results of the testing of this program
during PTCA are presented in Chapter 5.
¥ In Chapter 6 patterns of ST deviation as
seen on the 12-lead ECG during occlusion
of the infarct related artery are correlated
with the angiographically determined
infarct related artery." The possibility and
limitations of a restricted lead set for ST
monitoring for infarct related artery paten-
cy assessment are discussed. The prospects
of ST-segment recovery as an endpoint in
acute myocardial infarction trials are ad-
dressed in Chapter 7. Chapter 8 charac-
terizes the impact of coronary angioplasty
Perfusion Balloon Catheters (PBC) as
compared to standard angioplasty bal-
loons on quantitative electrocardiographic
parameters of ischemia severity, extent,
and "burden." * A comparison of conti-
nuous ST-segment recovery analysis with
methods using static electrocardiograms
for noninvasive patency assessment du-
ring acute myocardial infarction is presen-
ted in Chapter 9." Chapter 10 reviews ST
monitoring applications during acute
myocardial infarctions and compares it
with other noninvasive patency assess-
ment techniques. Other applications of the
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ST monitor are discussed and areas for
future research are outlined. Finally, the
results presented in this thesis are sum-
marized.
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Continuously Updated 12-Lead $T-
ecovery Analysis for |

Artery Patency Assessment and s
Correlation with Muliiple
arly Angiographic Observations

yocardial Infarct

hnultaneous

Mitchell W, Krucoff, MD, Martira A, Croll, RN, James E. Pope, MD, Karen S, Pieper, MS,
Prapti M. Kanani, Mb, Christopher B, Granger, MD, Rolf F. Veldkamp, MD,
Beverly L. Wagner, RN, Sharon T. Sawchak, rN, and Robert M. Califf, MD

Epily angiography may not adequately subgroup
patients with myccardial infarction i¥ cyclic
changes in coronary flow oceur frequerily. From
a pllot experienco using a now 12dead ST-seg-
ment moniter, a continuously updated, selfrafer-
eficed STyecovery analysis mothod was davalk
oped to guantify both instantaneous recovery, as
a noninvasive marHer of patensy, and cumulative
8T recovery over time, as a maiker of the spead,
siability and duration of reperfusion. In 22
patients with acute infarction in whom 44 obser
vations of unique angiographic patency were
noted within 6 hourvs of presentation, seral
patency assessmertits simultaneous with ali
angiographic observations predicted coronary
occlusion with 90% sensitivity and 92% specifici-
ty. OF the 22 pationts, 11, (60%) had multiple ST
trend transitions sugdesting cyclic changes in
coronarvy flow before catheterization. Speed, sia-
hility and duration of ST-segment recovery weio
defined by the tima to first 50% &7 recovery,
total nuniker of ST-trend transitions and patent
phiysiology index (percentage of monitoring pari-
od showing ST recovery), respectively. Sub-
grouped angiographically, the median (inferquar
tile ranga) for cumulative $¥ paramaters with
patent (n = 8) versus occluded (n = 14) arleries
were, respactively — time to 50% recovery, 1.57
(1.16, 1,70) versus 0.17 (-0.47, 0.32) hours; hium-
ber of reclovation/recovery avents, 1.5 (1, 3)
versus 3 (1, 3); andl patent physiclogy index, 52
(41, 69} versus 50 (6, 73). Thus, continuous ST-
segment recovery analysis appears to predict
simalaneous engiographic patency over saria!
assassmoris, whereas cumulative paramoatlers
sppear to contain independent inforimation, prodr
ably becatieoa of patency changes hefore or after
angiography. (Am ) Cardic] 1893;71:145-1561)
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ngiographically defined patency provides only a
brief anatomic visualization of the infarct artery
during the course of ongoing 1nfmtlon More
prolonsed angiography has shown that cyclic or *‘vasta-
ble’ infarct artery patency is common and consistently
related to dynamic ST-segment changes.!? Quantifica-
tion of the ST-segment recovery process may provide
both an instantaneous method for serial patency assess-
ments and a cumulative measure of the speed and sta-
bility of reperfusion. Analytic methods for ST analysis
in patients presenting with abnomtl ST levels subject
to sudden murked changes are lmited.>7 To address this
need, we developed a method of self-referenced, con-
tinvously updated ST-segmenl recovery analysis paired
with a new 12-lead digital ST menitor and examined its
performance in patients who vnderwent acule angiogra-
phy during myocardiat infarction. The goal of this ret-
tospective analysis was lo examine, in a preliminary
fashion, the relation of ST-recovery analysis to simuta-
necus infarct artery patency and the relation of cumula-
live ST recovery reflecting speed, stability and duration
of reperfusion to acute angiographic patency.

METHODS

Patient selectiont All patients presented with chest
pain within 6 howrs and ST-segment elevation not re-
versed with nitrates, as previously detailed.® Al patients
had myocardial infarction by enzyme elevalion and all
underwent cardiac catheterization within 6 hours of ad-
mission. Choice of therapy and timing of catheterization
were determined either through physician judgment or
through the Tlwombolysis and Angioplasty in Myocar-
dial Infarction {TAMI)} 5 protocol,” ST-segment moni-
toring data were not accessible to the bedside caretak-
ers in any case.

Angiographic analysis: For this analysis the infarct
artery was defined as patent with Thrombolysis in Myo-
cardial Infarction {TIMI} tial 2 to 3 flow, or as occlud-
ed with TIMI tral 0 to 1 flow. Unique angiographic
observattons were included for every patient in whom
patency change (from patent to occluded or vice versa)
occurred during catheterization, either spontaneously or
as 4 result of further therapy, TIMI flow was delermnined
by experienced angiographers (non-TAMI patients) or
by the TAMI Angtographic Core Laboratory at the Uni-
versity of Michigan (TAMI 5 patients). In all cases



angiographic interpretation was made with no knowl-
edge of ST-recovery data.

Stsegment monitorings The Mortara ST Monitor-
ing System (Mortara Instrumient, Milwaukee) has been
described in detail previously?*? In brief, the device
meets American Heart Association criteria for frequen-
cy response and sampling rate in standard electrocardio-
graphic cants.'® A 12-lead electrocardiogram is auto-
matically acquired every 17 seconds, digitized and im-
mediately compared with the patient’s own baseline
electrocardiogram for ST-segment changes over time in
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any lead(s). All measurements derive from median beats
at J+60 ms, For the pilot experience, all clinical alarms
were disabled, In all patients ST moniforing was initiat-
ed with impedance-monitored skin preparation (Quik
Prep, Quinton Medical, Seattle, Washington) using radi-
clucent lead wires and electrodes, A total of 10 elec-
trodes were placed over the standard 6 precordial posi-
tions, with the 4 limb leads placed on the bony clavicles
and iliac crests {*‘monitoring position’’} to stabilize
baseline, Lead positions remained fixed throughout the
monitoring perfod, Monitoring was initiated before or as
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soon after the onsct of therapy as possible, Exclusions
[rom our retrospective analysis included hookup of the
ST nmonitor >60 minutes after onset of therapy or inter-
niption of the ST information by persislent noise, bun-
die branch block, ventricular thythm or ventricular pace-
maker. All patients were kept at bed rest,

STrecovery scanning and anzalysis techniquar®
All stored elecrocardiographic datia were downloaded to
a personal compuler and analyzed with custom-wiilten
scanning software which we have previously described.?
All studies were analyzed over the first 6 howrs, includ-
ing the time of angiography. Patterns of 8T recovery and
reglevation associated with cyclic flow changes were
derived from previous experience with angioplasty bal-
toon inflation and delation.11-13 Similarities are graph-
ically illustrated in Figure [ The absence of a prede-
fined “'baseline” in the nyocardial infarction presenta-
tions, however, mandated modifications for quantitative
mieasurements,

The 3-dimensional graphic display in the scanning
software illustrated in Figure 1 was used to define each
paticnt’s ST measurement matrix, The measurement
matrix was taken as the single most abnormat lead in
the most abnormal electrocardiogram unless the fead lo-
calion chianged over the cowrse of monitoring or muli-

*See Appendix for summary of definitions.

ple precordial zones (where anterior zone = V-Vy; low
lateral zone = Vs~V high lateral zone =1, aVL,; and
inferior zone =1II, I and aVF) showed ST elevation
simulancously. With ecither of these exceptions, lhe
measuement matrix was taken as the summated abso-
tute deviation over the entire 12 leads, Graphic display
was also used to identify each patient’s naultifead pat-
tern of ST activity, or ST *“*fingerprint.”’1? Episodes of
recurrent 8T deviation were taken as evidence of infarct
artery reocclusion only when the fingerprint pattern re-
curied.

Quality control of the ST matrix and graphic displays
was afforded by full discloswe 12-lead superimposition
scanning within the analysis software. Every slandard
12-lead electrocardiogram was directly visvalized in the
Duke Ischemia Monitoring Core Laboratory for all stud-
fes.

Analysis of ST tecovery centered on definition of
“roughs” and “‘peaks™ in the trend of the ST-matrix
level over time (Figure 2). Troughs and peaks repre-
sented points of transition from ST recovery to worsen-
ing or from worsening to recovery, respectively, A fran-
sition peak was delined as the most abnormal ST level
direcily preceding any single period of ST-segment re-
covery. ST-segment recovery was defined as resolufion
within a 3-hour period consisting of either (1} 250%
recovery from (he immediately preceding peak ST level

(Al
T n Ty 1% Tg T 005 TaTaly
2100 N
8T 1400 \
LEVEL ¥ \
W 700 NI
FIGURE 2. Two«imensional a 3 1 Py x 2 4 : .
STanadnix trend from R
patient in Figure 18. Yime © = Occluded TIME (hours)
from onzet of monitosing to O = Patent
firet ST recovery Is thown [a]
&3 tha irterval R. Transition 1 mj | ayR VL BYE
;‘Pm;gfs (Ty to 713)&‘6“8500@ B il
with pesks /| Ml A ELJRLT ] i M
troughs mre identified as Ll = AT +
changoes frot 5T recovery T
to reclevalion or vice versa, AENN
Patent physiology intex T T v z . .
edpiale the sum of tho dura il
tion of tho ehadod recovery ] o ERHARE ]
itervala divided by the A Foiod IANE 7!=-Jrl£: fAjraJ:: 0 |
enfire monitoring paviod, Al 1 ] 1
trend points reprosont elen- ] L
Urrd 12-lead electro A
cardiographic information, [B]
as iHustrated helow the ] T i ayA avE AVE
trend, which is confinmad e e
using superimposition scen- T . T " T 1
ning. T T 1IN t
v [ 1]V V. Y [T ¥
[]- T i
N ‘i' bl i'/\ 1 nral f LA [alg L o N % ]
N 1 I
1
L HENNELR 1




or (2) 35 to 49% recovery relative to the immediately
preceding transition peak; and =50% recovery refalive to
the most abnommal peak documented at any time in the
study before the cument electrocardiogram, The current
electrocardiogram was defined as the electrocardiogram
commesponding to each moment an ST-recovery analysis
was performed.

A transition trough was defined as the most normal-
ized ST level preceding any single period of ST-segment
reclevation. ST-segment reelevation was defined as re-
elevation in a matched precordial ““fingerprint,”” 1 evolv-
ing over <60 minwtes and lasting for 260 seconds. Min-
imat amplitude of reclevation was required to be 2150
¥ in any 2 leads or 2200 .V in a single lead or to a
level equal to or greater than ke level of the most recent
transition peak,

Recovery infervals were defined as beginning at the
momend of 509% ST recovery and ending at the onset of
reclevation. The time to first 50% ST recovery was de-
fined as the time trom the onset of therapy to the onset
of the first recavery interval up to 4 maximum of 6 hours
il no such recovery oceurred within the moniloring per-
od. The patent physiotagy index was taken as the per-
centage of the monitoring period showing ST recovery,
defined as the summated duration of all recovery inter-
vals divided by the total monitoring duration X 100, The
total number of peaks and ivoughs from the onset of
monitoring to the first contrast injection was taken as the
“number of transitions.”

Putency assessmant at the moment of angiog-
raphy: Periods of ST recovery were interpreted as the
result of reperfusion and periods of persistent (or re-Jele-
vation were mterpreted as fhe result of (re-yocclusion,
Periods of incomplete ST transition were interpreted as
indeterminate patency. In all patients, an ST-recovery
analysis patency prediciion was logged simultancously

21

with the first confrast injection of the infarct artery. In
all patients with subsequent unique angiographic cbser-
vatious {as previously defined), udditional ST-recovery
predictions were logged at cach of those times,

Statistical methods: All categorical data sre report-
ed as i (%0), Because many of the continwous variables
are not normally distributed, they are reported as 50th
(mean 25th, 75th) percentites, Ranges are often also in-
cluded. Only descriptive data are reported, and no sta-
tistical fests were performed.

RESULYS

All 22 patients from our pilot expertence meeting the
criteria were analyzed for this report. The infarct artery
was the left anterior descending in 12, the circumflex in
2, and the right coronary artery in 8. Acute therapy con-
sisted of only thrombolytic drugs in [0, only angioplas-
fy in 2, and both in 10. Median time from chest pain
onsel to initiation of ST monitoring was 4.3 (29, 7.6)
hours, Median time from ST monitoring lo onset of
acute therapy was —0.8 {(~1.8, 0.3} hours.

At the first contrast injcetion the infarct artery was
patent in 8 {36%) and occluded in 14 (649%) patients. At
feast | period of ST recovery was seen before angiogra-
phy in 8 patients (10045) with patent arteries, and in 1
(799%) with occluded vessels, More than 2 transitions to
reclevation or recovery were seen before catheterization
in 3 patients (38%) with patent arteries, and in 8 (57%)
with oceluded vessels, The 50th, 25th and 75th percen-
tiles, and ranges for time to first 506% ST recovery, the
number of transilions over the monitoring period, and
patent physiology index in patients with patent versus
ovcluded arteries are shown in Figure 3. Patients with
angiographically occluded vesscls had a somewhat
shorter time interval from onset of therapy to some evi-
dence of transient reperfusion than did patients with
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patent vessels, The stability of reperfusion and duration
of reperfusion physiology over the 6 hours monitored
were similar whether the initiall angiogram showed a
patent vessel or an occluded one,

In all 22 patients, <50% ST recovery or ST reeleva-
tion was 100% sensitive and specific for simultaneous
angiographic occlusion on first contrast injection. Of the
44 angiographically documented patency changes in
these 22 patients, sensitivity and specificity for angio-
graphic occlusion were 90 and Y2%, respectively.

In 16 of our 22 paticats, ST-segment monitoring was
initiated before therapy. Of these 16 patients, ST-seg-
ment recovery occurred at least once before therapy
(suggesting spontanecus reperfusion} in 5 (31%) (Figure
1B).

DISCUSSION
The major findings of this study are twofold. First,
serial instantaneons assessments of ST-segment recov-

ery using continuously updated reference points appears
to predict simultancous infarct astery patency, even over
multiple changes of patency. Second, patency defined
acutely by a single angiographic procedure does not ap-
pear to correlate with the rate, stability and duration of
ST recovery quantified cumulatively over time periods
breader than thie catheterization itself. We interpret these
findings to indicate that unsiable ST-segment recovery
reflects eyclic flow changes in the infarct vessel that may
occur before, during or after the brief period of fime
documented by angtography. In our study group, 50%
of patients exhibited ST-segment evidence of cyclic flow
before catheterization, The incidence of this cbservation
is similar across afl 5 other studies that have used con-
tinuous electrocardiographic monitoring early in myocar-
dial infarction,'>*7 Of our 16 patients in whom ST
monitoring was begun before therapy, 31% showed evi-
dence of spontaneous reperfusion, similar to our findings
in previous work.!! This spontaneous behavior suggests
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that cyclic flow changes may not result from therapy, but
rather may be the undeslying pathophysiology of early
infarction on which therapy is superimposed,

it has previously been suggested that cyclic changes
in infarct artery patency may have functional impor-
tance.? Comrelations of slow or unstable ST-segment re-
covery with poor regional wall motion, lirger enzymat-
ic infarct size, and poor clinical patient outcome and sur-
vival®!*-17 have been reported. None of these reports,
however, have detailed quantitative parameters for cu-
mufative ST recovery over time. The ramifications of
such a method are illustrated in Figure 4. In a multifac-
torial trial design comparing (wombolytic regimens us-
ing acute angiographic patency and comelating acute
patency to predischarge left ventricular function,” all 3
patients in Figure 4 were described as having patent left
anlerior descending infarct arteries. However, ST-re-
covery patterns supgest different rates, stability and du-
ralion of reperfusion within this “hemogenous’ angio-
graphic group (Figure 4). 'The patient in Figure 4A
shows early cyclic flow changes and early stable reper-
fusion. The patient in Figwe 4B shows persistent occlu-
sion until just before angiography, with stable reperfu-
sion thereafter. The patient in Figure 4C shows the ear-
liest evidence of reperfusion, but with ongoing cyclic
flow changes and very tow duration of patency over a
4-hour period before and afler angiograpiy. As our pilot
data suggest, quantification of cumulative ST recovery
over time with parameters reflecting the speed, stability
and duration of reperfusion may provide an independent
physiologic context for the interpretation of acute angio-
graphic anatory.

The data we report represent a pilot experience ac-
quired while familiarizing community and university
hospitals with the use of 12-lead ST monitors, These
data do not represent a prospective or formally blinded
analysis, a consecutive patient population, or a sample
size Iarge enough to draw rigorous conclusions about the
accuracy of the method for real-time patency prediction.
Aculte angiography was performed by protocol in some
and by clinical selection in others. No functional out-
come or left ventricular function data were analyzed, so
inferences about ST recovery and functional outcome
remain unproven,

Despile these limitations, the implications of the
method and the pilot results are no less intriguing, An-
giographically homogenous subgroups appear to be
physiologically heterogenous as quantified by continu-
ous ST-recovery analysis. Seventy-nine percent of our
patients with occluded vessels at angiography had at
feast 1 episode of ST recovery before catheterization,
supgesting transient reperfusion. The time to first evi-
dence of reperfusion was somewhat earlier in patients
with angiographically occluded vessels than in those
will: patent arleries. Even owr limited data show wn-
equivocally how wvulnerable a single angiographic
assessment may be to “‘undersampling’’ a dynamic
phenomenon such as an ongoing myocardial infarction,
Determination of the actual additional information con-
tent provided by quanfification of continuous ST-seg-
ment recovery must await a proper prospective trial
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design in a suitable number of patients, Such research
is currently undenway.

Seral instantaneous patency assessments based on
ST-sepment recovery analysis also have clinical man-
agement and investigational potential. Current technol-
ogy makes 12-lead ST-segment monitoring with a por-
table device feasible in small community hospitals as
well us during transport between hospitals, as was fre-
quently done in this pitot, Thus, unlike angiography, ST-
segment monitering can be initiated from the onset of
therapy, and can be continued for as long as the patient
is at bed rest. Triage of patients given thrombolytic ther-
apy to aggressive or conservalive therapeulic stralegies
could be beiter studied and managed with a continuous
noninvasive marker of failed or unstable reperfusion that
was accurate over serial assessments in real time. A
prospective, blinded experience including acute catheter-
ization by protocol in a larger patient population is cur-
rently being analyzed to belter assess the method’s per-
formarce in this respect,

Thus, this pilot experience demonstrates (hat contin-
uous [2-lead ST-segment monitoring can be initiated in
a limely and practical fashion uvsing currently available
technoltogy. Paired with our method of ST-segment re-
covery analysis using self-referenced, comtinuounsly up-
dated measurements, both real time and retwospective
determination of the speed and stability of reperfusion
appear likely to provide unique and useful information
for both investigational and clinical purposes, More rig-
orous assessment ol this potential must await further
study.

Actmowledgment: We thank Joseph C. Greenfield,
jr, MD, for his support and guidance in this work and
this manuscript, and Ruoth G, Wagener for her invalo-
able assistdnce in the final preparation of this paper.

APPENDIX: SUMMARY OF ST-MEASUREMENT
AND PARAMEVTER DEFINITIONS

St-meaguremant matvix (trend): (1) the most ab-
nommal single lead from the maximally abnormal elec-
trocardiogram (default), or (2) summated deviation (sum
of absolute differences per lead) if either (A) the single
mest abnormat lead designation changes across 22 Jeads,
or (B) there are 22 precordial zones show ST elevation.

Traneition points: TRANSITION PEAK; the miost abnor-
mal electrocardiograrn immediately preceding a period
of 250% ST-segment recovery.

TRANSITION TROUGH; Lhe most normalized electrocar-
diogram immediately preceding a period of ST reeleva-
lion,

Stasgment recovery and reslavation ST-SEGMENT
rReCOVERY; (1) resolution of 250% of the immediately
previous transition peak, or 35 fo 43% of the immediate-
Iy previous transition peak and 250% of tie most ab-
nomnal matrix level vver the enlire recording period up
to the current electrocardiogram, and (2) developing with-
in 3-hour period.

ST-SEGMENT REELEVATION: {1} ST-reelevation devel-
oping within a t-how perod; and (2} fasting >60 sec-
onds; and {3} in matched “‘fingerprint’’ zone; and (4} 2



24

leads 2150 p.V each; or (5) 1 fead 2200 p.V or 28T level
of immediately previous transition peak, whichever first.

ST-RECOVERY INTERVAL: the ime from the first elec-
trocardiogram achieving ST-segment recovery to Lhe
time of the first electrocardiogram achieving ST-segment
reelevation,

Trend parameters: TIME TC FIRST EVIDENCE OF REPER-
FUsIoN: the time from the onset of lytic therapy 1o the
onset of the first ST-segment recovery intervat,

PATENT PHYSIOLOGY INDEX PERCENTAGE (PFI%): the sum
of the duration of all ST-recovery intervals divided by
the duration of the total recording period X 100.

NUMBER OF TRANSTRIONS: (he total number of transi-
tion peaks and troughs over the recording period,
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ABSTRACT
BACKGROUND: Conltinuously updated 12-lead ST-seginent recovery analysis for
prediction of infarck artery patency depends on human interaction with a computeri-
zed review station. To test the variahility of this method, 3 human operators
analyzed a common group of infarction recordings following thrombolytic therapyy.
MEeTHODS: ST-segment recordings from 50 patients were used for inter-observer
testing, and 30 were re-read for infra-observer testing. All were analyzed over both
90 and 360 minutes. Each reader identified all ST-segment trend transitions and
logged o patency assessment ab the end of ench monitoring period. Kappa statistics
were used for comparisons of all categorical and continous variables, including
comparison of each reader’s assessment of each minute of each study. Concordance
was described by Kappa values as: 0.85 - 1.0 = superior; 0.70 - 0.84 = excellent; 0.1
- 0.69 = poor to fair; 0.0 = random; -1.0 = discordance.
Resurts: Dynansic 5T-segment re-elevation with > 2 fransitions occurred in 20 -
30% of studies, and 81 - 100% were interpreted as patent at the end of the 90 and
360 minute periods, Over the first 90 minutes, botht intra- and inter-observer
conicordaitce for both categorical and continuous variables was superior. Variability
increased slightly for all varighles when observations were carried out pver 360
wminutes, although concordance overall remnined excellent to superior. Sources of
variability included differences in interprefation of low ST amplitude / high noise
ECGs, anterior 5T-segment depression, and gaps in the datq stream, as well as
operalor fatigue.
Concrusion: Continuously updated 12-lead ST-segment recovery analysis can be
learned to a high level of infra- and infer- observer consistency.

INTRODUCTION

Continuously updated ST segment recove-
ry analysis has been developed for real-
time evaluation of coronary patency in
patients given thrombolytic therapy for

acute myocardial infarction."” In the hands
of an experienced interpreter, ST-segment
recovery analysis has been shown to iden-
tify simultaneous angiographic coronary
occlusion more accurately than other
bedside clinical descriptors.” As a conti-



nuous objective marker, ST-segment reco-
very analysis can quantify both the speed
and stability of reperfusion, providing a
unique method for the evaluation of
thrombolytic regimens.

As a computer-assisted method, paten-
cy assessment with ST-segment recovery
analysis remains dependent on the human
operator interacting with the program, The
human operator combines a structtred set
of quantitative rules’ with more qualita-
tive judgements to accomplish this interac-
tion. Interpretative determination of reper-
fusion or re-occlusion and the timing of
reperfusion or subsequent re-occlusion
could be grossly affected if differences in
judgement among operators were signifi-
cant, frequent, or accumulated over the
time interval monitored.

To test the inter- and intra-observer
variability of this technique, 3 human
operators of varying experience performed
ST-segment recovery analyses on a cohort
of patient studies over 2 time intervals in
a prospective trial design, including blind-
ed repeat analysis of over half the studies
by each operator. Differences within and
between operators in all patency inter-
pretations over every minute of every
study were assessed.

METHODS

Patient studies

ST-segment monitor studies were selected
from a recently completed acute myocardi-
al infarction (TAMI 9) trial’ Inclusion
criteria for that trial included: onset of
chest pain within 6 hours of presentation;
diagnostic ST elevation or anterior ST
depression suggesting posterior infarction
of > 200 uV not reversed by sublingual
nitroglycerin; and no contra-indication to
thrombolytic therapy. All patients were
treated with tissue plas-minogen activator
(rt-PA), systemic heparin, and aspirin.
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Patients also received systemic perfluoro-
carbon in 50% of cases. For the purposes of
our investigation, the first 50 studies retro-
spectively jdentified with the following
characteristics were selected: 5T monito-
ring begun at or before the administration
of thrombolytic therapy and continued for
at least 6 hours; normal QRS conduclion at
the onset of monitoring; no ST monitor
technical failure of > 1 hour out of the first
6 hours of monitoring. No other technical
factors, including study noise level, dyna-
mic ST-segment bebavior, peak ST-seg-
ment level, or infarct location, were used
to bias study selection.

ST-Segment Monitoring and Study Prepara-
ton

Our technique of 12-lead continuous 57-
segment monitoring has been previously
described in detail."** Modified limb tead
positions and impedance-metered skin
preparation were used in all cases, as we
have described.” * The Mortara ST-Seg-
ment Monitor (Mortara Instrument, Mil-
waukee) is a digital 12-lead ECG monitor
that meets fidelity criteria for standard
ECG carts.” In all cases the device was
programmed to acquire and store a 12-
lead ECG every 20 minutes. In addition to
this mandatory minimum storage interval,
"surveillance” of ST levels over all 12 leads
was performed automatically every 17-20
seconds. With any change from each pa-
tient’s own baseline of > 100 pV in any 2
leads or > 200 1V in any 1 lead that persi-
sted or worsened for > 60 seconds, additio-
nal ECGs were stored every 30 seconds
over a 3 minute period.

All data from each ST monitor study
were downloaded to a floppy disc as a
digital data stream. Prior to distribution to
the operators, two electronic "marks" were
imbedded into each patient’s data strean:
one at the ECG acquired 90 minutes fol-
lowing onset of thrombolytic therapy and
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one at the ECG acquired 6 hours follow-
ing onset of thrombolytic therapy. The
electronic marks prevented the operator
from seeing any further ECG information
beyond the marked ECG, thus preventing
any interpretative bias by "future” infor-
mation. This blinding procedure was
identical to that used in the TAMI 7 ST-
segment analysis.2

Of the 50 studies selected, 30 were
randomly selected for re-reading to gene-
rate intra-observer comparisons. The 80
total studies thus prepared for analysis (50
studies and 30 re-reads) were sequenced in
random lots of 10 uniquely for each opera-
tor, with attention to avoiding re-reads in
close proximity to one another by a single
operator.

For each study each operator received a
folder which contained the hard copy ECG
that originally qualified the patient for
thrombolytic therapy, the time of onset of
chest pain, the time of onset of thromboly-
tic therapy, and a "marked" floppy disk
containing the ECG data. Operators were
blinded to all other clinical data. In each
patient, analysis was completed first up to
the 90 minute mark, then up to the 6 hour
mark, in sequence. The results of each 90
minute analysis was logged on a compute-
rized data entry screen. This system then
stored these responses in a file, unretrieva-
ble by the operators, before the six hour
interpretation began. This method was
used to prevent any editing of the 90 mi-
nute responses during completion of the 6
hour analyses.

ST-SEGMENT RECOVERY ANALYSIS

Method and Training Level

Our method of ST-segment recovery ana-
lysis using this program has been descri-
bed in detail.’ In brief, there are two stages
in the process. First, a matrix of ST measte-
rement is selected for use as a trend over

time, As guided by published rules' the
measurement matrix may be either a trend
of the most abnormal single lead over time
or a trend of summated ST deviation over
all 12 leads. Once the matrix is determi-
ned, transition points or "peaks" and
"troughs” within the trend of the matrix ST
level over time are identified and used to
demarcate the monitoring period into
intervals of ST "recovery” or "re-elevati-
on"' ST recovery intervals are interpreted
as the resuit of a patent infarct artery. ST
re-elevation intervals are interpreted as the
result of an occluded infarct artery. If the
"marked" ECG occurs during an apparent
but incomplete ST transition, arterial pa-
tency is interpreted as indeterminate,
Operator training consisted of two
parts. Conceptual underpinnings of the
methodology were conveyed in didactic
sessions. Experience was conveyed
through individual and "classrocom" expo-
sure to acute infarction recordings from
previous studies (none of which were
included in the current study test set). At
the time of the current study, it was esti-
mated that the most experienced operator
(Reader A) had over-read > 400 acute
infarction recordings, the least experienced
operator (Reader B) had overread < 50
such recordings, while the third operator,
Reader C, was between these two.

Analytic Endpoints

The endpoints of interest were two-fold,
For each study, the times of transition
from patency to occlusion or vice versa
were recorded, along with the patency
assessment at the transition times. These
measures were made during the first 90
minutes and during the subsequent 4.5
hours of monitoring. Secondly, patency
was assessed at the time of initiation of
monitoring, at the 90 minute marked ECG,
and at the 6 hour marked ECG. Each pa-
tency assessment was considered a stable



definition of the patient’s condition until a
new lransilion point was identified, crea-
ting consistent intervals of patency or
occlusion.' Therefore, a patient’s patency
status was definable over the entire 90
mintite or 6 hour monitoring period for
every minute within those periods.

Statistical Methods

The categorical endpoints of patency at 90
minutes, patency at 6 hours, number of
transitions within the first 90 minutes, and
number of transitions over the first 6 hours
were analyzed using Kappa statistics, A
Kappa of 1 implies total agreement, A
Kappa of -1 implies perfect disagreement,
A kappa of 0 Implies random chance. For
the purposes of this study, Kappa values of
.85 - 1.0 were con-sicdered superior concor-
dance, vatues of 0.70 - 0.84 excellent con-
cordance, values of 0.55 - 0.69 good con-
cordance, and 0.1 - 0.54 poor to fair concor-
dance’ "Conti-nuous” agreement over
each of the 90 minute and 6 hour time
periods was measured by first determining
the patency decision for every minute
within the time period of interest for a
patient. The Kappa was then derived
between observers for that patient across
all 90 minutes and again across all 360
minutes. The intra-observer reliability
across the time period of interest was
calculated over the 30 patient studies as an
average of the 30 Kappas. The inter-obser-
ver reliability across the t{ime period of
interest was calculated for each pair of
observers over the 50 patient studies as an
average of the 50 Kappas.

Following analysis of the data, the
operators reviewed all discrepancies be-
tween any two readers in every patient,
An open consensus was used to identify
the source of each discrepancy. These
characteristics were categorized into grou-
pings according to common underlying
principles of interpretation.
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RESULTS

Intra-observer varintion

All 3 operators completed each of 30 ran-
domly selected studies up to both 90 mi-
nutes and 6 hours twice, As characterized
by Reader A, these studies included 6
patients (20%) with > 2 transitions at 90
minutes and 7 patients (23%} at 360 minu-
tes, ranging overall from 0 to 9 transitions.
At 90 minutes, 25 of the 30 studies were
interpreted as patent, 5 as occluded and 0
as indeterminate. At 6 hours after throm-
bolytic therapy all 30 studies were inter-
preted as patent.

As shown in Table 1, there was perfect
agreement within each of the 3 operators
in both the total number of transitions and
determination of patency at 90 minutes,
with superior concordance over each of
the 90 minutes within each patient’s study.
Slight deterioration of the intra-observer
readings was seen at 360 minutes, particu-
larly in the least experienced reader B.
Overall however, concordance within each
reader remained excellent.

Inter-observer variation

All 3 operators completed each of the 50
randomly sequenced studies up to both 90
minutes and 6 hours. As characterized by
Reader A, after 90 minutes there were 13
palients with > 2 transitions (26%), ran-
ging from 0 to 6. At 90 minutes, 41 of the
50 studies were interpreted as patent, 9 as
occluded, and 0 as indeterminate. After 6
hours there were 15 patients with = 2
transitions (30%)}, ranging from 0 to 9. At 6
hours after onset of therapy, 48 studies
were inter-preted as patent, 2 as occluded,
and { as indeterminate.

The inter-observer variabijlity for the
categorical variables across all 3 operators
and between each pair is also shown in
Table 1. Agreement was excellent in both
the prediction of patency and the number
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of transitions. Although more reliability
existed in the 90 minute assessments than
at 6 hours, the level of agreement even out
to 6 hours remained excellent,

Median Kappa statistics from compari-

sons of every 1 minute assessment over all
3 operators and for each pair over the 90
minute and the 6 hour monitoring periods-
are also shown in Table 1, As can be seen, the
median Kappa was 1 in every comparison.

Table 1: Intra- and Inter-Observer Comparisons: Kappa Statistics
# Transitions Patency Assessment Continuous*

90 min 6 hour 90 min 6 hour 90 min 6 hour
Reader(s):
Avs, A 1.0 0.92 1.0 1.0 1.0 0.92
Bvs. B 1.0 0.77 10 1/30 dis** 1.0 0.83
Cwvs.C 10 091 1.0 1/30 dis** 10 099
Avs. B 0.82 0.74 0.79 0.65 1.0 1.0
Bvs. C 0.89 0.80 093 0.85 10 1.0
Avs.C 0.82 0.76 0.79 0.79 1.0 i0
Overall 0.88 0.77 0.86 0.76 1.0 1.0
inter-obs.

*  Agreement as average of Kappa every mintte over entire monitored

** No Kappa due to zero's in 2X2 tables.

Sources of Discrepancy
Cf the 50 studies and 30 re-reads, each
read over both 90 and 360 minute inter-
vals, there were no examples of discrepan-
cy in which all 3 operators disagreed. A
total of 23 examples were identified in
which 1 reader varied from the other two.
In 3 examples one operator deferred an
interpretative conclusion until the next
available ECG due to marginal noise le-
vels, causing periods of 2 - 19 minutes of
discrepancy. In 5 additional instances
operators differed in judgements on whe-
her to include or exclude noisy ECGs that
affected measurements sufficiently to
change interpretations. In 4 of these 5 this
judgement involved a single ECG that
created a measurable transition point if
included which was absent if the ECG was
excluded, In the fifth example, a period of

ECGs all with increased noise content
were taken as an ST re-elevation event by
1 operator and as artifact by 2 operators. In
all 5 instances judgements on noise rejec-
tion that affected clinical interpretation
occurred during study periods when ST
levels were low relative to the noise level
itself.

In 7 cases the operator’s decision on
how to handle anterior ST depression led
to some interpretative discrepancy. In 4
Instances, one operator used 12-lead sum-
mated ST deviation for the ST-segment
measurement matrix, interpreting the
anterior ST depression as posterior injury
current associated with inferior ST eleva-
tion, while 2 operators used the single
maost abnormal lead for the ST-segment
matrix, taking the anterior ST changes as
"reciprocal depression.” In 2 instances



anterior ST depression either persisted or
recurred after inferior ST elevation had
resolved. One operator interpreted these
as evidence of infarct vessel occlusion,
while the other two considered them evi-
dence of distant ischemia but not defini-
tive re-occlusion. In 1 case, both inferior ST
elevation and anterior ST depression resol-
ved, however the anterior leads subse-
quently became grossly elevated. One
operator took these changes as pathologic
while two took them as nonspecific.

Discrepancies in 4 cases resulted from
the operator’s interpretation of a data gap.
In all 4 cases, ST recovery of > 50% occur-
red during the interval between the hard-
copy admission ECG and the first ECG of
the monitored period (the interval during
which the patient gave informed consent
and was randomized into the TAMI proto-
col prior to being hooked up to the ST
monitor). In all cases these changes prece-
ded administration of thrombolytic thera-
py and the hard copy ECG represented the
maximal ST levels compared to the ST-
monitored portion of the study. Twa ope-
rators interpreted patency at the onset of
monitoring based on inclusion of the pre-
montitoring hard copy ECG, while 1 inter-
preted the onset of 5T monitoring as inde-
terminate.

In 4 cases discrepancies resulted from
erroneous application of the pre-defined
methodologic criteria' by the operator. In
3 instances 1 operator defined the ST-
segment measurement matrix as the single
most abnormal lead despite changes in the
location of the peak ST levels over the
course of the studies. In 1 case 1 operator
interpreted a period of 5T re-elevation as
pathologic, although the 5T amplitudes
did not meet criteria for such.

DISCUSSION

With the ability to continuously characte-
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rize dynamic changes in real time,
computer-assisted methodologies can
enhance physiologic monitoring. The
vulnerabilities of this direction in medical
technology are twofold: in the ability to
incorporate false assumptions into soft-
ware; and in the variability of the human
operators who interact with the programs.
We have pursued the noninvasive detec-
tion of reperfusion and reocctusion using
continuously updated 12-lead ST segment
recovery analysis.” > We have previously
shown that, in the hands of an experienced
operator, the assumptions within this
computer-assisted method correlate well
with angiographically documented infarct
artery patency.”” The data presented in
our current study suggest human opera-
tors can learn this methodology to a high
level of both intra- and inter-observer
consistency.

It is important to note that "interpretati-
ons” of infarct artery "patency” or "occlusi-
on" in this particular study were not corre-
lated with any external "gold standard,” as
has been done previously."” * This trial
design sought only to elucidate the
amount and sources of intra- and inter-
observer variability as different operators
with different levels of experience applied
our methods to the identical patient stu-
dies. It is also important to note that the
operators were all didactically "trained" in
the methodology in an effort to achieve the
most consistent possible analyses, and so
do not necessarily represent the capabili-
ties of physicians without such training,

The dynamic behavior of ST segment
levels early in infarction, the noise level
inherent in many ECG recordings in acute-
ly ill patients, and the operator’s role com-
bining quantitative "rules"” with qualitative
judgements were the focus of our trial
design. The presence or absence of physic-
logically important events, the number,
fiming, onset and resolution of each event,
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and the interpretation of each event rela-
tive to infarct artery patency were all
tested in our trial design, Over the 450
hours of monitoring compared within each
of the 3 operators, there was almost no
intra-observer variabilily in any of the
parameters assessed in any operator, al-
though performance of the least experien-
ced operator deteriorated somewhat more
over the 6 how periods. Over the 1,125
hours of monitoring compared across the
3 operators, inter-observer variability was
strikingly small, again as evaluated over
every parameler assessed, Again, there did
appear to be a trend showing slightly
greater variability in later periods (around
6 hours after thrombolytics) than in the
very acute periods (90 minutes after
thrombolytics).

Specific sources of variability fell into 4
broad categories: artifact rejection; anterior
ST depression; data gaps; and operator
error, Judgements on the signal vs. noise
content of any particular ECG led to inter-
pretative discrepancies only when the ST
levels during that period were low. In such
instances, the interpretation of "new" ST
changes represented by a worrisome look-
ing but noisy ECG might best be inter-
preted in the context of a real patient’s
clinical status rather than through a
"stand-alone" ST recovery analysis. New
technical strategies in noise filtration may
also help with this problem, Predominant
anterior ST depression, particularly in the
setting of resolving inferior ST elevation,
remains a dilemma, albeit a relatively
infrequent one. With larger data sets we
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Abstract: Patients in whom early and stable reperfusion through the infarct
artery falls after thrombolytic izeatment might benefit from further revasculariza-
tiont therapy. A reliable noninvasive technique able to detect both reperfusion
and reocchusion wauld be useful to test this hypothesis. However, no such tech-
nique presently exists, ST-segment recovery analysis using continuous digital
12-lead ST monitoring has been shown to be an accurate predictor of infarct
artery patency in real time. This method was dependent on a trained clinician’s
analysis of the recordings on a personal computer, For optimal bedside applica-
tlon, salient principles of this 5T-segment recovery analysis were converied into
algorithms and built into the ST monltor software, The esseatials of these algo.
dthms are described in this report. Key words: acute myocardial infarction,
paleacy assessment, noninvasive, ST-segment, continuous electrocardiography,

auwtomnated algorithm,

Patientts in whom early and stable reperfusion
through the infarct artery fails after thrombolytic
treatment might benefit from further revasculariza-
tion therapy.!"®A reliable, noninvasive assessment
technique able o detect both reperdusion and reoc-
clusion of the infarct artery would be useful to deter-
mine the need for further reperfusion therapy, and
would thus enable the testing of this hypothesis,

*From the Ischentla Monitoring Laboratory, Division of Cardioloay,
Duke University Medical Center, Burham, North Carolina,

#From Tampa Cardiovascular Associates, Tampa, Florida,

FFrom Mortara Instrument, Milwankee, Wisconsin,

Repriat requests: R. P. Veldkamp, MD, Ischemla Monltoring
Eaboratory, Duke Universtty Medical Center, Box 3268, Durham,
NC 27710.

However, no reliable, practical technique has been
reported, The Duke University method of ST-seg-
ment recovery analysis, using dynamicaily updated
meastrements during continuous digital 12-lead ST
monitoring, htas been shown in the Thrombolysis
and Angioplasty in Myocardiol Infarction {TAMI} 7
trial to predict infarct atery patency in a real time
emulaiion.'®!! As a component of the TAMI 7 (rial
design, serial analysis loops of prospective patient
sets were used to distilt logistic principles from the
original heuristic method of ST recovery analysis.!2
This method was dependent on a trained clinician
using an off-line personal computer for completion
of the anaiysis, For optimal bedside application, pa-
tency assessment based on ST-segment recovery



analysis should be an on-line component of a bedside
ST monltor. As the next siep in device evolution to
the level of practical utility, salient principles of the
Puke method were converted into algorithms and
incorporated into a porlable interactive bedside ST
moniiar, The essentials of this automated patency
assessment program are described in this report.

Materlals and Methods
S$T-Segment Monltor

The 12-lead ST-segment monitor has been previ-
ously describred in detail,'>'# Briefly, the ST monitor
{5T100, Mortara Instrument, Milwaukee, WI} ac-
quires and digitizes standard 12-lead elecirocardi-
ograms {BCGs) every 20 seconds, recognizing QRS
onset in all 12 leads simultancously and creating a
“median beat”’ complex out of each 10 second acqui-
sition period. The first acquired ECG is used as a ref-
crence for comparison of ST-segment amplitudes
measured at 60 ms afier J point, i subsequent ECGs
show a change in ST-segment amplitude more than
a preset threshold, normally 200 pV in a single lead
or 100 gV in two leads, the violating BCG plus an-
other eight ECGs are stored over a 3 minute period,
after which the last recorded ECG serves as an up-
dated reference. In the absence of ST-segment ampli-
tude changes an ECG is stored every 20 minutes by
default. Trendlines of §T-segment deviation versus
time are stored for all 12 leads, using the measure-
ments in all median beats, for later use in the patency
assessment algorithm. Torso lead placement in fixed
positlons with radiotranslucent electrodes and
impedance-regulated skin prep (Quik Prep, Quinton
Medical, Seattle, WA) are used to reduce noise,

Patency Assessment Algorithm

Conlinuously updated surveillance of all 12 leads
is used to select the most active lead, defined as the
single lead showing the highest $T-segment eleva-
tion up to that moment in the monitoring pericd.
Amplitude measurements in this most active lead are
then used to identify two ECGs used for comparison
lo the assessment BCG: the “’last transition” BECG and
the “‘maximum’ BCG. The last transition HCG is de-
fined as the last ECG prior to the assessment ECG
where the trend of ST-segment amplitude over time
changes from worsening (upsloping) to improve-
ment (downsloping) or vice versa. The maximum
ECG is defined as the ECG displaying the most 5T-
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segment elevation in the most active lead during the
recording period up {0 the moment of patency assess-
ment, Figure 1 is a graphic display of the definition
of these BCGs in three sequential periods of an ST
trend during a brief acclusion of a coronary artery in
a single patient. As can be seen, with each updated
patency assessinent, the BCGs representing the maxi-
mum ECG and the last transitlon BECG may change.
in this example, in the upper trend the maximum
ECG and the assessment ECG are the same. Minutes
later, in the middle trend, as the assessment ECG is
updated, the maximum and the last transition ECG
are the same. Minutes later, in the bottom trend, the
updated assessment ECG, the maximum BCG, and
the last transition BCG each define unique BCGs.

Analog waveforms from all three BCGs (assess-
ment, maximum, Jast transition) are printed in hard
copy for inspection by the clinician (Fig. 2). Using a
single button push, the clinician may reject any ECG
that contains unaccepiable noise or conduction dis-
turbance.

After confirmation of satisfactory noise levels, two
elements of ST recovery are automatically quantified:
the percent ST recovery (amplitude recovery) and the
peak ST trend slope between the last transition ECG
and the assessment ECG (Fig. 3). The percent 8T re-
covery is defined as the dilference in the ST ampli-
tude in the most active lead between the maximum
BCG and the assessment ECG, presented as a per-
centage of the absolute amplitude of the maximum
ECG. The peak ST trend slope is defined as the peak
pV shift in the most active lead within a floating 2
minute window that runs from the assessment BECG
backward in time to the last transition BCG.

Once quantified, the percent ST recovery and the
peak ST trend slope are then conveyed through a
simple logic flow to produce a final interpretative
statemment about coronary patency. Delails of this
togic flow are given in Figure 4, The first branch point
is whether or not the maximwmn ST amplitude is
equal to or greater than 200 pV. If “no,’ a special
statement is printed that the amplitudes are too low
to perform a palency assessment. If “yes,” the next
branch point asks whether ST recovery from the
maximum BCG to the assessment BECG is greater or
less than 50%. The third series of branch points asks
whether the peak 2 minute ST slope since the last
transition BCG is upsloping (= 50 pV/2 min),
downsloping (= —-50 pV/2 min), or Hat, Flow
through these branch points leads to an interpreta-
tive staternent of vessel patency as occluded, indeter-
minate, or patent., Figure 5 gives an example of an
actual interpretative statement primtout.

Looking again at the three periods dwring an
evolving ST trend shown in Figure 1, the dynamic
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Fig. 1. Three sequential periods of an $T-trend during a brief occlusion of a cotonary artery in a sisgle patieat. The positions
of the three ECGs essential (o the algorithin ate represented by the abbreviations placed above the trend. The waveforms
ins the most active lead in these three ECGs are depicted on the right half. A = assessment ECG, M = maximum ECG, LT
= last transition BECG.
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{ the maximum ECG (top), the last transition ECG {middle), and the assessment ECG (boitom}

in a comparison plot. The most active lead is caprured in the rectangular box,

peiformance of the logic flow can be illusirated. Tn
the upper trend, seconds aller occlusion of the coro-
nary artery, there is more than 200 pV ST elevation
in the maximum ECG, the assessment ECG does not
show any recovery from the maximum ECG, and
the peak $T trend slope is upsloping. The program’s
interpretation is “occluded.” In the middie trend,
after reperfusion of the coronary artery, the assess-
ment ECG shows more than 50% recovery from the
maximuim ECG, and the peak ST trend slope since
the last transition ECG is downsloping, The pro-
gram's interpretation in this case is “patent,” In the

W % recovery

M-A/M x 100
200

peak ST slope
“AST/2min.

5 16 min.

Fig, 3, Quantification of the two elements of ST-segment
recovery: the recovery in ST-segment amplitude in the as-
sessment ECG as a percentage of the maxtmum ECG ST-
segment amplitude and the peak ST trend slope as the peak
4V shift within a floating 2 minute window that runs fom
the assessment ECG backward En time 10 the fast transition
ECG. A = assessment ECG, M = maximum ECG, LT =
tast transitiont ECG,

bottom trend the coronary artery has reaccluded. At
this tirne, the assessment ECG stilt shows more than
50% recovery from the maximum ECG; however,
the peak ST trend slope since the updated last transi-
tion BCG is upsloping again. The program’s interpre-
tation at this moment is “occluded.”

Discusslon

The Duke University method of ST-segment recov-
ery analysis on continuous digital 12-lead ST moni-
tor recordings has been shown to be able te predict
infarct artery patency in a real time emulation.'!!
To make this technique practical in a critical care

Max ST =200uV ? o o occluslon detected

yos

ampliiude  peak

recovery  slope Interpretation

< 50% > -50uVf2min, OCCLUDED

< 50% = -50uVifemin, INDETERMINATE
z 60% = -50uV/2min, PATENT

= 50% > BOpV2min, OCCLUDED

Fig. 4. Details of the automated patency assessment pro-
gram’s logic flow that will lead to an interprerative state-
mestt regarding the coronary artery patency as occluded,
indeferminate, or patent.



40

Lstdidh
i 1t
o g 4 4

ST

el

Fig. 5. Example of an ST momitor printout of the automated patency assessment. On the left half is a printout of the most
active lead's trend of ST-amplitudes over time plus the trends of two consecutive leads, Measurements of ST amplitude in
the raximum BCG, the last transition ECG, the assessment ECG, the percent ST recovery, and peak ST trend slope are
given in the right upper corner. Under this the patency assessment is given.

setting in real time, we derived the salient principles
of this method into algorithms and incorporated
thein into the portable bedside ST monitor itself. This
report describes the essentials of these algorithms, A
study to test the program’s abilily to detect coronary
occlusion and reperfusion, using coronary angio-
plasty as a well-controlled human model of brief cor-
onary occlusion and reperfusion, is currently under-
way. A large clinical field experience in acute
myocardial infarction, including simultaneous an-
glographic documentation of infarct artery patency,
is also underway.

The use of a minimum threshold of 200 pV ST-
segment elevation in the worst lead to detect occlu-
sion, lke the use of standard 12-lead ECGs, may in-
troduce soine anatomic bias, especially with circom-
flex artery occlusion, which will need to be
quantified. This arbitrary threshold is adopted from
criteria common in many thrombolytic trials, since
the intended application of the patency assessment
program is in this patient group.

The simplistic nature of the program's design
makes it vulnerable to artifact from noise or conduc-
tion aberrancy introducing nonischemic ST values.
The clinician’s ability to eliminate ECGs with these
abnormalities by review of the hard copy analog
waveforms at the moment of assessment provides

one solution to this problem, Rather than subjecting
the ECG signals to additional electronic fillering,
with potentiat information loss, the clinician acts as
the final “noise filter.” Further experience with sta-
tistical filtering may obviate this need in the future.

In its current design, the program is fully operative
within the portable bedside monitor on a “push-but-
ton” basis, consistent with the demands of real time
use. I, with further testing, the algorithms can accu-
rately and dynamically reassess coronary patency
over tirne, then noninvasive monitoring for failed re-
perfuston or abrupt reocclusion may achieve practi-
cal capability for clinical or investigational appli-
catiof.
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ABSTRACT
Coutinuously updated ST-segment recovery analysis has been shown to
accurately predict infarct related arlery patency. Salient principles were
converted into algorithms and incorporated into a portable ST monitor for
optimal application. This study tested the automated progran’s ability to detect
occlusion and reperfusion during balloon angioplasty.
All 35 inflations causing peak ST amplitudes > 200 pV were detected. All five
inflations causing < 200 uV were also delected, but only when preceded by an
inflation causing > 200 uV. Occlusion was detected a median of 40 seconds after
inflation, reperfusion a median of 17 seconds after deflation, Peak ST elevation
» 200 uV occurred in 19726 LAD inflations (73%), 1/22 LCX inflations (5%),
and 15/30 RCA inflations (50%). Five different leads identified peak ST
elevation through 12-lead surveillance,
The automated patency assessment program appears to deltect coronary
occlusion and reperfusion within seconds in all occlusions causing = 200 uV
peak ST elevation. Field testing as a practical noninvasive tringe tool in
myocardial infarction patients seems warratited.

INTRODUCTION

Patients suffering acute myocardial infarc-
tion in whom thrombolytic therapy fails
to provide early and stable reperfusion
might benefit from additional pharmaco-
logic or mechanical revascularization
therapy.”” To study these patients without
subjecting all patients to catheterization
would require a practical, accurate non-
invasive method able to detect both reper-
fusion and reocclusion in real time.
ST-segment recovery analysis has been
shown to accurately predict infarct artery
patency in a real-time emulation using

dynamically updated reference measure-
ments during continuous digital 12 lead
ST-segment monitoring.'”"* However, this
method of patency assessment required
transfer of the ECG data to a separate
personal computer review station for
further analysis by a trained clinician. To
enhance bedside application, the ST-seg-
ment recovery analysis should be a com-
ponent of the free standing monitaor itself,
accessible to less intensively trained phy-
sicians. Salient principles of the analysis
method were therefore converted into
algorithms and incorporated into the
portable monitor as an interactive auto-



mated patency assessment program.m This
study was designed as a first phase of
testing the ability of this automated paten-
cy assessment system to detect known
periods of coronary occlusion and reperfu-
stont and the speed thereof, using angio-
plasty as a controlled human model.

METHODS

Population

Patients undergoing elective percutaneous
transluminal coronary angioplasty of 1 or
more subtotal (75-99%) stenotic lesions
were selected prospectively to equally
represent the three major coronary ar-
teries. Patients with a previous coronary
artery bypass operation, within the first 3
days after acute myocardial infarction,
with a chronic total occlusion as a target
lesion, with an abnormal conduction pat-
tern, or undergoing an intervention with a
device other than a conventional balloon,
were excluded, Coronary angioplasty and
5T-segment monitoring were performed
according to standard practice in our
institution,

ST monitoring

The 12 lead ST monitor (ST100, Mortara
Instrument, Milwaukee) has been descri-
bed in detail previously."™ In summary,
the ST monitor acquires and digitizes a
standard 12 lead ECG every 20 seconds,
recoghizing QRS onset in all 12 leads
simultaneously and creating a median beat
complex out of each acquisition. For the
purpose of this study, all acquired ECGs
were stored in the monitor's memory.
Torso lead placement® with radiotrans-
lucent electrodes and impedance-regu-
lated skin preparation {Quik Prep, Quin-
ton Medical, Seattle) were used to reduce
noise,
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Autowmated patency assessiment
Details of the automated patency assess-
ment method have been described pre-
viously.” Briefly, continuously updated
surveillance of all 12 leads is used to select
the most active lead, defined as the single
lead showing the highest ST-segment
elevation up to that moment. Amplitude
measurements in this most active lead are
then used to identify 2 ECGs for compari-
son to the assessment ECG: the "last trans-
ition" ECG and the "maximum” ECG. As
shown in Figure 1 the "last transition ECG"
is defined as the last ECG prior to the
assessment ECG where the trend of 5T-
segment amplitude over time changes
from worsening (upsloping) to improve-
ment (downsloping), or vice versa, The
"maximum ECG" is defined as the ECG
displaying the most 5T-segment elevation
in the most active lead during the recor-
ding episode up to the moment of assess-
ment, With each new assessment ECG, the
most active Jead and the ECGs representing
the maximum ECG and the last transition
ECG are automatically re-defined.
Analogue waveforms from all 3 ECGs
(assessment, maximum, last transition} are
printed in hard copy as a comparison plot
for inspection by the clinician, By pushing
a button, the clinician may reject any ECG
that contains unacceptable noise or con-
duction disturbance, after which the pro-
gram selects a new ECG. After visual
confirmation of satisfactory noise levels,
two parameters of ST recovery are
automatically calculated: 1) the ST ampli-
tude recovery in the assessment ECG as a
percentage of the maximum ECG ST am-
plitude; and 2) the peak 2 minute ST trend
slope between the last transition ECG and
the assessment ECG (Figure 1). A window
between 2 points 2 minutes appart is used
"floating” backward from the assessment
ECG to determine the slope between these
2 points at each 20 seconds interval: wor-



46

sening (upstoping = 50 pV / 2 minutes},
improvement (downsloping < - 50 pv / 2
minutes), or flat. The last transition ECG is
the last ECG prior to the assessment ECG
where the trend of 5T amplitudes over
time in the worst lead changes from up-
sloping to downsloping or vice versa
(Figure 1),

As was previously described,” the
results of these 2 calculations are then
conveyed through a simple logic flow
(Figure 2) to produce a final interpretative
statement about coronary patency as "oc-
cluded", "indeterminate”, or "patent”. If
less than 50% recovery has occurred and
the peak 2 minute ST slope is flat or up-
sloping the infarct related artery is con-
sidered to have remained occluded. A
recovery of 2 50% from the peak ECG as
well as a peak 2 minute ST slope < - 50 pVv
/ 2 minutes is required to assess the infarct
refated artery as patent to differentiate
from gradual amplitude diminution due to
loss of myocardial mass producing injury
current. If a recovery < 50% has occurred,
but the peak ST slope is downsloping it is
believed that this might be the advent of
reperfusion without enough certainty and
the patency assessment is therefore in-
determinate. When 50% recovery has
occurred with the required downslope of
< =50 pV / 2 minutes, but is than followed
by an upsloping 5T trend, it is believed
that this is due to recurrent occlusion of
the infarct related artery and this leads to
an interpretation as occluded.

If none of the recorded ECGs have an
ST amplitude > 200 pV, a special state-
ment is printed that the amplitudes are
below the programmed threshold to per-
form a patency assessment,

Endpoints

For the purpose of this study a patency
assessment was performed every 20 se-
conds before, during and after each bal-

loon inflation lasting at least 60 seconds. A
balloon induced occlusion was considered
"detected" if the program produced at least
1 interpretative statement saying "occlu-
ded" during that inflation. For all detected
balloon inflations, the following perfor-
mance parameters were evaluated: 1) Time
from balleon inflation to the first assess-
ment ECG with an interpretative state-
ment saying "occluded”; 2) time from
balloon deflation to the first assessiment
ECG with an interpretative statement no
longer saying "occluded"; and 3} duration
of the episode during which interpretati-
ve statements said "occluded" as compa-
red to the actual duration of balloon
inflation.

Statistics

All continuous variables are represented
as median values, 25th - 75th percentile,
and in relevant cases range. Categorical
parameters are represented as numbers of
patients or number of inflations. Detéction
rates are reported as absolute numbers,
percentages and 95% confidence limits.
Difference in detection rates over all infla-
tions were tested using the Fisher exact
test. P-values < 0.05 were considered sig-
nificant,

RESULTS

A total of 78 transient coronary occlusions
were recorded from 31 coronary sites in 30
patients. The recordings of 6 patients were
excluded for analysis: 2 underwent PTCA
of a totally occluded artery, 2 underwent
angioplasty with a perfusion balloon ca-
theter, 1 had continuous RBBB, 1 had
incomptete LBBB with axis changes during
inflation. Table 1 summarizes some of the
characteristics of the study population.
The vessel dilated was the left anterior
descending artery (LAD) in 10 patients (26
inflations), the left circumflex artery (LCX)



47

Figure 1 .
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0 10 20 min

ST-segment deviation over time measured in the peak lead (IIT) during 3 consecutive balloon
inflations. The definition of the maximum ECG (M), last transition ECG (LT}, and assessment ECG (A}
are represented above the trendline. Two arrows on the right side represent the 2 measurements that
are used in a logic flow to come to an interpretative statement regarding patency of the coronary
artery: the recovery in ST elevation in the assessment ECG as a percentage of the maximum ST
elevation (% rec); and the 2 minute peak slope in the trendline between the last transition ECG and

the assessment ECG.

Figure 2 Max ST 22004V ? —— no occlusion detected

yes

amplitude peak

recovery sfope interpretation

< 50% fiat or OGCLUDED
upsloping

< 50% downsloping INDETERMINATE

= 50% downsloping PATENT

= 50% upsloping OCCLUDED

Representation of the logic flow implemented in the automated patency assessment program. The 2
measirements demonstrated in Figure 1 are used to come to a final statement regarding infarct
related avtery patency. Medified after veldkamp et al.: Evolution of an autemated ST-segment recovery
analysis program for dynamic real-time, noninvasive detection of coronnry occlusion and reperfusion,
] Electrocardiol. 1993 (13). With permission of Churchill Livingstone Publishing Company, New York,
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Table 1: Patient descriptors
Gender:
male 15/30 (50%)
female 15/30 (50%)
Age: median 68 years (quartile range 51-75, range 40-84)
Hypertension: 18/30 (60°%)
Diabetes Mellitus: 12/30 {40%)
Previous AMI same region:
non q-wave 5/30 (17%)
q-wave 5/30 (17%)
Indication:

angina pectoris
unstable angina
post AMI
syncope
Extent of disease:
1 vessel
2 vessels
3 vessels
pre-angioplasty stenosis:

15/30 (50%)
10/30 (33%)
4/30 (13%)
1/30 (3%)

14/30 (47%)
B/30 (27%)
8/30 (27%)
median 95% (quartite range 75-95, range 75-99)

Descriptive characteristics of the population studied. AMI = acute myocardlal infarcton; post AMI

= > 3 days post acute myocardial infarction.

in 10 patients (22 inflations}, and the right
coronary artery (RCA) in 11 patients (30
inflations). Median duration of inflation
was 183 seconds (quartile range 126 to 189;
range 62 to 912). Median peak ST devia-
tion per inflation was 165 pV (quartile
range 34 to 258, range -190 to 968). Median
peak ST deviation was 240 pV for LAD
inflations (quartile range 115 to 303, range
65 to 968}, - 20 nV for LCX inflations (quar-
tile range - 95 to 15, range - 190 to 820),
and 205 pV for RCA inflations (quartile
range 78 to 275, range - 20 to 395). Median
peak ST deviation was 175 pV for firgt
balloon inflations {quartile range 15 t0 235,
range - 115 to 687) and 160 11V for repeated
balloon inflations {quartile range 50 to 260,
range - 190 {0 968}, Out of the 78 inflations,
there were 35 {45%) causing > 200 pV peak
ST amplitude, including 19 out of 26 LAD

inflations (73%), T out of 22 LCX inflations
{6%), and 15 out of 30 RCA inflations
(50%). All 35 inflations (100%) with > 200
nV peak ST amplitude were detected, Of
the 43 baltoon inflations that caused < 200
pV ST elevation, 5 were also detected (1
LAD, 11L.CX, 3 RCA), In all 5 instances the
inflation followed a prior inflation that did
cause » 200 pV ST elevation.

In the 40 detected inflations, median
time from balloon inflation to detection of
occlusion was 40 seconds (quartile range
20 to 80; range 0 to 120). Reperfusion by
balloon deflation in those same 40 occlu-
sions was detected at a median of 17 se-
conds (quartile range - 2 to 16, range - 92
to 126). The median duration of occlusion
defined by the automated patency assess-
ment program was 120 seconds, out of the
actual median balloon inflation duration



of 181 seconds in these 40 detected infla-
tions. During 6 inflations T or more ECGs
were not analyzed due to conduction
changes (1,2,2,3,3, and 4 consecutive ECGs
exciuded respectively) and 1 ECG during
1 infiation was not analyzed due to the
high noise content.

After splitting the 78 balloon inflations
around the median duration of inflation,
no correlation was found between infla-
tion duration and the program’s detection
performance (p = 1.0}. Neither was there
any difference in detection of first versus
repeated balloon inflations: 15 out of 30
versus 25 out of 48 respectively (p = 1.0).

The precordiat location of the peak lead
activity varied with the artery occluded.
Of the standard 12 leads monitored, the
following peak leads were used to detect
occlusions: leads V1 (2), V2 (8), V3 {8), V4
(2} for LAD occlusions; lead III (2) for L.CX
occlusions; and lead ITI (18) for RCA ocelu-
sions. Thus, detection of the occlusions
occurred in 5 different leads.

DISCUSSION

The results of this study show that this
automated patency assessment program
wholly contained within the ST monitor’s
architecture detected all occlusions pro-
ducing injury current = 200 pnV, equivalent
to entry criteria used in some thrombolytic
trials, Detection of multiple episodes of
occlusion and reperfusion was within
seconds of their actual occurrence, Longer
inflations did not increase the chance of
detection in this model. This is probably
due to our standard angioplasty practice
of deflating the balloon earlier if ischemia
induced by the occlusion is more severe,
while dilating for longer periods if the
patient tolerates it well with no ischemia.
In spontaneous occlusion and infarction,
longer acute occlusions would be expected
to produce higher ST-segment amplitudes.
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Repeated inflations were detected as well
as first inflations. Although one might
expect lower amplitudes in repeated bal-
loon inflations, this was not the case in this
population. Furthermore, after an initial
occlusion causing > 200 uV ST elevation
the program relies on 5T-trend slopes and
amplitudes relative to the peak 5T eleva-
tion rather than on absolute amplitudes.

It is notable that the peak lead selected
varied over the precordium with the artery
occluded. This suggests that automated
detection of coronary occlusion is not only
a matter of updated assessments of ST
amplitudes, but is also dependent on the
ability to select a monitoring lead central
to the geographic pattern of ST de-
viation."”

Limitations
Elective coronary angioplasty is an imper-
fect model to test a program designed for
acute myocardial infarction applications,
as is evidenced by the fact that only 40 of
the 78 balloon inflations produced enough
injury current to fulfill the preset require-
ment of 200 uV. Taken from the entry
criteria used for some thrombolytic trials,
such ST levels are somewhat more com-
mon in the milieu of prolonged occlusion
necrosis typical to actual acute myocardial
infarction. In a standard 12-lead ECG
format, such criteria have been demon-
strated to promote an anatomic bias
against left circumflex artery occlusions”
and is unfortunately paralleled in these
data taken during coronary angioplasty
with markedly lower peak amplitudes
during occlusions of the left circumflex
artery. In this regard the PTCA model
emulated acute myocardial infarctions
well, with most left circumflex balloon
occlusions failing to produce the minimum
injury current required by the automated
patency program.

Despite these limitations coronary angi-
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oplasty provides a human model of coro-
nary occlusion and reperfusion of known
duration and location, which is very use-
full for preliminary testing of a prototype
patency assessment program. Every recor-
ded ECG could thus be correlated with
simultaneous angiographic documentation
of the location and flow status of the arte-
ry. The previous work on which this pro-
gram was modelled has demonstrated that
during infarction the myocardium genera-
tes and resolves injury current abruptly
enough to make continuous ST recovery
analysis a usefully accurate non-invasive
marker of patency.'”" The results in this
study suggest that further investigation
into the performance of the auto-mated
patency assessment program during actual
acute myocardial infarction is warranted.

The time course of ST-segment change
during acute myocardial infarction may be
substantially different from trends ob-
tained during coronary angioplasty and
might be more heterogenous. Whether the
anatomic bias or the overall performance
of the program could be further optimized
by changing minimal amplitude require-
ments or slope rates is beyond the scope of
this balloon angioplasty model and needs
further investigation in the acute myocar-
dial infarction setting. Use of additional
leads or medified lead systems might also
enhance performance,” * especcially to
reduce the anatomic bias against left cir-
cumflex artery occlusions, although the 12-
lead system is practical due to universal
familiarity. The variety of leads used to
detect coronary occlusion suggest that
more restricted lead systems would risk
decreasing the accuracy of the algorithm,
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ABSTRACT

Continuous ST-segment recovery analysis has been proven to be q useful non-
invasive indicator of failed reperfusion or recurrent occlusion of the infarct related
artery. Lead systems other than those proposed for arvhytlmia detection might proof
stperior for this purpose. Electrocardiograms recorded in 361 Thrombolysis and
Angioplasty in Myoccardial Infarction (TAMI) 9 trial patients were analyzed and
related to e angiographically determined infarct related artery. The right coronary
arlery was the infarct related artery in 179 patients (50%). Lead IH was neosk
elevated i 156 (87%) and injury current was predominantly located in lead 111,
aVL, and IL The left anterior descending artery was the infarct relnted artery in 142
patients (39%). Most elevated were leads V2-V4 in 139 (98%) and those were also
most often fnvolved in the injury current pattern. The left circmflex artery was the
infarct related arlery in 39 patients (11%). Location of theiv most elevated lead was
wore dispersed: 17 (44%) in I, 7 (18%) lead T, 5 (13%) lead V5, and 4 (10%) lead
V6 as was the infury current pattern. 330 Patients (91%) had = 1 lead with > 200
1V ST elevation. Comnbining leads I, V2, and V5 would record at least 1 lead with
> 200 uV ST elevation in 321 patients (89%).

CONCLUSION: For continnous ST-segment recovery analysis a 3 lead system shoitld
be adequate to record at least 1 lead with sufficient ST deviglion in a majority of
myocardial infarction patients selected for Hhrombolytic therapy. Twelve-lead or
vectorcardiographic ST-monitoring systems will increase the sensitivify for ST
deviation especially in smaller infarctions and will facilitale comparison of the ST
deviation pattern during recurrent elevation with the primary ST elevation episode
to assess whether it indeed signifies reocelnsion,

INTRODUCTION

Continuous ST-segment recovery analysis
has been shown to be a useful noninvasive
indicator of failed reperfusion or recurrent
ocelusion of the infarct related artery. The

presence of rapid ST recovery coincides
with reperfusion of the infarct related
artery, while rapid 5T re-efevation in the
same precordial pattern as the primary
pattern indicates reocclusion at the same
coronary location." With this technique



different therapeutical strategies to achie-
ve early and stable reperfusion can be
compared.”” Implementation in coronary
care monitoring systems can lead to a
better selection of patients who have re-
ceived intravenous thrombolytic therapy
for additional treatment such as rescue
angioplasty or a regimen "tailored" to their
own reperfusion behavior.”'® So far elec-
trocardiographic lead systems for moni-
toring have been oriented to arrhythmia
detection in acute coronary care or ambu-
latory studies and various modifications
have been proposed for arrhythmia ana-
lysis or ischemia monitoring during exer-
cise electrocardiography or using Holter
monitoring systems."™ Other lead sets
might proof superior for the purpose of
ST-segment monitoring  during acute
myocardial infarction.

The purposes of this study are to deter-
mine the optimal lead positions and num-
ber of leads for continuous S5T-segment
monitoring of patients with acute myo-
cardial infarction in correlation with the
angiographically determined infarct rela-
ted artery.

METHODS

Patient population

All 430 patients from the multicenter
Thrombolysis and Angio-plasty in Myocar-
dial Infarction (TAMI) 9 trial were conside-
red for this study. Details and main outco-
mes of this study have been published
previously.” Briefly, patients presenting
within 6 hours after symptom onset, wit-
hout contra-indications for thrombolytic
therapy, and able to give informed consent
were eligible, Enrollment in the TAMI 9
trial required ST elevation > 100 pV measu-
red 0.02 seconds after J-point in 2 2 of the
precordial leads or in » 2 inferior leads with
5T depression > 100 pV in the anterior
leads. Patients were randomized to stand-
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ard treatment with "front-loaded” recombi-
nant tissue plasminogen activator or to addi-
tional treatment with Fluosol™, a perfluoro-
carbon with oxygen carrying capacity.

Excluded for the purpose of this study
were 35 patients in whom no coronary
angiography was performed, 4 patients
with an indeterminable infarct related
artery, 13 patients with right or left bundle
branch block, and 17 patients without any
recorded electrocardiogram prior to treat-
ment or during the acute phase of myocar-
dial infarction. Therefore the remaining
population consisted of 361 patients or
84% of the total TAMI 9 populaticn, In the
study popudation 73% of the patients were
male, 43% had multi-vessel or left main
disease, and the median age was 58 years,
ranging from 22 to 88 years, Median time
from onset of symptoms to onset of throm-
bolytic therapy was 153 minutes, with a
quartile range of 107 to 215 minutes, and a
range of 30 to 525 minutes.

Electrocardiographic analysis

Together with other information a copy of
the enroliment electrocardiogram had to
be transmitted to the central databank and
coordination center. Per protocol 5T-seg-
ment moni-toring with the Mortara ST 100
continuous digital 12 lead electrocardio-
graph was initiated prior to or as soon as
possible after onset of thrombolytic thera-
py and continued for 24 hours. The essen-
tials of this automated device and it's
applications have been described previou-
sly.'* 7 All electrocardiograms recorded
with the ST monitor were transferred to a
floppy disk for later analysis in the core
laboratory with a personal computer ba-
sed program (3D, Tampa Cardiovascular
Associates, Tampa, Florida). As described
previous-ly,"'* this program allows analy-
sis of the ST monitor recording 12 lead
electrocardiograms in full disclosure as
well as in a 3 dimensional trend of ST
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deviation over time in each lead. For the
purpose of this study the maximally devia-
ted single lead defined by the maximum
ST elevation or reciprocal ST depression
representing transmural ischemia in either
the enroll-ment electrocardiogram or the
ST monitor recording was determined for
each patient, measuring the ST-segment 60
milliseconds after the J-point. If more than
one lead displayed maximal ST deviation,
the one with the most ST deviated contigu-
ous lead was selected as the maximum
lead. In the electrocardiogram displaying
maximum devidtion the deviation in the
other leads was annotated for further
analysis.

Angiography

A protocol coronary angio-graphy was
scheduled pre-discharge, on clinical de-
mand an emergency catheterization could
be performed as well.”” Cine-angiograms
were then analyzed at the core angiogra-
phic laboratory at the University of Michi-
gan. Criteria for the selection of the infarct
related artery were: 1) the presence of
occluding or severely stenosing lesions; 2)
Thrombolysis Tn Myocardial Infarction
(TIMI) flow grade; 3) presence of throm-
bus, haziness, or filling defects; and 4) wall
motion defects. At least 2 different obser-
vers determined the infarct related artery,
in case of disagreement a consensus was
sought. In some unclear cases the en-
rollment electrocardiogram was also used
to correlate with the angio-graphic infor-
mation. Depending on these findings
patients were divided into 4 infarct related
artery groups: 1) the Right Coronary Arte-
ry (RCA) including the posterior descen-
ding branch; 2) the Left Anterior Descen-
ding (LAD) including diagonal branches
and the ramus intermedius; 3) the Left
Circumflex (LCX) including marginal
branches and posterolateral branch; and 4)
The Left Main Stem (LM).

Data analysis

Taken over all patients as well as per
infarct related artery location the most
elevated or peak lead was determined. The
presence of ST depression as reciprocal
injury current from the posterior left vent-
ricular wall was also analyzed when this
5T depression had higher absolute ampli-
tudes than the ST elevation present in any
of the elevated leads. The frequency of
occurrence of ST-elevation » 200 uV in
each lead for all patients and separated per
infarct related arlery was also analyzed.
Median, 25th and 75th percentiles of 5T
deviation in each lead for the patients with
RCA, LAD, or LCX occlusion were deter-
mined, Optimal combinations of 1, 2, ...12
leads were sought to include as many
patients as possible with at least one lead
with > 200 pV ST eleva-tion in the combi-
nation of leads.

RESULTS

From the 361 patients selected for this
study 179 (50"} had the Right Coronary
Artery (RCA) as the infarct related artery,
142 (39%) the Left Anterior Descending
(LAD), 39 (11%) the Left Circumf{lex (LCX),
and 1 the left main stem. The electrocar-
diogram selected as peak electrocardio-
gram for further analysis was the enroll-
ment electrocardiogram in 200 patients
(55%), in the remaining 161 patients the
peak electrocardiogram selected was re-
corded with the digital ST recorder. The
median time from the peak electrocardio-
gram to thrombolytic treatment was 18
minutes, with the peak ECG ranging from
267 minutes before treatment (treatment
delay) to 786 minutes thereafter (late peak
ECG). In a total of 228 patients (58%) the
electrocardiogram selected was recorded
prior to thrombolytic treatment and in 133
thereafter.

For the 179 patients with the RCA as an
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Table 1: Listed are 16 patients in whom ST depression amplitude considered to represent

reciprocal injury current exceeded the maximum ST elevation amplitude present.

Shown for each patient is the location of the most elevated (ST1} and the most

depressed lead (ST|) and their amplitudes.

i IRA ST amplitude 5T amplitude
(nv) (V)
1 RCA It 150 V2 =200
2 RCA EH 250 V2 - 300
3 RCA IIT 150 Vi - 250
4 RCA 111 230 Vi - 250
5 RCA I 494 Vi - 504
6 RCA HrI 200 V3 - 500
7 RCA HI 400 V3 - 500
8 RCA I 200 2 - 300
9 LAD avL 297 It - 430
10 LCX 11 85 V4 - 518
11 LCX 11 100 1 - 150
12 LCX I 500 V2 - 550
13 LCX 1 460 V3 - 670
14 LCX IT 100 V3 -150
15 LCX I 400 V2 - 500
16 LCX V5 295 V3 - 415

infarct related artery lead Il was the most
elevated lead in 156 {87%). For the 142
patients with the LAD as an infarct related
artery one of the leads V2-V4 were the
most elevated lead in 139 (98%). The most
elevated leads for the 39 patients with an
LCX as the infarct related artery were
more widely dispersed: 17 (44%) with lead
I, 7 (18%) with lead I, 5 (13%) with lead
V5, and 4 (10%) with V6. The 16 patients
(4% of the study population) in whom the
peak electrocardiogram showed more 5T
deviation in the depressed leads than in
the elevated leads are listed in Table 1, In
14 of these patients the electrocardiogram
suggested infarction of the posterior watl.
The maximum ST deviation in those pa-
tients was most often seen in leads V2 or
V3.

Table 2 shows the frequency of occur-
rence of ST-elevation > 200 uV in each lead

for all patients and separated per infarct
related artery. The distribution of leads
with » 200 pV of injury current followed a
similar pattern as the distribution of the
peak leads per infarct related artery. The
inferjor lead TII and to a lesser extent It
and aVE were most often involved in the
pattern of injury current in patients with
the RCA as their infarct related artery. The
anterior leads V2-V4 were most often
involved in the patients with the LAD as
their infarct related artery. For the patients
with the LCX as the infarct related artery
the pattern of injury involved inferior,
anterior as well as apical teads.

Figure 1 shows the median, 25th and
75th percentile of ST deviation in each lead
for the three infarct related artery groups.
For the patients with the RCA as infarct
related artery the highest amplitudes were
seen in lead III. For the patients with an
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Table 2: Qccurrence of ST-elevation > 200 1V in each lead for all patients and separated per
infarct related artery.

RCA LAD LCX All

(n=179) (n=142) (n=39) (n=361}
aVL 14 (10%) 1 (3%) 15 %)
1 47 (33%) 10 (3%)
-aVR 26 (15%) 4 (3%) 5 (13%) 35 (10%)
I 126 (70%) 3 (3%) 21 (53%) 150 (42%)
aVE 138 {77%) 2 (1%) 22 (55%) 162 (45%)
M| 155 (87%) 3 (3%) 21 (54%) 179 (50%)
Vi 12 (7%) 60 (42%) 1 (3%) 73 (20%)
V2 4 {4%) 126 (89%) 5 (13%) 137 (38%)
V3 21 (12%) 123 (87%) 3 (8%) 148 (41%)
V4 27 {15%) 114 (80%) 6 (15%) 147 (41%)
V5 37 (21%) 63 (44%) 11 (28%) 111 (31%)
Vé 34 (19%) 18 (13%) 15 (38%) 67 (19%)

LAD as the infarct related artery the hig-
hest amplitudes were seen in lead V3 with
lead V2 as a close second. For the patients
with the LCX as the infarct related artery
the highest amplitudes were seen in the
inferior leads I, aVF, III.

Optimal combinations of 1, 2, ...12 leads
were sought to include as many patients as
possible with at least one lead with > 200
flV ST elevation in the combination of
leads. The maximum percentage of pa-
tienis achievable with combinations of 1, 2,
... 12 leads are shown in Figure 2. Of the
361 patients included 330 or 91% had at
least 1 lead out of the 12 leads with = 200
pV ST elevation. All of these 330 patients
would have at least 1 lead with > 200 pvV
ST elevation in a combination of 8 leads,
excluding - aVR, aVE, V1, and L. Subopti-
mal results were achieved with combina-
tions of 2 or 3 leads, being 310 or 86% of
the patients with the combination of leads
HI and V2 and 321 or 89% of the patients
with the combination of leads ITI, V2, and
V5. Table 3 lists the most optimal com-
binations of 2 or 3 leads to have as many
patients as possible with at least 1 lead

with > 200 pV ST elevation within the
combination of leads.

DISCUSSION

In this study optimal lead sets were sought
for'the purpose of continuous ST-segment
monitoring either as a bedside (CCU)
monitoring system or for ischemia moni-
toring in comparative trials. Peak electro-
cardiograms of 361 myacardial infarction
patients enrolled in the TAMI 9 trial, all
with protocol coronary angiography and
5T-segment monitoring for 24 hours, were
therefore analyzed and compared with the
angtographically determined infarct rela-
ted artery. Most elevated leads and distri-
bution of ST elevation over the 12 leads
monitored were markedly different for
patients with an LAD occlusion versus
those with an RCA or LCX occlusion, The
latter 2 groups are indistinguishable on the
standard 12 lead electrocardiogram as has
been published previously."® Monitoring
of reciprocal ST depression as a reflection
of posterior injury current might be useful
in a small subset of patients in whom the
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Table 3: Optimal combinations of 2 and 3 leads respectively to detect at least one lead with > 200
1V ST elevation in as many patients as possible. The listing of combinations ends where
the 95% confidence interval (between brackets) from a combination falls outside the 95%
confidence interval of the combination listed as best.
2 leads 3 leads
I, V2 86% (82-89%) I, v2, vs 89% (86-92%)
11, V3 84% (81-88%) oI, vz, vd 89% (86-92%)
III, V4 82% (78-86%) HI, V2,V3 88% (85-91%)
aVFE, v2 81% (77-85%) I, v2, V6 87% (84-91%)
aVE, V3 B0% (76-84%) 1, v3, Vb 87% (84-90%)
I, v2 78%  (74-82%)}) 11, 11, V2 87% (84-90%)
aVF, V4 77% (73-81%) 10, V3, V4 86% (83-90%)
iIll, aVE, V2 86% (83-90Y%)
I, V1, V3 86% (83-90%)
I, aVL, V2 86% (83-90%)
I, V3, Vé 86% (82-89%)
III, V1, V2 86% (82-89%)
IIf, -aVR, V2 86% (82-89%)
I HI, V2 86% (82-89%)
IL I, V3 86% (B2-89%)
1M, avVL, V3 85% (81-89%)
111, aVE, V3 85% (81-89%)
1, vi, v4 84% (81-88%)
IH, -aVR, V3 84% (81-88%)
I I0, V3 84% (81-884%)
aVF, V2, v4d 84% (80-88%)
aVF, V2, V3 84% (80-88%)
avF, V2, V5 84% (80-88Y%)
aVE, V2, Vo 83% (79-87%)
HI, aVL, V4 83% (79-86%)
1, v4, Ve 83% (79-86%)
I, V4, V5 83% (79-86%)
aVE, V3, V5 82% (78-86%)
1L 11, V4 82% (78-86%)
aVF, V3, V4 82% (78-86%)
aVF, V1, V3 82% (78-86%)
ITl, aVFE, V4 82% (78-86%)

11, aVF, V2 82% (78-86%)
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Figure 1; Median (squares) and quartile ranges (bars} of amplitudes in the 12 leads separated per
infarct related artery.
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Sensitivity of detecting occurrence of at Jeast 1 Jead with ST-elevation > 200 ¢V in the

most optimal combination of 1 to 12 leads respectively. Most optimal combinations
were; LIL 2 I+ V2 3. ME+ V24 V5 4. 1T+ V2 4+ V3 4+ V5,5 1T+ V2 + V3 + V5 + V6;
6, 11+ V2-V6; 7. 1 +aVL + V2-V6; 8, 1T + aVL + V1 -V6; 9-12. at random plus 1, 11,
aVF, -aVR. Vertical bars indicate the 95% confidence intervals,
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reciprocal change has markedly more ST
deflection than the ST elevation comumonly
seen in the Inferior or apical leads. This
reciprocal ST depression is normally maxi-
mal in lead V2 or V3. From the data de-
rived in this study combinations of moni-
toring leads can be proposed. It seems
logical to distinguish the options accor-
ding to technical possibilities of lead sys-
tems.

1-lead system

A single lead system seems archaic now
most CCU monitoring sys-tems and Holter
recorders offer at least 2 monitoring leads.
However, the option of dedicating one
lead to arrhythmia moni-toring {e.g. an
"atrial lead"} while the other lead is dedica-
ted to ST-segment monitoring must be
considered. Clearly, no fixed lead position
can be recommended since anterior infare-
tions have such dif-ferent injury current
patterns than inferior, lateral, or posterior
infarctions. To suit the variety of ST eleva-

5 6 7 12
Leads

Hon patterns, an ex-ploring lead would be
necessary. The placement of this lead
should be guided by for instance the 12-
lead electrocardiogram, looking for the
maximum injury current detectable. This
requires skillful interpretation of the elec-
trocardiogram by trained personnel and is
probably prone to error in emergency
situations.

2- and 3-lead systems

These are the lead systems commonly seen
in CCU moni-toring systems and Holter
recorders, An optimal 2 lead system would
have 1 lead oriented inferiorly {III or aVF)
and one anteriorly (V2 or V3), The inferior
lead would detect the injury current in
patients with an RCA occlusion as well as
many of the patients with an LCX occlusi-
on. The anterior lead would detect the
injury current in patients with an LAD
occlusion as well as the reciprocal ST de-
pression in patients with a posterior infarc-
tion (RCA or LCX occlusions). In a 3-lead
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system an apically oriented lead should be
added (V5). This lead would add sensitivi-
ty for ST elevation especially in patients
with an LCX occlusion. A combination of
2 and 3 leads was able to detect an injury
current of = 200 1V in 310 and 321 out of
330 patients with at least 1 lead exceeding
200 uV respectively. However, this would
not necessarily be the peak lead. The com-
bination of leads IIf and V2 would capture
the peak lead in only 238 or 66% of the
patients and this would be so in 248 or
69% for the combination of leads 1T, V2,
and V5. If patency prediction algorithins
are used based on absolute amplitudes a
lead system containing more than 3 leads
should be preferred.” It has been shown
that accuracy of continuously updated ST-
segiment recovery analysis is related to the
maximum recorded ST amplitude.”™ * It
may be speculated that a patency algo-
rithm based on relative recovery of ST
elevation and or ST-recovery and re-eleva-
tion slope rates may be less dependent on
the maximum recorded ST amplitude, but
this remains to be tested.” Furthermore, a
Holter recorder lead set with orthogonal
orientations can be used with the possibi-
lity of reconstructing a full 12-lead electro-
cardiogram, This option will be discussed
later,

Multi-lead sysfems

As shown in Figure 2 little sensitivity for
detecting injury current is added when
combinations of more than 3 leads are
used. As mentioned before however, the
chance of finding a lead with higher ST
elevation does increase markedly when
more leads are added. A logic lead system
would be the 12-lead systemn due to its
universal familiarity. The data for this
study where derived from continuous
electrocardiogram recordings made with a
continuous digital 12 lead ST-segment
monitor that is commercially available

(5T100, Mortara Instrument, Milwaukeg).
As described previously,” ™ the use of
multiple leads enhances the possibility to
recognize reocclusions as a "fingerprint” of
the first recorded occlusion. Reocclusion of
the same coronary artery gives a matching
fingerprint of ST deviation over the pre-
cordium, although absolute amplitudes
might be different. If ST deviation occurs
in a different pattern, either as depression
alone or as elevation in a different lead
pattern, thus not matching the fingerprint,
there is an increased chance that this is not
due to a reocclusion of the infarct related
artery. The use of multiple leads will opti-
mize the chance of recording the maxi-
mum ST-segment amplitude, thereby
leading to better recognition of the dyna-
mic ST changes and improved accuracy of
continuously updated ST-segment recove-
ry anaiysis.w' * Use of additional leads or
modified lead systems might also enhance
continuous 5T-segment monitoring, espe-
cially in isolated high lateral or posterior
infarction, but clinical experience with
these lead systems is limited.”**

Orthogonal leads

An orthogonal lead system, such as propo-
sed by Frank * deserves attention since it
is used in a commercially available 5T-
monitoring unit as well *** Strictly spoken
itis a 3 lead system with lead orientations
directed inferiorly, anteriorly, and lateral-
ly. Parameters derived from the vector
loops and their development over time
however are independent of these orienta-
tons. In addition one can reconstruct a 12
lead electrocardiogram through the so
called Dower transformation.” One can
also reconstruct the maximum single ST
vector at a fixed time after the J-point,
thereby reconstructing a "virtual exploring
lead" towards the epicenter of the current
of injury. Although on theoretical grounds
one might expect greater sensitivity for ST



deviation with this lead system, the advan-
tage relative to the standard 12-lead sy-
stemn has not been proven in clinical appli-
cations. Furthermore, the exactness of the
Dower fransformation derived leads relati-
ve to a true lead registration should be
investigated in abnormal electrocardio-
grams.

Limitations

The entry criteria for the TAMI 9 study
required minimal 5T elevation present in
2 precordial leads or in 2 inferifor leads
with ST depression in the anterior leads.
This has introduced a bias against small
infarctions, especially of isolated high
lateral and posterior location. Thereby this
stucdy can not answer whether the propo-
sed lead sets are suitable to these infarct
focations as well. However, the proposed
anterior leads V2 or V3 can be expected to
be able to detect posterior injury current as
reciprocal change if enough current is
generated. The advantage of taking a trial
population for this study on the other
hand is that all patients received protocol
angiography and continuous 5T-segment
monitoring so that data are less biased by
clinical presentation.

The choice of 200 puV as a threshold for
selecting optimal lead combinations seetns
rather arbitrary. At this level of ST devia-
tion changes due to reperfusion or reocclu-
sion of the infarct related artery can be
clearly distinguished from random noise.
In the setting of coronary angioplasty we
have shown that an algorithm based on
relative recovery and slopes of ST recovery
over time rather than absolute changes is
able to detect reperfusion and reocclusion
with high accuracy, independent of the
maximum amplitude present in the lead
observed ™

Clinical implications
For continuous 5T-segment monitoring a
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3 lead system should be adequate to re-
cord at least 1 lead with sufficlent ST devi-
ation in a majority of patients selected for
thrombolytic therapy. Previousty Aldrich
proposed a 2 lead system consisting of IIT
and V2." Krucoff et all. proposed a 3 lead
Holter system with inferior (aVF), anterior
(V2), and inferolateral orientation (V5)."”
The study by Alldrich interpreted ECGs
with an anterior pattern (n = 68) or an
inferior pattern (n = 80) without correla-
tion with infarct related arteries determi-
ned through coronary angiography. The
lead set proposed by Krucoff et all. was
not based on patient data. A task force of
the American Heart Association came with
specific recommendations for electrocardi-
ographic monitoring in special care units.”
Based on the studies by Alldrich and by
Krucoff they suggested the use of 3
pseudo-orthogonal leads, one oriented
anteriorly (V1 or V2), one inferiorly (aVF),
and one apically (V5). This combination is
expected to give sufficient information for
rhythm analysis and ST-segment monito-
ring. These data confirm their proposed 2
and 3 lead systems respectively in an
independent larger group of patients who
underwent protocol coronary angiography
for the purpose of continuous real-time ST-
segment monitoring, Hohnloser et all
published a study using a 2-channel Hol-
ter recorder with leads orlented towards
V5 and aVF to assess the patency asses-
sment accuracy of ST-segment recovery
analysis.” Only 65% of the patients exhibi-
ted = T mm ST elevation in at least 1 lead,
thus in 35% of the patients the recording
failed to display sufficient amplitudes for
further analysis.

More important is the finding that a
limited set of preferably 3 leads can be
applied for the purpose of continuous ST-
segment monitoring without a profound
loss in sensitivity for ST deviation as com-
pared to multiple lead systems. Whether
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accuracy of continuously updated ST-
segment recovery analysis is affected by
the decreased maximum ST amplitude
recorded remains to be tested.'” * The
possibility of lead reduction has been
shown previously under the different
physiologic circumstances of exercise
electrocardiography.” In that study a
{pseudo) orthogonal lead system was
proposed, similar to the lead set proposed
in our data.

The importance of matching the re-
elevation pattern ("fingerprinting") to the
original pattern of ST deviation would
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ST-Segment Recovery as an Endpoint in
Acute Myocardial Infarction Trials

Past, Present, and Future

Rolf F, Veldkamp, MD, James E. Pope, MD, Sharon T, Sawchak, RN,
Galen S. Wagner, MD, Robert M. Califf, MD, and
Mitchell W, Krucoff, MD

Abstract: Traditional, comparative acute myocardial infarction tdals have used
morbidity and inortality as endpoints, requiring targe study populations, Left
ventricular function and angiographic infarct-related artery patency have, there-
fore, been used as allernative endpoints, These assessments are costly, risk-laden,
and put a large demand on resources not available in every hospital. This has
fed to an increased interest in noninvasive endpeints for comparative trials. This
study describes the history and possibilities of ST-segment recovery analysis as
an endpoint in acute myocardial infarction trials. Key words: acute myocardial
Infarction, ctinical trials, ST-segment, continuous monitering, noninvasive pa-

tency assessment.

Traditional Endpoints

Traditional acute myocardial infarction (AMI}
trials have used morbidity and mortality as end-
points. These erdpoints occur relatively infrequently
during the observation period and require large study
populations. Left ventricular function and angio-
graphic infarct-refated artery patency have, there-
fore, been used as allemative endpoints. These as-
sessments are costly, fsk-laden, and put a large
demand on tesources not available in every hospital,
Furthermore, the relationships among patency, left
ventricular [unction, and mortality have not yet been
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resolved.’™* This has led 1o an increased interest in
noninvasive endpoints for comparative trals,**

Stalle Efectrocardiographic
Methods: Surrogate for
Anglography

Observations of marked ST recovery at the mo-
ment of angiographically docuinented reperfusion
fed to several studies corvelating quantitative ST re-
covery 1o infarct-related arlery patency. Several
methods comparing $T-segment deviation between a
post-ireatment electrocardiogram {(ECG) and a fixed
pretreatment reference ECG have been reported 51!
These methieds measure the ST-segment deviation in
one or a few post-treatment ECGs at intervals typi-
cally 60—180 minutes after onset of thrombolytic
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Table 1. Sensitivity for Failled Reperfusion, Specificity, and Accuracy as Reporied by Five

Methods
Method Sensltvity {55} Specificity {%) Accuracy (%) n
von Essen cl al.® 100 tea 100 56
Hugg ¢l al.” o7 a3 88 17
Saran ¢t al* 43 97 80 43
Clemmensen o1 al.? 80 38 85 53
Hohnloser ¢t al.'® 95 84 87 32

These methods measure ST-segment recovery in a post-treatnent ECG as a fractional change of a fixed,
pretreatment reference ECG ST level. no = number of patients incduded in the study.

treatment, If the ST-segment has recovered below a
threshold expressed as a fractional change of a fixed,
pretreatment reference ECG ST level, repeifusion is
considered 10 have occurred, If the ST-segment did
not recover below (his threshold, reperfusion is con-
sidered to have failed. Reporied sensitivity for
occluded infarct-related arteries, and the specificity
and accuracy for five of these methods are listed in
Table .

Continutous ST-Segment
Monitoring: Real-time Triage
and Beyond Anglographic
Surrogate

Condinuous ST-segment monitoring using Holter
recorders was developed to better document the tim-
ing of reperfusion. Recordings were analyzed retro-
spectively and distinguished patients with reperfused
infarct-related arteries from those in whom the
infarct-related artery failed 1o reperfuse after treat-
ment.”'? Holter recordings are limited in the
amount of leads used and accessibility at the bedside
for guidance of clinicai care, Subsequently, a real-
time oriented, digital 12-lead electrocardiograph was
developed (hat makes continuous registration of the
ST-segment deviation over time in all leads accessible
at the bedside. Essentials of this ST manitor {(ST100,
Moriara Instrument, Milwaukee, W1) have been pre-
viously published.'>'* Briefly, the ST monilor ac-
quires and digitizes a 12-lead ECG every 20 seconds.
The first acquired ECG is used as a reference for sub-
sequentl comparison of ST-segment amplitudes mea-
sired 60 ms alter the J point. If subsequent ECGs
show a persistent change in ST-segment deviation
over 1 minule more than a preset thresheold, nor-
mally 200 nV in a single lead or 100 pV in two leads,
the viokating ECG and an additional eight ECGs are
stored over a 3-minute cpisode. An andible alarm
warning the clinician of this ST change is optional,
Trendlines of ST-segment deviation over Llime and
full disclosure 12-lead ECGs on hard-copy arc iimme-

diately available ai the bedside. The last acquired
ECG then serves as an updated reference ECG for ST-
segment comparisomn. In the absence of ST-segment
deviation changes an ECG is stored every 20 minutes
by defaualt. A similar device recording vectorcardio-
grams continuously has been developed in Sweden
{Ortivus Medical Laboratories, Taby} and is also
commercially available.!?

Reports using continuous ST-segment monitoring
have indicated that 25-50% of patients treated with
intravenous thrombolytic therapy show unstable $7-
segmient recovery stiggesting cyclic reperfusion of the
infarct-retated artery.' ' A new method of ST-seg-
ment recovery analysis using updated  reference
ECGs over muliple “peaks” and “troughs” was
therefore developed to allow patency assessments
not only during the phase of stable ST-segment re-
covery, but also in real time during the unstable,
carly phase prior 10 and immediately after iniliation
of thrombolytic treatment.2® Details of this algorithm
have been previously described.?! During periods of
increasing ST-segment elevation, the reference ECG
is continuously updated to the ECG with the most
ST-segment elevation, ST-segment recovery of
=50% from this most abnormal or peak reference
ECG is used to define periods of reperfusion. During
such periods of ST-segment recovery, the reference
ECG is continuously updated to the ECG with the
least ST-segment elevation. Subsequent ST-segment
reclevation of =150 uV in two leads or 2200 pV in
one lead, relative to this most normatized or trough
reference ECG, is used (o define periods of recurrent
occlusion. Subsequent peaks and troughs are used
as continuously updated reference peints over the
cntire ST imonitor recording.

This method of continuously updated ST-segment
recovery analysis was tested in the thrombolysis and
angioplasty in myocardial infarction 7 (TIMI) trial
against simultaneous angiography in 144 patients,??
Of the patients with TIMI grade 3 flow, 94% showed
ST-segment recovery by the time of angiography.
This was reduced to 81% in patients with TIMI grade
2 flow. Fifty-seven percent of the patients with TIMI
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Fig. 1, Serial 12-lead ECGs recorded every 30 minutes from a patient preseating with ant acute myocardial infarction of
the anterior wall. §T-segment deviations in the peak lead (Vy) from consecutive post-treatment BCGs are compazed with
the fixed reference ST level of 5.8 mm measured in the pretreatment ECG (P} At 30 and 40 minutes, ST [evels are 7.7
and 6.6 i, respectively, and at those moments the infazct-related artery is considered to have remained occluded. At
90 minutes, the ST level is 2.6 1m, a 65% recovery from the pretreatmient reference ST level, suggesting reperfusion. From

Krucoff e1 at.2* With permission.

grades 0—1 flow with collateral blood flow to the
infarcted area showed ST-segment recovery, while
this was true for only 11% of patients without collat-
eral support. This spectrum suggests that ST-segment
recovery can give physiologic information on suc-
cessful reperfusion of the infarct area that is more
than just a swrogate for the somewhat controversial
gold standard of angiographic patency.

When assessments are performed during the more
stable phase of ST-segment recovery, the method of
continuously updated ST-segment recovery analysis
appears to be as accurate as the methods comparing
ST-segment deviation betsween a post-treatment ECG
and a fixed, pretreatment reference ECG. As can be
seen in Figures I and 2, the use of continvously up-
dated reference ECGs instead of a fixed, pretreatment
reference ECG seems to give important additional in-
formation during the earlier phase after thrombolytic
treatment when cyclic flow is present.?2-2?

Cumufative Parameters of
5T7-Segment Recovery:
From Reperfuslon Physiology
to Clinical Qutcome?

As previously descaribed,?! continuously updated
ST-segment recovery analysis allows cumulative as-
sessrments over the early phase of treatment, provid-

ing documentation of the speed and stability of reper-
fusion for comparison between drug regimens. Speed
of reperfusion is defined as the time from the onset
of thrombolytic treatment to the firsi evidence of
50% ST-segment recovery from anm updated, peak
refercnice ECG. Stability of reperfusion is reflected in
the number of reocclusion and reperfusion events
over the course of the infarction. The patent physiol-
ogy index reflects the overall success of reperfusion
therapy and is defined as the total duration of ST-
segment recovery intervals as a percentage of the
monitoring period. Parameters of speed and stabitity
of reperfusion are currently being used in the ST
monitoring substudy of the Global Utilization of
Streptokinase and PA for Occluded arterics
{GUSTO) trial to elucidate differences in four differ-
ent thrombolytic regimens. The ongoing registration
of the onsel and stability of reperfusion atlows a non-
vasive triage to select patients with failed or unstable
reperfusion for trials that test the value of more ag-
gressive secondary treatment strategies.

More quantitative approachies in addition ta the
detection of patency of the infarct artery or the deter-
mination of speed and stability of reperfusion are
Leing sought, Seral precordial mapping studies per-
formed by Maroko and Braunwald’s group in the
19705 provided the first correlations between the se-
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Flg. 2. Contineousty updated ST-segment recovery analysis in the same patient as shown in Figure 1. Trends of summated
Si-segment deviation over thne, at right, with mackevs indicating the timing of selected ECGs, at left, as well as the updated
reference peak or trough. The reference ST level is continuousty npdated as ST-segment elevation of 5.8 mm in lead v,
of the pretreatment ECG (P} gradually worsens to 7.5 mm by 6 minutes afier the onset of therapy. From this reference
peak, ST-segment recovery to 3,7 mm {(or 50%} 27 minutes following the onset of therapy suggests reperfusion of the
infarct-related artery. From this updated reference trough, rapid reelevation over 3 minutes to 7.7 mm in the same fingerprint
pattern suggests recurrent occlusion, with progressive ST-segment elevation to the true maximum peak of 18 mm elevation
at the peak SO minutes afier the onsel of therapy. Using this Tatest peak as an updated reference for further comparison,
ST recovery of >50% occurs 10 minutes later when the ST level is 6.6 mm, suggesting that the infarct-related artery has
again become patemt. Thus, while the analysis using a static pretreatment reference ST level only detects the onset of
repedusion 90 minutes following the onset of therapy (Fig. 1), the continuously updated ST-segment recovery analysis
method identifies two reperfusion episodes: the first one starting 27 minutes following the onset of therapy and the second
one starting 60 minutes {following the onsel of therapy. From Knucoff e1 al.22 With permission.

verity and extent of ST-segment deviation with myo-
cardial mass at risk and clinical putcome.?* Barbash
and co-wotkers correlated acute ST-segment recoy-
ery with the salvage of myocardium and showed that
acute $T-segment recovery was a strong predictor of
favorable clinical outcome.?® The severity of is-
chemia is generally determined as the amount of ST-
segment elevation seen on the acute ECG. Continu-
ous monitering might improve the definition of the
maximum anount of ischemia in patients with cydlic
reperfusion in whom a single or few static ECGs were
taken during perinds of actual ST-segment recovery.
The detection of the extent of the ischemic area re-

flected in the number of leads with ST-segment de-
viation could be similarly improved. The integration
of the dynamics in the severity and extent of ischemia
overtime as a lime-severity index provide an exciting
potential to elucidate (he response to treatment as a
relationship among infarct-related artery patency,
the amount of myoecardium salvaged, and clinical
owtcome, Developing such a model will require a
thoreugh process of statistical modeling or neural
network development that includes other routinely
available noninvasive descriptors to yield a practical
probabilistic, patient-specific, prediction of infarct
autcome,
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Overview

Continuously updated ST-scgment recovery anal-
ysis in conjunciion with frequent clecirocardio-
graphic acquisition allows accurate, noninvasive as-
sessment of the perfusion status of the infarct arca.
ST-segment recovery strongly conelates with perfu-
sion cither through the infarct artery or through col-
lateral blood supply. Lack of ST-segment recovery
has consistently been correlated with faiture to reper-
fuse the infarct-related artery or the more severely
depressed  left  ventricular  funciion ' 2191819
21=2525 Continuous registration of ST-segment de-
viation allows the registration of the unset and stabil-
ity of reperfusion, and thus, gives more information
than “snap-shot” assessments made with coronary
angiography, Neninvasive identification of failed or
unstable reperfusion using continuously updated ST-
segment recovery analysis can be uselul in trfals test-
ing the value of more aggressive secondary revascu-
larization strategics for these selected subgroups.

Continuous ST monitoring is applicable in the ma-
jority of patients. kit has not yet been validated in
patients with delayed ventricular conduction, but
that compriscs a small part of the papufation. More
restricting is the requirement that initial ST-segment
deviation reflective of coronary eeclusion be present
when ST monitoring is initiated. This is a common
source of anatomic bias, favoring anterior above infe-
rior infarctions and both above posterior infarctions,
This also requires that ST moenitoring be initiated in
an early phase, preferably before treatment. The
availability of hard-copy ECGs recorded during coro-
nary occlusion can substitute missing ST monitoring
data in the early phase to assess patency, but this
limmits the detection of the onset and stability of reper-
fusion. Combinations of 8T monitoring with other
noninvasive markers of reperfusion, such as enzyme
measurements, need to be investigated.?>26-%0
While these markers do not provide a cumulative
assessment of reperfusion status over tume, they
might improve the accuracy of ST monitoring. They
can substitute ST monitoring in patients where ST
moenitoring is not feasible due to the absence of an
injury current or the presence of confounding factors.

In this era clinicians can choose from a wide thera-
peutic arsenal of intravenous and intracoronary
thrombolytic treatments—mechanical revasculari-
zation, emergency coronary bypass operation, anti-
coagulant and antiplatelet therapy, perfusion and ox-
ygenation assist devices—and many additional
forms of pharmacolegic treatments to modify the
natural course of AMI. However, the value of these
strategies needs to be compared and should be opti-

mized for individual patients. An accurate noninva-
sive marker of reperfusion, such as ST monitoring
with the additional benefit of cumulative assess-
ments over LiMe, can serve as a noninvasive tool. It
is easy 1o apply and is a relatively inexpensive end-
point for comparative trials for AMI, and can en-
hance the understanding of the underlying physi-

ology.
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The Impact of Autoperfusion on
Quantitative Electrocardiographic
Parameters of Ischemia Severity, Extent,
and “Burden” During Salvage of Elective
Coronary Angioplasty

Mitchell W, Krucoff, MD, Rolf F. Veldkamp, MD, Prapti M. Kanani, MD,
Suzanne Crater, RN, Steven R. Sawchak, RN, Nancy M. Wildermann, BS,
James R, Bengtson, MD, MPH, James E. Pope, MDD, Michael H. Sketch, Jr, MD,
Harry R. Phillips, MD

ABSTRACT: Long angiaplasty inflations have been reported using an autoperfusion system
that delivers oxygenated blood distal lo the balioon segment. The safely and efficacy of this sys-
tem has been demonstrated in anatomically selecied patients. The clinical use, however, is fre-
quentty to stabifize intimal dissection in unselected patients. We reviewed 12-lead continuous
efectracardiographic {ECG) recordings in 40 patients in whom prolonged salvage with autoperfu-
sion was attempted. Sub-optimal resulls were stabilized in 36 of 40, while 4 patients had urgent
bypass. The presence of ischemia, as = 100 uV ST elevation over the 12 lead ECG, and the total
ST deviation over all leads over the enlire inflation period (tolai ischemic “burden”) were cont-
pared within each patient bebween the longest standard balloon and autoperfusion inflations,
Median duration of infiation was 3.03 min, with balloen vs, 15.6 min, with autoperfusion (p <
0.00002). Of the 40 patients, 35 (87%) had ECG ischemia with bailoon vs. 18 (45%) with autoper
fusion {p < .00002). Median severity of peak ST deviation was 321 uV with batloon vs. 132 uV
with autoperfusion (p=0.0001}. Median extent of ST elevation was 3 leads with balloon vs. 0
leads with auteperfusion (p=0.0001}. Median tofal ischemic burden was similar with balloon
(1173 uVmin} and avtoperfusion {1083 uVinin, N5) despite the fivefotd longer inflation duration
with autoperfusion, Thus, in patients selected by clinical necessily rather than optimal anatomy,
severity and exteat of ST elevation were significantly reduced, although not entirely eliminated,
by autoperfusion,
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Prolonged balloon inflations are widely used
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erally well tolerated, ischemia from longer bal-
loon inflations may be complicated by severe
chest pain, hypotension, or arrhythmias from the
resultant metabolic perturbation of myocyte
metabolism.67

Autoperfusion of the myocardium distal to the
dilatation sile has been described using a balloon
catheter (Stack Perfusion Balloon Catheter™,
Advanced Cardiovascular Systems, Inc.,, Santa
Clara, California) with side holes cut through to
the center lumen proximal and distat to the bal-
loon segment.?14 When the guidewire is with-
drawn, the difference between mean arterial
blood pressure and mean coronary wedge pres-
sure drives oxygenated red blood cells into the
center lumen, exiting distal to the inflated bal-
loon, perfusing the myocardium at approximate-
ty 60 cc/min. The safety and efficacy of autoper-
fusion with this device has been described in
selected patients.®!* The impact of autoperfusion
on ischemia in an unselected population in whom
the autoperfusion balloon is used clinically to sal-
vage sub—optimal angioplasty results has never
been quantified.

Continuous nulti-lead ST segment monitoring
provides a comprehensive electrocardiographic
record for the objective quantification of ischemia
during transient coronary occlusion,!517 From a
database of elective angioplasty patients under-
going ST-segment monitoring, electrocardio-
graphic parameters of ischemia were reviewed in
all patients in whom autoperfusion was secon-
darity used to improve a sub-optimal angioplasty
result folowing dilatation with a standard bal-
loon catheter, With each patient serving as their
own control, parameters of ST-segment deviation
were compared between periods of standard bal-
loon occlusion and autoperfusion at the same
coronary artery site to quantitatively assess the
impact of autoperfusion on procedural ischemia,

METHODS

Patient Population. All patients were referred
for elective angioplasty based on routine clinical
indications in our institution, The patients includ-
ed in this study were retrospectively identified
from the Ischemia Monitoring Laboratory data-
base, Patients in the Ischemia Monitoring
Laboratory database represent an unselected sub-
set of our total elective interventional population,
up to the limits of the ST-monitoring equipment
available. Patient selection criteria for this study
included all of the following: complete 12-lead
ST monitor data from the angioplasty procedure;

77

normal conduction on baseline electrocardiogram
(ECG); standard balloon selected primarily; iden-
tical lesion also dilated with an autoperfusion bal-
loon for “salvage” during the same procedure,

Angioplasty. All patients were premedicated
with 325 mg aspirin and 10,000-12,000 units of
intravenous heparin prior to the start of the pro-
cedure, Angioplasty equipment selection, includ-
ing the use of autoperfusion, and the duration of
balloon inflations were solely at the discretion of
the operator's clinical judgement. In all patients,
autoperfusion was accomplished with the Stack
Perfusion Balloon Catheter, Angiographic “suc-
cess” was defined as a final luminal stenosis that
was both a >20% reduction of the pre-angioplas-
ty lesion and a final luminal narrowing of =50%
based on visual consensus assessment between 2
or more operators.,

8T-segment monitoring, All patients were
monitored with a digital 12-lead electrocardio-
graphic monitor (Mortara ST-100 Monitor,
Mortara Instrument, Milwaukee, W1) as has been
described previously in detail.’®1? In summary,
this device acquires a standard digital 12-lead
ECG every 17-20 seconds, All ECG data are
downloaded to a PC computer for retrospective
analysis using custom writien software.!415 Full
disclosure, superimposition scanning of all ECG's
and 3-dimensional graphic display of ST-seg-
ment levels, measured 60 milliseconds beyond
the J-point, across the precordium trended over
time (Figure 1) were used for scanning of all
patient studies,

Catheterization laboratory clock times and
diary sheels indicating periods of balloon infla-
tion and deftation as well as device used are syn-
chronized routinely with the digital clock times of
the ST-segment monitors for the Ischemia
Monitoring Laboratory database. From these syn-
chronized periods, the longest standard and
longest autoperfusion balloon inflation periods
were identified within each patient for further
quantitative analysis and comparison. In all cases,
inflations were compared only for angiographi-
cally identical coronary site acclusions by both
the standard and the autoperfusion balleons.

From each study, three ECGs of interest were
identified as part of the quantitative analysis: the
pre-procedure baseline; the pre-deflation of max-
imally abnormal ECG during the longest stan-
dard ballon inflatien (peak PTCA); and the
pre—deflation or maximally abnormal ECG dur-
ing the longest autoperfusion inflation {peak
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PBC). Identification of all “peak” deviation ECGs
and all measurements of deviation were taken as
relative to, or the “delta” from each patient’s own
baseline ST levels for each of the 12 leads.
Electrocardiographic parameters of ischemia
were quantified by comparing the amount of
change between the baseline and peak PTCA
ECG to the amount of change between the base-
line and the peak PBC ECG., Electrocardiographic
“ischemia” was defined as 2100 uV of new 5T ele-
vation in at least 1 lead. Three electrocardio-
graphic parameters were retrospectively ana-
lyzed, as summarized in Figure 2. “Severity” of
ischemia was defined by the peak amplitude of
ST deviation in the most deviated single lead out
of the standard 12-leads. “Extent” of ischemia
was taken as the total number of leads over the
precordium showing 2100 uV of new ST-segment
elevation. “Total ischemic burden” was taken as
the total sumimated absolute ST-segment devia-
tion over all 12 leads over the entire duration of
each balloon inflation {calculated as the area
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under the trend of 12-lead ST deviation from
baseline gver time). In each case, these ECG para-
meters were examined as changes only relative to
other ECG measurements with each patient serv-
ing as their own contrel, No attempls were made
to relate the severity, extent, or total “burden”
parameters of ischemically mediated quantitative
ECG changes to myocardial mass or any
non-ECG measure.

Statistical analysis. All analyses were per-
formed on the change in the ECG measures from
the standard battoon inflation to the autoperfusion
inflation with each patient serving as their own
control. A Wilcoxon signed rank test was used for
“severity,” “extent,” and “burden” to evaluate
whether or not these changes were significantly
different from zero. McNemar’s fest was used to
test for agreement in occurrence of ischemia
between the two dilatation methods. All continu-
ous variables are presented as medians and quar-
tile ranges (25th-75th percentiles). All categorical
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Figure 1, Four spatial rotations ef graphic depiction of ST segment level (y—axis, or “severity”) for each of the 12
leads monitored (X—axis, or “extent”) continionsty over 5 hours time (Z-axis) in a patient during standard balloon
(PTCA) inflations and Hien autoperfusion (PBC) inflation to salvage LAD angloplasty threatened by unstable inki-
il dissection. Five balloon inflations (PTCA 1-5) ranging serially from 1.5 to 5 minutes produced 5-11 millimeter
ST elevation but did net stabilize dissection. A 30 minute antoperfusion inflation (PBC) wns tolerated with little

ischemic ST deviation, and produced a stable final resuit,



variables are presented as number of patients with
the event or characteristic. For the number of tests
run on this small population, the p—value consid-
ered significant was adjusted to < 00125,

RESULTS

A total of 40 patients meeting all criteria were
identified from our database. Patient characteris-
tics are shown in Table 1. In all cases the operator
switched from a standard balloon system to a
perfusion balloon system to salvage a sub-opti-
mal result or an unstable intimal dissection. In 36
of the 40 patients a successful end result was
achieved, while in 4 patients urgent coronary
bypass grafting was subsequently performed. In
all 4 of these patients the deftated perfusion bal-
loon was left across the stenosis en route to the
operating roon,

Ischemic ST elevation in at least 1 lead
occurred in 35 of the 40 patients (87%) during
standard balloon inflation. During autoperfusion
only 18 of the 40 (45%) had ischemic ST elevation
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{(p < 0.00002). The median duration of the longest
balloon inflation was 3.0 minutes (1.6, 4.0 min-
utes) for standard angioplasty and 15.6 minutes
(15.0, 23.0 minutes) for autoperfusion (p <
0.00002).

Electrocardiographic parameters of ischemia
with and without autoperfusion are shown in
Figure 3. The median severity .of 5T deviation
during angioplasty was 321 uV (188,468 uV),
compared to 132 uV (70,183 uV) during autoper-
fusion {p < 0.0001). The range of peak ST devia-
tion from baseline was 42-1837 uV during angio-
plasty and 28-568 uV during autoperfusion, The
median ECG extent of ischemia as number of
leads showing > 100 uV deviation from baseline
during standard balloon inflation was 3.0 leads
(3.0, 6.0 leads), compared to 0 leads (0.0, 3.0 leads}
during autoperfusion (p<0.0001). The range of
leads deviated was (-7 for both. The median total
“burden” of ischemia during the longest standard
balloon inflation was 1173 uVmin (698-1683
uVmin), compared to 1083 uVmin (560, 1360
uVmin) during the longest autoperfusion ditata-

Figure 2. Analogue
ECGs and a trend of
12—lead sunmated
ST deviation over
time, from the case
described in Figure 1,
ECG “A” shows 11
miltteer anterolat-
eral ST elevation
during standard bal-
loon inflation. While
T ischemia over the 30
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Table i, Baseline Characteristics

DESCRIPTOR Number (%) {25th, 75th Percentile)
Age (years) 59 (53, 66)
Male Sex 28 (68)
Vessel disease:
1 vessel 17 (43)
2 vessel 14 (35)
3 vessel 9 (22)
Artery dilated:
LAD 17 (43
Circumflex 7 (17}
Right 16 (400
Stenosis:
pre-PTCA 95 (75, 95)
post-PTCA 25 (15, 38)
Dissection post-PTCA 27 (67)
Successful post-PTCA 3793
Complications:
None 36 (90)
Urgent bypass 4 (10
Death 0

tion (NS). The range of ischemic burden was from
181 to 4,581 uVmin during standard angioplasty
compared to 110 to 6561 uVmin during autoper-
fusion. As defined, ischemic burden included the
entire duration of the longest dilatation, and so
was acquired over a fivefold longer period for the
autoperfusion inflations compared to the longest
standard balloon inflations,

DISCUSSION

Elective selection of patfents for long autoper-
fusion ditatations has focused on more proximat,
focal sites not contiguous with large side branch-
es¥14, and the safety and efficacy of autoperfusion
in such patients is well demonstrated.®1¢ In clini-
cal application, however, the autoperfusion sys-
tem is generally used to salvage unstable angio-
plasty results. In many such patients, standard
balloons are initially selected due to some
anatomic constellation that is considered relative-
Iy unfavorable either for the delivery of or for the
function of the auteperfusion system. Qur
patients were further subselected by the change
of the elective procedure to a “salvage” situation,
as indicated by the median standard balloon
inflation duration of around 3 minutes and the
10% acute bypass surgery incidence even with
the use of autoperfusion. While this “salvage”
application represents the most common clinical
use of the device, to our knowledge there was no

data in the literature showing that autoperfusion
actually reduced ischemia when used with clini-
cal urgency.

Using each patient as their own contrel, our
data show that using autoperfusion a five-fold
increase in the inflation time for salvage of the
dilatation site was obtained with a reduction in
most quantitative ECG parameters of ischemia,
including a trend towards reduction of the total
ischemic “burden” of ECG deviation despite this
protongation of the inflation time. In 45% of
patients there was no detectable 5T elevation
across the 12-lead ECG during autoperfusion, In
most patients, however, some ischemic ECG
changes did cccur. Total ischemic burden accrued
over 15 minutes of inflation using autoperfusion
was similar to that which accrued over 3 minutes
with standard balloon inflation.

There are several noteworthy limitations to our
data. As a retrospective analysis taken from the
Ischemia Monitoring Laboratory database, more
precise or prospective information on why a stan-
dard balloon was initially selected by each opera-
tor is not available. In addition, not all autoperfu-
sion salvage cases were recorded with 12-lead
ECG monitors, hence these 40 patients represent
only a subset of our total clinical “bailout” use of
auteperfusion. ECG parameters of ischemia
“extent,” “severity” and total “burden” in this
study are not correlated with ventricular dysfunc-
tion, myocardial mass or any non-ECG measures,
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Finally, it has been observed in some patients that
multiple conventional balloon inflations may
cause “fading” of ischemia onset or precondition-
ing of the myocardium!?® and in all of our cases
the autoperfusion inflations were subsequent to
the standard balloon inflations, Despite these Hm-
itations, however, it can be pointed out that these
cases evolved with the truly unpredictable nature
of the real world practice of angioplasty, within a
population undergoing ST-segment monitoring
with no discrete bias as to case selection other
than a standard balloon was selected initially.
Our 40 cases represent 100% of the relevant cases
in our data base. The ECG parameters, although
not referenced per se to a non-ECG measure,
were all analyzed using each patient as their own
control, and so represent a fairly robust means of
detecting anti-ischemic effects, as demonstrated
by the statistical power of the observations
despite the relatively small number of patients
overall and the adjusted significance level used
for p values. Finally, while preconditioning
effects are measurable in human patients, the
ability to achieve a five—fold increase in dilatation
time with reduction in all quantitative ECG para-
meters is, in our opinion, unequivocal objective
evidence of nutritive blood flow through the
autoperfusion system in this setting.

“Severity” of ischemia conceptually reflects the
progress from reversible to irreversible cellular
injury inflicted by continued metabolic demand
in an oxygen deprived environment,20 Over this
spectrum, more complete or more prolonged
interruption of blood flow results in a more rapid
and complete inability to actively maintain
trans—membrane ionic gradients, resulting in

PTCA P8C

facal potassium leakage reflected electrocardio-
graphically by progressive amplitude of ST eleva-
tion. In Figure 1, standard balloon inflations in
the same patient at the same coronary site pro-
duce from 5 millimeters ST elevation during a 2
minute inflation te 10.7 millimeters elevation dur-
ing a 5 minute inflation. The marked reduction of
peak 5T segment deviation and the elimination of
any 5T elevation during a 30 minute inflation
with autoperfusion most likely reflects the ability
of the device to deliver metabelically nutritive
bleod flow to the distal myocardium even in this
semi-urgent application.

More “extensive” ischemia conceptually
reflects the geographic mass of myocardium
insulted, either by a more proximal stenosis, a
stenosis in a larger artery, or in a setting where
multiple territories might be simultaneously
affected. More extensive ischemia as electrocar-
diographically demonstrated by more wide-
spread lead activity over the precordium has
been associated with greater left ventricular dys-
function during ceronary occlusion.2t The
marked impact of autoperfusion in our patients
in reducing the number of feads with ST eleva-
tion is particularly interesting since occlusion of
an important side branch by the perfusion bal-
loon segment would still be likely to produce ST
elevation somewhere on a 12-lead ECG. The
median number of leads showing ST elevation
during autoperfusion was zero in our patients,
suggesting that adequate positioning was achiev-
able in most patients despite the fact that initial
decisions to use standard balloons may have
reflected anatomic concerns about side branches,

Total “burden” of ischemia conceptually inte-
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grates the severity and extent of the metabolic
derangement as accumulated over time, The clini-
cal or intuitive appreciation of the impact of
autoperfusion on this parameter is reflected by
the clinical operator decisions leading to the
tive-fold longer inflation times during autoperfu-
sion, Objectively, the ability to prolong inflation
time without increasing the electrocardiographic
ischemic burden supports the ability to mechani-
cally stabilize dissected coronary intima using
longer dilatation times, It is equaily noteworthy,
however, that while ischemia was reduced to the
point of improved tolerance, it was not entirely
eliminated.

The perfusion balloon catheter continues to
evolve as a flexible tool for angioplasty.
Considerable data has shown that the perfusion
balloon catheter provides excellent precedural
tolerance in selected patient populations.®14 In
addition, our data show evidence of the metabol-
fc effectiveness of this device in the semi-urgent
salvage of angloplasty procedures, as is common
to the clinical use of the device, The longer dilata-
tions used to stabilize such intimal dissections
were accompanied by significant reduction in
quantitative electrocardiographic parameters of
ischemia even in this population whose anatomy
was initially considered potentially unfavorable
for autoperfusion,
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Chapter 9

Comparison of Continuous ST-Segment Recovery
Analysis with Methods Using Static
Electrocardiograms for Noninvasive Patency
Assessment During Acute Myocardial Infarction



Amﬂy% with Methods @
diograms for Noninvasive Patency
ment During Acute My

raial lnfarction

Rolf F. Veldkamp, MD, Cindy L. Green, MSc, Michelle L. Wilkins, James E. Pope, Mb,
Sharon T. Sawchak, RN, Jill A, Ryan, RN, Robert M. Califf, MD, Galen S. Wagner, MD,
and Mitchelt W, Krucoff, M, for the Thrombolysis and Angioplasty in Myocardial
Infarction (TAMI} 7 Study Group

Continuous ST-segment recovery analysis and 5
stutle mothods using 8T-2egment compailzon he-
twesn a pre- and postdreatment electrocardio-
gram wero compared for thalr abllity to predict
Infarcivelated artery patency In 82 patlents with
seute myocardial infarctlon who underwent an
glography a median of 124 minitos afier onset
of thrombolytlc treaiment. Accuracy at tho mo-
ment of angiography was B5% (95% condidence
Interval [C1] 77% to 93%) for the continuous
mothod, and 68% (€} B7% to 78%), 78% (Cl 69%
to 87%}), 83% (C1 74% to 91%), 82% (CI 73% to
80%), and 80% (Cl 71% to 85%) for the statle
rothods. At the moment of anglography tho
most aceurate static mathod and the contlnuous
mathod agresd In patency essassmant In 80% of
tho patienis (€1 84% to 97%). Agresment was re-
duced to 83% (Ct 75% to 91%) of patients when
a patency ascessment was performad earler at
90 minutes after treatmant onset, and was only
T7% (C1 88% to 88%), at 60 minutes. Early dis-
agresment was malnly esen when the continu-
ous 8T recording showed ST recovery from a de-
tayed peak ST elovation afier the pretrestment
static electrocardiogram or when dynamlic Y
changes suggesting cyclio reperifusion ocourved.
Continuous ST-zagmernt recovery analysls ap-
pesars to bo as accurate as the most accurate
static mothods. Conlinuously updated reforence
polids appenr to give iImporiant additlonal hifor-
matlion when 8T recovery follows a delayed peak
8T elovatlon or when reelevation occurs, sug-
gasting cyclle flow changes. Sueh findings ap-
pear to affect about half of patlents with acute
myocarilal infarction treated with Intravenous
thrombolysls, particularly early after adminlstya-
tion of therapy.

(Am J Cardiol 1994;73:1068-1074)
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atients with acute myocardial infarction in whom
oronary patency is not restored after intravenous
thrombolytic therapy may benefit from additional
pharmacologic or mechanical therapy.!"1 Because it is
not feasible to subject alt patients to acule coronary an-
giography, an accurate noninvasive patency assessment
method is desirable, Several methods using assessment
of 8T-segment recovery beiween a single pretreatment
electrocardiogram and 21 static post-treatment electro-
cardiogram have been correlated with infarct-related
artery patency.!' 5 However, only | study included si-
multaneous electrocardiographic and angiographic as-
sessments. More recently, conlinuously updated ST-seg-
ment recovery analysis for real-time noninvasive patency
assessment has been reported using digital ST moni-
tors, ™18 Jt uses a continuous stream of 12-lead electro-
cardiograms, recognizing true maximal and minimal ST
deviations as they occur rather than making assessments
at static intervals 20 The added demand for a dedicated
ST monitor and use of a more complex algorithm must
be weighed against simpler static methods, This retro-
spective study assessed such differences in a single pop-
ulation of patients with acule myocardial infarction, in-
cluding (hose differences at the moment of simultaneous

angiography.

METHODS

Patient poputation: One hundred forty-four patients
from the Thrombolysis and Angioplasty in Myocardial
Infarction (TAMIE) 7 trial with ST monitoring and acute
coronary angiography as previously deseribed®2! were
considered for this study. Briefly, paticnts presenting
within 6 howrs after symptom onset, without contra-
indications for thrombolytic therapy, and able to give in-
formed consent were eligible, Enroliment in the TAMI
7 trial required ST elevations of =100 .V nyeasured .02
secend afier the J point in (1) 2 inferior leads, (2) 2 pre-
cordial teads, (3) teads I and aVL, or (4) ST depression
of the precordial leads consistent with posterior infarc-
tion. Patients were not enrolled if they had evidence of
a previous Q-wave infarction in the same arca of 5T el-
evation, Patients received “front-loaded” regimens of re-
combinant tissue-1ype plasminogen activator and acule
catheterization per the TAMI 7 protocol.! Thirty-four
patients whose ST monitoring was initiated >30 minutes
after onset of thrombolytic treatment were excluded from
this study. In addition, I0 patients were excluded because




a pretreatment electrocardiogram was missing, and 18
more were excluded whose ST monitoring was inter-
rupted or confounded by noise or transient conduction
abnormalities for >30 minutes before catheterization.
Thus, of the 144 patients wilh angiography and ST-seg-
ment monitoring in the TAMI 7 trial, all 82 who could
be analyzed for the purposes of this study were included,

Anglography: Angiograms were analyzed at the core
angiographic laboratory at the University of Michigan,
where investigators were unaware of all efecirocardio-
graphic data after onset of therapy, As described previ-
ously,”® angiographic patency was evaluated at the first
contrast injection of the infarci-related artery, The
Thrombolysis in Myoccardial Infarction (TIMI) trial fow
0 to 1 was taken as occluded and TIMI flow 2 to 3 as
patent. Collateral flow was not considered,

ST monitoring: All patienis were connecled to the
digital 12-lead ST monitor previously described,’s All
electrocardiograms recorded with the ST monitor were
transferred to a floppy disk for later analysis. An ST mon-
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itor electrocardiogram simultaneous to the first contrast
injection of the infarci-related artery was printed out for
the static electrocardiographic comparisons.
ST-nonitoring analysls: Continuously updated ST-
segment recovery analysis, the specific criteria and abil-
ity to predict infarct-related artery patency have been de-
scribed in detail.'*!2 In contrast to static melhods, during
periods of ST-segment worsening, the reference elec-
trocardiogram is continuously updated to the electrocar-
diogram with the most ST elevation. ST recovery of
250% from this most ST-elevated electrocardiogram is
used o define periods of reperfusion. During such pert-
ods of 8T recovery, the reference electrocardiogram is
continuously updated to the electrocardiogram with the
least ST elevation, Subsequent ST reclevation of 2(50
BV in 2 leads or 2200 p.V in | lead refative to this most
3T-normalized electrocardiogram is wsed to define peri-
ods of recurrent occlusion. Subsequent points of maxi-
mal or minimal ST deviation are used as continuously
updated reference points over the entire recording. Time
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TABLE | Description of Each of the Static Electrecardiogram Recovery Analysls Mathods*

$T-Red. Time

Method Author Leads 111 Measured (%} {min)

| von Essenll L6 tand | F+60ms > 55 60

I Hogg!2 Worstlead 1 Jpoint » 50 180

1] Saranl3 Worst lead 3 J point »25 180
[\ Hackworthyl4 12 feads t 3+ 40ms >40 60, 120

v Clemmensent® 11 Jeads t 1 polnt =20 50

*Leads used bo caoulate the amourt of ST fecouery,
measurgment pint, percent recovery required for pale
momentof the patency assessment.

t = ST elevation; | = ST depression.

Red, = reduction,

maasuremgnt of only efevation or both eleyation and depression,
et preciction, and time from onset of treatmend bo the stipulated

—
TABLE It Occlusion Detection Rate, Patency Detection Rate,
and Accuracy for Each of the Static Methods {I to V) and for the

Continuous Method*

Sensitivity Specificity Accuracy

Method {%) {%) {%} indet.
i 71{52-91) 46(53-79) 68(57-78) 8(10%)
1] 63(43-82) 84(76-94) 78(69-87) 1(1%)
1 58(39-78) 93(86-100) 83(74-91} 1{1%)
[\ 60{41-79) 93(86-10¢0 82 (73-90)
v 48 (27-68) 93 (B6-i00) BO(71-8%) 2(2%)
Continuous 64 (45-83) 93 (B6-100) 85(77-93)

. "Tha nwrber of Indaterminate predictions that were excluded from the denominator
in each of tha static methods are miven in the ar right column.
Indet. = indaterminate predictons,

from onset of thrombolytic therapy to fiest evidence of
patency, the number of recurrent occlusions before an-
giography, and time to stable patency were recorded for
each patient, Patency was considered stable if from that
moment onward no recurrent ceelusions occurred before
angiography, Patients were then classified into | of 5 pat-
tems of ST recovery (Figure 1), similar to those de-
scribed by Dellborg et at, 20

Static electrocardlogram methodology: All 5 pub-
lished methods comparing static pre- and post-treatrent
electrocardiograms to predict infarct-related arlery pa-
tency were selected for their ability to repreduce the
method with available electrocardiograms,=15 Table [
summarizes their essential features, Reported accuracies
of these methods have previously been published 22
Hard-copy electrocardiograms before therapy and at the
momeit of angiography were hand-measured as speci-
fied by each published method by an experienced tech-
nician unaware of ali olhier data, Predictions of “patent”
or “cecluded” were determined for each patient using
the threshold for ST recovery of each method. An "in-
determinate” prediction was given if a methed could not
be applied owing to absence of the required ST devia-
tion in the leads specified for measurement.

Data analyels: The ability to predict the angio-
graphic stalus comectly was described as sensitivity,
specificity, and accuracy, Sensitivity was defined as the
number of patients correctly predicted as “occluded™ as
a percentage of the total number of patients with an an-
giographically occluded infarct-related artery. Speci-
ficity was defined as the number of patients correctly pre-
dicted as “patent” as a percentage of the total number of
patients with an angiographically patent infarct-related

’_TA—BLE 14 Number of Disagreements In Patency Assessments
Between the Centinuous Method and Static Methad 1V Listed
According to Seurce of Disagreernant and In Which ST-Recovery

Pattern Group They Occur

Minutes
Disagreament
Soutie Patten 60 920 Anglography
Delayed peak 3,5 14 10 4
Reetevation 4,6 1 1 9
Threshold 1,2 4 3 4
MNe disagreement (%) 63(77)  68(8% 74 (80)
{68-85) (¥5-91) (84-97)

‘percentages of the botal poputation 2ad 95% corfdencs Emits are given batween
brackels, See tesl far explanation.

artery, Accuracy of a patency assessment method was
defined as the overall number of correct predictions as
a percentage of the study population. Patients whose pre-
dictions were “indeterminate” owing to inapplicability
of a static method were excluded from the denominator
of that method. To determine the likelihood of interpre-
tative differences over the course of early patient man-
agement, assessments of the continuows method and the
most accurate static method at angiography were also
compared at 60 and 90 minutes after onset of treatment,
Disagreements were related 1o the overall ST recovery
pattern registered with the ST monitor,

RESULTS

Eighty-iwo patients were included in this study, of
whom 82% were men, with a median age of 56 years
{quartile range 47 to 66). Age and gender distribution
were not significantly different from the TAMI 7 patients
not included in this study. Thrombolytic treatment was
initizted a median of 156 minutes (quartile range 114 to
235) after symptom onset. First injection of contrast in
the infarct-related artery occurred a median of 124 min-
ules (quartile range 93 to 163; range 20 to 336) after on-
set of thrombolytic therapy. The infarct-related artery
was the left anterior descending in 37 patients {45%),
left circumflex in 1F (13%}, and right coronary artery in
34 (42%). Multivessel discase was seen in 489 of the
patients, TIMI flow was grade (1o 1 in 25 patients (309%),
grade 2 in 13 patients (16%), and grade 3 in 44 patients
(54%).

Sensitivity, specificity, and accuracy with which each
method predicted infarct-related artery patency is listed
in Table O, Method I considered limb leads only, and so



was indeterminate in 8 patients (10%) with isolated an-
terior ST deviation. In 3 other static methods, 1 or 2 pa-
tients were excluded as indeterminate because they only
had ST depression, although the methods specified 5T
elevation. Ninety-five percent confidence intervals were
wide, but sensitivity, specificity, and accuracy of the con-
tinuous method seemed equal to those of static methods
HELA

The frequency wilh which each of the 5 palterns of
ST recovery occurred in this population is shown in Fig-
ure 2. Timing of ST evidence of patency, recurrent oc-
clusions, and stable patency were highly variable and
did not correlate with any suggested slatic assessment
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moememt, Median time to first reperfusion was 40 min-
ules, ranging from 39 minutes before to 136 minutes af-
ter onset of thrombolytic reatment, At least 1 recurrent
occlusion was seen in 32 patients, with a median of 1
and a maximum of § recurrent occlusion(s). Stable reper-
fusion was seen a median of 97 minutes (range 50 to
204} after onset of thrombolytic therapy,

The most accurate static method IV was compared
with the continuous method at 60 and 90 minutes after
onset of thrombelytic therapy in addition to the moment
of angiography a median of 2 hours after onset of throm-
bolytic therapy, Table I shows the frequency of dis-
agreement at each assessment time relative (o the over-

pattarn 2 32%
{22-42%)

pattern 3 16%
(7-22%)

paltern 4 18%
(10-26%)

paltern 1 156%
(7-22%)

FIGURE 2, Octurrenco of 8T recov-
ery patterns as (1) continuing 8Y
elovatlon, (2) 8T recovery without
reclovallon, (3) ST recovery after
a delayed peak, (4) 8Y recovery
followed by z1 87 reelevation
eplsods, and (B) 8T recovory aftor
a delayed peak and followed by >1
reslevation epleodoe. Tha paicent-
age of the study population in
each group Is given, with the 85%
confldence Hmits In parentheses.

pattern 5 21%
{12-30%)

X

900+

6007 Y40%

300+

0

60’

g0’ ANGIO

2 hours
continuous method

static method IV

FIGURE 3, SY-zegment deviatlon over time recordad In leed V, In o patlent with a delaysd pesk (pattemn 3). When
the continuous method ldentifled 60% 8T recovery from o dolayed peak (P) and aseested the Infaret ertery as
patent, the atatic method predicted an occtuded Infarct-related artery, because of <40% 8T recovery from tho pres
trestment olectrocardlogram reference SY level (dashed ling), Furlher 8T recovery progressed below tho siatle
mathod threehold 13 minutes Iater, leading to concordance In assessmeait from that moment onward, Thus, ak

though the continuous method end statlc mathod IV disagree In patency assessment at 60 minutes after onset of
thrombolytic therapy (TTX), thay agree 80 minutes and at tho momant of anglography almost 2 hours after onast
of troalment. The 4 verifcal arrows Indlcate timing of the following: onset of thrombolytic therapy (YTX), patency
assossments poerformed at 60 minutes (60') end 80 minates (90') after oneet of treatment, and the moment of an-
glography (ANGIO). The 2 horlzonts! arvows indleato the timo durlng which the continuous methed or statle method
IV would acsass the Infarct-related artory as patent. Anglography revealed Thrombolysls in Myocardial Infarction
trlel grada 3 fiow through a proxlmal left anterlor descending artery laalon.
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all pattern of ST recovery. Disagreement in patency as-
sessment was more commen earkier after thrombolytic
therapy and was most often related to ongoing dynamic
behavior in 3T recovery {pattems 3, 4 or 5).

DISCUSSION

A miethod of conlinuously updated ST-segment re-
covery analysis was developed using identification of
true maximal and minimal ST deviation as they occur
to altow real-time noninvasive patency assessment of the
infarct-refated artery,'>'8 The added computational de-
marnds and need for a dedicated ST monitor must be
weighed against simpler methods comparing static pre-
and post-treatment electrocardiograms, These data sug-
gest that static methods may undersample during dy-
namic periods early in acute myocardial infarction and
therefore miss important additional information regard-
ing ST recovery or reelevation, Relative concordance
between the continuous method and 4 of the 5 static
methods was seen when compared with simultaneous
angiography a median of 2 hours after onset of throm-
bolytic treatment, Population size restricted delection of
modest differences (type H error). Disagreements early
after (herapy wese mainly seen after a delayed peak ST
level (Figure 3). At least 5 patterns of ST recovery could
be characterized, similar to descriptions by Dellborg et
al.?" One cannot predict in advance which pattem a pa-
tient witl follow early after thrembolytic teeatment. It is
our supposition that often the timing of monitoring on-
set relative to the onset of infarction defines these pat-
terns. When cyclic flow is present, varying onset of ST
monitering may result in pattern changes, Other reasons
for these dynamic patterns coutd be the effect of collat-
erats, 225 or worsening of ischemia due to reperfusion
injury.?” Whereas these data do not further clarify un-
derlying mechanisms, the frequency of these pattemns is
notable. In addition, precisely which patients may evi-
dence which pattern, and when ST recovery or recurrent
elevation are likely to occur are also highly unpre-
dictable. Definition of the ST recovery pattern in indi-
vidual patients requires frequent electrocardiographic
sampling, which can be facilitated with an automated
device,

Study HmHetlons: Only 82 of the 144 TAMI 7 pa-
tients with analyzable ST-meonitor recordings were se-
lected for this study. Strict crileria were set to accom-
modate stipulations of all methods as closely as possible.
Thus, the resultant population size was small. Subtle ac-
curacy dilferences relative to angiography could there-
fore not be evaluated.

Ahthough early infarct-related artery patency is a ma-
jor determinant of survival,'-¥ characierization of phys-
iologically adequate reperfusion or benefit of secondary
reperfusion stralegies remains controversial. This is gar—
ticularly true in patients with TIMI grade 2 flow?? or
collateralized occlusion.?>2¢ Barlier published reports
stated that 8 of 10 patients with TIMA grade 2 flow and
4 of 10 patients with cottateralized occlusion display ST
recovery,® and could therefore be considered patent, De-
spite the controversial nature of the angiographic “gold
standard” itself, all ST-recovery methods would be ex-
pected to be simitarly affected.

Patients with prior Q-wave infarclions in the same
area of ST elevation were not enrolfed in the TAMI 7
tral, It is not known whether this may somewhat limit
ihe generalization of the performance of hese methods,
It is expected that the continuous and static methods
would be similarly affected.

Clinicat implications of cyclic reperfusion are not yel
fully understood, although preliminary evidence sug-
gests that it has functional significance.®20 A single
electrocardiogram only gives a “snap-shot” assessment
and would miss this diagnosis by undersampling, Con-
tinuous ST monitoring can help define clinical relevance
and response to treatment of such unstable infarct-re-
lated artery beliavior,
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DISCUSSION

I: INTERMITTENT CORONARY REPERFUSION

Hacket and co-workers demonstrated the
close temporal relation between ST-seg-
ment elevation and coronary occlusion in
45 acute myocardial infarcton patients
prior to and following intracoronary infu-
sion of streptokinase using continuous 5T-
segment Holter monitoring with concomi-
tant serial angiographic observations.'
Fifteen patients demonstrated 29 episodes
of transient ST normalization, 12 (in 8
patients) occurred spontaneously prior to
coronary angiography, and 17 (in 8 pa-
tients) during coronary catheterization of
which 13 (in 7 patients) occurred during
streptokinase infusion. Occlusion was
always found during episodes of ST-seg-
ment elevation and patency coincided
with resolution of ST-segment elevation
(Figure 1), Coronary occlusion in the early
phase of myocardial infarction was fre-
quently intermittent and was reflected by
ST-segment recovery and re-elevation,
Table 1 lists the percentages of patients
with ST evidence of intermittent reperfu-
sion in 7 different studies.'”” While diffe-
rent therapies aimed at reperfusion were
applied, intermittent reperfusion was
observed consistently in approximately
37% of the patients (95% confidence inter-
val 34 to 40%), of which 27% (19 to 36%)
occurred before either thrombolytic thera-
py or coronary angioplasty was initiated.
This may be explained by unstable pla-
ques resulting in intermittent coronary
occlusion, the dynamics of the thrombus
formation and breakdown under influence
of both treatinent with vasodilators, aspi-
rin, heparin, or thrombolytics, coronary
spasm, or intermittent collateral blood
supply. ™ It has been reported that
patients with intermittent occlusion as
evidenced by dynamic 5T changes had a

larger infarct size as recognized by higher
maximum Lactate Dehydrogenase-1 level,
a more pronounced change in QRS vector
after 24 hours, a longer time to peak Crea-
tine Kinase, and a (non-significant) ten-
dency towards higher 1 year mortality
than patients who do not show ST evi-
dence of intermittent reperfusion.’ Fur-
thermore, it was noted that a beneficial
effect of ri-PA could not be shown in enzy-
matic parameters of infarct size, electrocar-
diographic parameters of infarct limita-
tion, or clinical outcome when compared
with the placebo group in the patient
group with ST evidence of intermittent
reperfusion.’ In 618 patients of the
GUSTO-1 ECG substudy a weak but signi-
ficant inverse relationship was found
between the presence of recurrent ST
elevation and left ventricular ejection
fraction (r = - 0.16, p = 0.001).”

It is not known whether these unfavora-
ble outcomes are caused by for instance re-
peated reperfusion injury, longer total
occlusion duration, or higher incidence in
more proximal coronary lesions, or whe-
ther this is largely due to the fact that
intermittent reperfusion is more obvious
when infarction generates higher ST-seg-
ment amplitudes. Although more studies
into the pathophysiology and clinical
relevance of intermittent reperfusion are
needed, these data strongly suggest that
cyclic reperfusion might have clinical
significance regarding outcoine and effect
of treatinent, Whether there is a difference
in mechanism and outcome between early
versus late recurrent occlusion may also
need further investigation.

H: ACCURACY OF CONTINUOUSLY UPDATED
ST-SEGMENT RECOVERY ANALYSIS

The most reliable method to assess coro-
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Figure 1 ‘
Streptokinase
ISON 2mg i, ¢, by o {
ECGLead V2 o TArta S S
{mv) 100 ] ;
ST-1 |
Posltive Avea 50 - 5 |
. ms} J W M
0 * :f
r open | open  QpEN QPN
500 — wb!olaln closed
12 point q
{uv) 250
0 \1{»\ u

Heart Rate 100 :
(TR TR TR W

0

r—

e T e e
09.00 0430 1000 1030 11.00 1L% 1200

Time {hours}

Computerized analysis of a continuous ambulatory electrocardiogram (Holter - ECG) from a patient
with recurrent ST-segment elevation and coronary reocclusion during continuous Streptokinase
infusion. Initially, ST-seginent elevation was recorded at 9:06 hours, and after intra-coronary
isosorbide dinitrate (ISDN), the ST-segment returned to baseline, ST-segment elevation recurred with
anglographically documented coronary occlusion at 9:30 hours during continuous Streptokinase
infusion. After additional ISDN, the ST-segment again returned to baseline with angiographic
documentation of coronary recanalization, ST-segment elevation recurred at 9:58 hours, but coronary
angiography was not performed during this episode. After additional ISDN the ST-segment again
returned to baseline, Reprinted by permission of The New England Journal of Medicine, Hacket D, Davies
G, Chierchiz 5, Maseri A; volme 317: pp 1055-9, 1987, Copyright 1987, Massachusetts Medical Society.
All rights reserved.

treatment ECG will misrepresent the phy-
slologic behavior of reperfusion when one

nary reperfusion status is repeated coro-
nary angiography. This, however, is a

burden on the patient and hospital resour-
ces, while catheterization laboratory facili-
ties are not available to all hospitals. A re-
liable, noninvasive assessment technique
able to detect reperfusion and recurrent
occlusion over time would therelore be
useful. As indicated above, ST changes
correlate with angiographic patency.
However, it should be appreciated that
static patency assessmenis comparing a
single post-treatment ECG with a pre-

or multiple recurrent occlusions oceur or
when ST recovery occurs following a late
peak in ST elevation.” " " For this reason
continuously updated ST-segment reco-
very analysis has been developed. Table 2
lists performance parameters of 4 studies
using continuously updated ST-segment
recovery analysis to predict simultaneous
angiographic coronary {low status of the
infarct related artery.**"* Continuously
updated ST-segment recovery analysis has
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Table 1

Author N treatment A/ST  intermittent reperfusion before treatment

Davies’ 9 IC-SK A+ST 6 (67%) 1 (11%)

Hackett' 45 IC-SK A+ST 22 (49%) 8 (21%)

Krucoff 22 IV-TTX A+ST 11 (50%) 5  (31%)
PTCA

Dellborg’ 103 rt-PA ST 35 (34%) 16 (34%)*
Placebo

Kwon® 31 IV-TTX ST 11 35%) not reported

Veldkamp® 82 IV-TTX ST 32 (39%) not reported

Langer’ 618 IV-TTX ST 221 (36%) not reported

910

338 (37%) 30/110 (27%)

Qccurrence of Intermittent reperfusion in acute myocardial Infarcton as reported in 7 different
studies.”” N = the number of patients in the study; A = serial angiographic observations; ST =
continuous electrocardiographic ST-segment monitering; IC-SK = intracoronary streptokinase; IV-TTX
= intra-venous thrombolytic treatment; rt-PA = recombinant tissue type plasminogen activator; * in

the placebeo group,

shown to be a useful noninvasive indica-
tor, although especially the sensitivity for
occlusion may be improved. Use of conti-
nuously updated ST-segment recovery
analysis has not yet been validated in
patients with delayed ventricular conduc-
tion, but this comprises only a small part
of the population of acute myocardial

infarction patients." "' More restricting
is the requirement that initial ST deviation
indicating coronary occlusion is still pre-
sent when ST monitoring is initiated. In
fact, accuracy of patency assessment by
continuous ST-segment recovery analysis
strongly depends on peak ST deviation."™"*
This requirement favors the analysis of

anterior above inferior infarctions and
both above posterior infarctions,””” Avail-
ability of hard-copy electrocardiograms
recorded during coronary occlusion can
substitute missing data prior to initiation
of ST-segment monitoring, but this limits
the detection of the onset and stability of
reperfusion.

1H: ST MONITORING FOR TRIAGE FOLLOWING
THROMBOLYTIC TREATMENT

To avoid unnecessary bleeding risk,
thrombolytic therapy might be disconti-
nued in acute myocardial infarction pa-
tients when ST recovery evidences early



Table 2

Author N TIMI 0-1 Sens. Spec. Acc. PPV NPV Comments

Krucoff® 44 - 90% 92% - - - pilot study; formal algorithm, 44 serial
observations in 22 pts,; not blinded; few
data on performance

Krucoff” 144 38 (27%) 64% 90% 83% 71%  87% correct study design; formal algorithm

Dellborg™ 96 26 (27%) 73% 83% 80%  61% 89% correct study design; both ST nd QRS
information used; only partially forma-
lized algorithm

Klootwijk” 302 105 (35%) 44% 84% 70% 59%  74% complex study design; formal simple

algorithm; late onset of monitoring;
relatively inexperienced participants

Four studies r?orting the performance of continuously updated ST-segment recovery analysis as compared against simultaneous coronary
angiography.*™" N = number of observations; TIMI 0-1 = thrombolysis in myocardial infarction flow grade 0 or 1 All studies considered TIMI flow grade
2 or 3 to reflect infarct related artery patency, presence or absence of collateral blood supply was not taken into account; Sens. = sensitivity, the ability
to detect an angiographically occluded infarct related artery; Spec. = spedficity, the ability to correctly predict an angiographically open infarct related
artery; Acc. = accuracy, the percentage of correct predictions overall; PPV = positive predictive value, the percentage of correct predictions of an occluded
infarct related artery; NPV = negative predictive value, the percentage of correct predictions of a patent infarct related artery; - = information was not
reported or reconstructible from given data.
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Figure 2
Possible treatment options (right column) that could be chosen depending on the reperfusion behavior
following thrombolytic therapy for acute myocardial infarction as evidenced by continuously updated
12-lead S5T-segment recovery analysis {2 columns on the left side). In the 3 dimensional graphs in the
far left column the X-axis represents each of the 12 leads, the Y-axis represents the ST deviation
measured 60 milliseconds after J-point, and the Z-axis represents time.’ The third coluran explains
clinical implcations of the different types of reperfusion behavior. Early stable reperfusion is
associated with limitation of infarct size, electrical stability of the myocardium, and improved
survival. 2 Early cyclic reperfusion is associated with large infarct size and decreased survival,”” No
reperfusion is related with farger infarets, etectrical instability, and decreased survival.”®' Recurrent
occlusion, potentially resulting in recurrent infarction is associated with increased morbidity and
mortality.”®

It has been suggested that thrombolytic therapy may be stopped once ST recovery signifying
reperfusion has occurred,”” When ST recovery is followed by recirrent ST elevation suggesting
cyclic reperfusion, addition of emﬁ-coagutants, platelet inhibitors, or higher doses of vasodilators may
be helpful in stabilizing reperfusion,"™™ When no reperfusion occurs following thrombolytic therapy,
or when late recurrent occlusion occurs, rescue thrombolytic therapy,”™” or angiography with rescue
PTCA™ or intra-coranary thrombolytic therapy"' may be considered. Trials testing these strategies
following triage with continuously updated ST-segment recovery analysis and other neninvasive

patency assessments are warranted.

reperfusion of the infarct related artery.””
Patients suffering from acute myocardial
infarction, in whom thrombolytic therapy
fails to provide early and stable reperfu-
sion might benefit from additional treat-
ment such as rescue angioplasty, rescue
thrombolysis, or from additional medical
treatment such as antithrombin or anti-
platelet compounds.”™ Figure 2 illustrates
the possible treatment options that could be
chosen depending on the reperfusion be-
havior as evidenced by continuously up-
dated ST-segment recovery analysis, Many
of these options are under debate or have
not yet been investigated, partly because a
useful (continuous) non-invasive patency
assessment method was not available until
the development of continuous real-time
ECG analysis. The potential value of stop-
ping thrombolytic treatment once reperfu-
sion has been achieved, rescue thrombo-
lytic therapy, and rescue coronary angio-
plasty (PTCA) will be discussed below.
Further research into the reperfusion pat-
terns following thrombolytic therapy and
treatment strategies dependent on the
spectfic reperfusion pattern is required, so

that treatment regimens can be optimized
according to the individual’s response.

Stopping thrombolytic treatment once reperfu-
sion has been achieved

When rapid ST-segment recovery indicates
reperfusion through the infarct related
artery administration of the thrombolytic
agent might be discontinued to reduce the
risk of intracranial hemorrhage.” Further-
therapy should be aimed at prevenling
recurrent occlusion. One might consider
that continuation of thrombolytic drug
administration beyond the moment of
reperfusion could help to resolve the remai-
ning thrombus. However, little if any bene-
fit of prolonged administration of rt-PA was
observed in a trial addressing this issue,””
while prolonged administration of throm-
bolytics might increase the risk of bleeding
complications™ It should therefore be
investigated whether cessation of thrombo-
lytic therapy with subsequent anti-platelet
or anti-coagulant therapy once ST evidence
of reperfusion occurs does indeed reduce
bleeding complica-tions without compromi-
sing stability of reperfusion.



ST pattern suggesting | clinical suggested action
early stable |smallinfarct size stop thromboivtic therapy
reperfusion | electrical stability

survival A

early cyclic

large infarct size

stop thrombeolytic therapy

reperfusion .
anti-coagulanis
platelet inhibitors
= survival ¥ vasodilators
no large infarct size repeat thrombolytic therapy
reperfusion | q\octical instability
‘\wgm-% Sae urgent angiography & PTCA
e RS s
T - survival ¥ ¥
iate recurrent infarction repezt thrombolytic therapy
recurrent
occlusion

survival ¥ ¥

urgent angiography & PTCA

L6



98

Rescue thrombolytic therapy

In patients with persistence of 5T eleva-
tion, indicating failure of thrombolytic
therapy, or with recurrent ST elevation
following initial signs of successful reper-
fusion, addition of a second thrombolytic
agent or prolonged infusion of the same
drug might be successful ("rescue throm-
bolysis"). So far the efficacy and safety of a
second dose of thrombolytic therapy for
recurrent  occlusion following initial
thrombolytic therapy has been addressed
in a limited number of patients in 4 reports
(Table 3).°*" These studies suggest high
short term efficacy with a modest increase
in bleeding complications following re-
treatment with either recombinant tissue-
type plasminogen activator (alteplase) or
streptokinase. Repeat administration of
streptokinase may be accompanied by
allergic reactions, and neutralizing anti-
bodies sufficient to inhibit conventional
doses of streptokinase may develop as
early as 4 days after the initial administra-
tion.” Repeated administration of strepto-
kinase or streptokinase containing anistre-
plase (APSAC) should therefore be avoid-
ed. The small groups preclude definite
conclusions and in neither of these studies
a comparison was macde with other strate-
gies or placebo. It is therefore not known
whether recurrent ischemia would have
resolved spontaneously in these patients.
Still, in all 4 studies recurrent ischemia of >
30 minutes was required, suggesting that an
intervention was warranted. Further studies
are needed on both safety and efficacy, com-
paring them with either placebo or other
strategies such as rescue PTCA, The value of
a prolonged dose of the same agent or a
second dose of a different agent when the
primary thrombolytic agent was unstuc-
cessful remains to be investigated, Most
importantly, studies are needed focussing on
the prevention of recurrent occlusion.

Rescite coronary angioplasty

Coronary anglography with ‘“rescue
PTCA" in patients with ongoing or recur-
rent occlusion has been under debate for
about a decade now but only 2 rando-
mized trials have been organized ™ The
strong polarization between proponents
and opponents, the deficiency of 24 hour
catheterization facilities, and the lack of
reliable non-invasive patency assessment
methods have made it difficult to organize
a large enough multi-center trial that can
give a definite answer.” Table 4 lists argu-
ments in favor and against a sirategy of
rescue PTCA.

Belenkie and co-workers randomized 28
patients with an angiographically deter-
mined failure of thrombolytic therapy. Of
the 16 patients treated with rescue angio-
plasty only 1 patient died during hospitali-
zation, notably 1 of the 3 patients in whom
PTCA failed to restore patency, Of the 12
conservatively treated patients 4 died {p =
0,13, NS). Ellis and co-workers randomi-
zed 151 anterior myocardial infarction
patients with an angiographically occlu-
ded infarct related artery following throm-
bolytic therapy to rescue PTCA (n =78) or
a conservative strategy (n =73) 1.5 to 8 hrs
following onset of symptoms.” The pre-
specified primary endpoint of resting
ejection fraction after 30 days did not show
any improvement following rescue PTCA:
40 % 11% after rescue PTCA versus 39 +
12% following the conservative strategy.
Secondary endpoints were 30 day morta-
lity or congeslive heart failure {class OI-IV)
at 30 days. A trend toward clinical im-
provement following rescue PTCA was
noted: death in 5% and 10% (p = 0.18);
congestive heart failure in 1% and 7% (p =
0.11); and death or congestive heart failure
in 6% and 17% (p = 0.05) following rescue
PTCA versus conservative treatment res-
pectively. Furthermore, exercise ejection
fraction did show significant improvement



following rescue PTCA: 43 + 15% follow-
ing rescue PTCA versus 38 + 13% follo-
wing conservative treatinent (p = 0.04),

No definitive answers regarding the
value of rescue PTCA can be given based
on current evidence. With the data avail-
able a conservative strategy seems warran-
ted. Rescue PTCA should be reserved for
patients in whom the clinical, hemodyna-
miic status deteriorates following standard
conservative treatment. A sufficiently
large randomized trial of rescue PTCA
versus conservative treatment with non-
invasive ST monitoring and or biochemical
patency assessment for the primary triage
seems warranted. Furthermore, compari-
son with rescue thrombolytic therapy
should be made if efficacy and safety of
that strategy have been established.

1V: ST MONITORING IN CLINICAL TRIALS

Mortality following acute myocardial
infarction occurs relatively infrequent and
studies with a mortality endpoint therefo-
re require large study populations. Infarct
size, left ventricular function, and angio-
graphic patency of the infarct related
artery have therefore been used as alterna-
tive endpoints. Since angiography is not
available in every hospital there is an
increased interest in simple noninvasive
patency assessments.”* Early opening of
the infarct related arlery is directly related
to limitation of infarct size, preservation of
left ventricular function, and a better clini-
cal outcome.”™ Previous studies have
shown the unfavorable results of recurrent
occlusion.*””* The documentation and
timing of reperfusion and the assessment
of re-occlusion with continuousty updated
ST-segment recovery analysis might there-
fore serve as important endpoints in trials
comparing drug regimens aimed at early
stable reperfusion.

The GUSTO-1 ST-segment monitoring
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substudy was the first large scale attempt
to compare speed and stability of reperfu-
sion as assessed with continuously up-
dated ST-segment recovery analysis in 4
different thrombolytic regimens: 1) strep-
tokinase with subcutaneous heparin; 2)
streptokinase with intravenous heparin; 3)
accelerated rt-PA with intravenous hepa-
rin; and 4) streptokinase and rt-PA with
intravenous heparin.”” In this study 3
different devices were used: continuous
vector electrocardiography, continuous 12-
lead monitoring, and 3 channel Holter
recording.” In contrast with the angio-
graphic substudy in which the accelerated
t1-PA regimen showed higher early paten-
cy rates,” no significant difference was
found in time to first 50% ST recovery. The
ability to detect differences in time to 50%
ST recovery in this study may have been
hampered by the uncontrolled and vari-
able time to initiation of ST-segment moni-
toring and by differences among devices,
such as algorithms used for detection and
evaluation of ST shift.” These concerns are
supported by a multiple regression model
in which time to onset of ST monitoring
was the most significant predictor of time
to 50% recovery, followed closely by the
type of device used. Furthermore, techni-
cal requirements such as onset of monito-
ring within 1 hour following initiation of
thrombolytic therapy, no interruption of
monitoring prior to 50% ST recovery, or a
peak amplitude = 200 pV where not met in
over 40% of the patients who underwent
ST monitoring. The greater than expected
number of patients excluded from analysis
has reduced the power to detect differen-
ces.

The second a priori assumption in the
GUSTO-1 ST-segment monitoring substu-
dy was that patients treated with strepto-
kinase would show greater stability of ST
recovery.” The results showed that ST-
segment re-elevation reflecting recurrent



Table 3

author Barbash™ White™ Simoons™ Mendia”

N 52 31 26 11

N control group 1447 618

initial TTX rt-PA 100-120 mg or 5K 1.5 million Uor +-PA 100 mg rt-PA 100 mg

SK 1.5 million U rt-PA 100 mg

2nd TTX rt-PA 100-120 mg SK 1.5 million Uor rt-PA 50 mg (< 24 hrs) ri-PA 100 mg or
t-PA 100 mg rt-PA 100 mg (> 24 hrs) SK 1.5 million U

Hme to 2nd TTX < 1 hr (-8 days) 5 days (1-716) < 5Shrs (77} 10.5 days (1-28)

ST after 2nd TTX 44 (85%) - 26 (100%) 11 (100%)

angio-patency 18/29 (62%) * 16/22 (73%)** 14/26 (54%) *** 10/10 (100%)**+*

after 2nd TTX

bleeding compl. 19% 13% 23% -

after 2nd TTX

bleeding compl. 6% 19%

in control group

transfusion 4% 3% 12% -

after 2nd TTX

ransfusion - 3%

in control group

ICHT 0 1 0 -

after 2nd TTX

ICH - 2

in confrol group




Table 3: Efficacy and safety of repeated administration of recombinant tissue-type plasminogen activator as reported in 4 studies™ In the first study

patients received either intravenous heparin, subcutaneous heparin, or placebo, depending on the main trial in which they where enrolled.
In the second study 19 patients received intravenous heparin. In the third study patients were randomized between intravenous heparin
or placebo. Patents in the fourth study were treated with subcutaneous or intravenous heparin. All patients received aspizin, and 12 patients
in the second study also received dipyridamole 400 mg daily. The control groups in the first and third study consisted of patients not
selected for repeat administration of thrombolytic therapy. TTX = thrombolytic freatment; rt-PA = recombinant tssue-type plasminogen
activator; SK = streptokinase; time to 2nd dose of thrombolytic therapy is reported as median and (one sided) range; ST! = ST recovery
following elevation, signifying reperfusion following the recurrent occlusion; angio-patency = angiographically documented patency
following recurrent occlusion; 1st TTX = the initial thrombolytc treatment; 2nd TTX = retreatment with recombinant tissue-type
Plasminogen activator; ICH = number of patients with intracranial hemorrhage; - = not reported.

Angiography was performed only when a second recurrent ccclusion was suspected due to recurrent chest pain and 5T elevation.

Twenty-two patients underwent late angiography. Reasons not to perform late angiography were early dead in 3, emergency CABG in 1, and known
coronary anatomy due to early angiography in 5.

Angiography was performed a median of 64 hours following the second dose of alteplase (range 2 to 120 hours).

Angiography was performed 2 72 hours.after the acute ischemic symptoms.
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Table 4

PRO rescue PTCA

CONTRA rescue PTCA

1. increased early infarct related artery
patency rates

2. patency, early or late, is associated with
improved short and long term survival

3. relatively late reperfusion may lead to
improved infarct healing, increased
electrical stability

4. late reperfusion may provide a source
for collateral flow in multi-vessel di-
sease

1. no proven benefit due to lack of ran-
domized trials

2. spontaneous late reperfusion may occur
{catch-up patency)

3. complications refated to emergency an-
giography and PTCA may outbalance
benefits

4. recurrent occlusion following PTCA
may reduce the salutary effect of a pa-
tent infarct related artery

5. may require referral to specialized cen-
ters

6. involves costly, impractical procedures

Arguments pro and contra rescue angioplasty (PTCAY} for failed or recurrent occlusion of the infarct

related artery following thrombolytic freatment.

occlusion occurred equally in each lreal-
ment group. This finding does support the
similar re-infarction and re-occlusion rates
seen in the main trial and the anglographic
substudy.” Results regarding time to
first 50% recovery and stability of ST reco-
very for the 4 treatment arms were inde-
pendent of the device used,

V: 5T MONITORING TQ DETERMINE PROG-
NOSIS

Besides the possibility to tailor thrombo-
lytic and adjuvant therapy to the patient’s
individual response, continuous real-time
ST-segment monitoring might be helpful
in determining the prognosis of individual
patients. Barbash and co-workers showed
in a series of 286 patients that a reduction

in the summated ST elevation of » 50%
from the admission ECG 1 hour after
treatinent onset with alteplase (rt-PA) was

-assaciated with a significantly smalier

infarct size (release of creatine kinase),
better preservation of left ventricular
function, lower morbidity, and improved
short and long term survival (Table 5/
Figure 3)." It is noteworthy that the sum-
mated ST elevation at admission had no
independent predictive value for clinical
oulcome when presence or absence of ST
recovery was taken into account. The
association between ST recovery and out-
come was less pronounced in patients with
inferior infarction as compared with pa-
tients with anterior infarction as the for-
mer already had a smaller enzymatic
infarct size, with a better clinical outcome



103

Table 5

rapid ST YES NO

recovery {n=189) {n=97)

24 hrs. total CK 5248 TU 10563 TU p < 0.0001
release (SD 4265} {SD 7762)

discharge 55% 44% p < 0.0001
LVEF (5D 12) (SD 14)

60-day 3(1.6%) 10 (10.3%) p =0.0015
mortality

CHF 8 (4.2%) 18 (18.6%) p < 0.001

The effect of rapid ST-segment recovery following treatment with rt-PA (> 50% reduction in
summated ST deviation within 1 hour following treatment onset) on: 1) total Creatine Kinase (CK)
release in 24 hours as an area under the curve of several samples; 2) left ventricular ejection fraction
(LVEF) prior to discharge assessed with radionuclide gated blood pool scan; 3) 60 day mortality; and
4) presence of congestive heart failure (CHF) during hospitalization {CHF at admission excluded
patients for this study). SD = standard deviation. Data reported by Barbash et al.*!

Figure 3
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by permission of the Britistt Heart Journnl, Barbash GI, Roth A, Hod H, Miller HI, Rath S, Har-Zavah Y,
Modan M, Seligsohn U, Battler A, Kaplinsky E, Rabinowilz B, Laniado S; volume 64: pp 241-7, 1930
Copyright 1990. All rights reserved.
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and ejection fraction. Other faclors that
influenced left ventricular function were a
history of prior infarction, presence of 3
vessel disease, age, and sex, while only a
history of prior infarction was also a pre-
dictor of mortality. Saran and co-workers
also found that rapid ST recovery was
associated with preservation of left ventri-
cular function.”

Preliminary data showed that patients
without ST re-elevation indicating recur-
rent occlusion > 3 hours after onset of
thrombolytic therapy have a lower morbi-
dity and mortality than patients with
unstable or failed reperfusion after 3
howrs.” Prognostic importance of para-
meters derived from continuous monito-
ring such as presence and timing of rapid
5T recovery, maximum amplitfude and
extent of the infarct zone, time to reperfu-
sion and early or late stability of reperfusi-
on need to be explored in large patient
groups and should be compared and
combined with other noninvasive clinical
information (e.g. age, history of angina,
history of prior infarction, enzymatic
infarct size, left ventricular function, treat-
ment delay, reperfusion therapy given,
presence of congestive heart failure, elec-
trocardiographic or enzymatic infarct
size)™* such that risk stratification and
thus medical care following reperfusion
therapy can be individualized as well.
Ideally the duration of hospital stay can be
shortened or lengthened based on indivi-
dual risk assessments. A very low risk of
complications could for instance lead to a
shorler stay at the coronary care unit,
followed by an earlier discharge.** On
the other hand, high risk patients would
require longer observation in the coronary
care unit. Models predicting long term
prognosis could also include outcomes of
early ambulatory ST monitoring following
discharge from the coronary care unit”®
or exercise treadmill electrocardiography

prior or following hospital discharge.””

VI: CONTINUOUS ST MONITORING DEVICES

Arrhythnia monitoring systems
Electrocardiographic monitoring systems
used to detect cardiac arrhythmias in real
time are available in most coronary care
units, intensive care units, medium care or
step down units {telemetry), emergency
rooms, catheterization laboratories, and
surgical suites. However, many of these
devices are not suitable for ST-monitoring,
although the displayed electrocardio-grap-
hic signal may show 5T abnormalities.
Often distortions of the low frequency
content of the signal due to inadequate
filtering techniques and ‘baseline wander
correction” may result in misleading mor-
phologies of the ST-segment,”* Further-
more, in most systems only one lead is
displayed on the central monitoring sta-
tion although many systems currently
record 2 or 3 leads simultaneously. Lead
orientation is focussed on arrhythmia
detection rather than ischemia detection
which results in decreased sensitivity for
ST episodes occurring in other areas than
the lead monitored.”*” Also, fatigue of the
medical staff, partly due to the display of
multiple patient tracings simultaneously
results in under-reporting of ST-episodes.”
Thus, these systems can only be used
reliably for ST monitoring if: 1) filtering
techniques result in an adequate low fre-
quency response; 2) lead orientation allows
detection of both ischemia and arrhytlunias;
and 3) proper ischemia detection algorithms
are integrated, including storage of com-
plexes and measurements for compatison in
full disclosure format and trending of the
ST deviation over time,

Holter recorders
The major disadvantage of Holter recor-
ders applied in continuous ST monitoring



is the retrospective off-line analysis not
allowing real-time triage al the bedside.
Holter ST monitoring should therefore be
restricted to use in comparative trials and
research.”™” Furthermore, the number of
leads monitored is restricted. A 3 lead
system with a {pseudo-) orthogonal orien-
tation such as an anterior lead V2, apical
lead V5, and an inferior lead aVF or III
should be preferred so that sufficlent inju-
ry current is recorded for ST-segment
recovery analysis.””*"*"*"” It is also impor-
tant to realize that ST-segment amplitudes
measured on the bipolar Holter recordings
are not fully comparable with ones mea-
sured on the unipolar precordial leads of
the 12-lead ECG.” An advantage of Holter
5T monitoring is that it records all beats
withottt front-end selection or classificati-
on, making it appropriate for the parallel
analysis of ST-segment recovery and
arrhythmias in full disclosure.**” Further-
more, many clinics already have Holter-
recorders for the purpose of arrhythmia
monitoring, and often their system is also
suitable for ST-segment monitoring with
an adequate frequency response and with
an adequate analysis system. Familiarity
with the device and financial considerati-
ons will lower the threshold for these
hospitals to participate in multi-center
trials,

Computer aided continuous multilead electro-
cardiography

Computer aided continuous multilead
electrocardiographic devices were deve-
loped to provide real-time information on
the dynamic ECG changes at the bedside
with optional alarms warning the clinician
when such changes occur. Two different
approaches for real-time computer aided
ECG monitoring have specifically been
developed for ST-segment monitoring and
are commercially available. The first one is
based on the continuous sampling and
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averaging of the 12-lead ECG. This thesis
describes parts of the development and
application of one of these devices, known
as the 5T100, developed in close coopera-
tion with and marketed by Mortara Instru-
ment (Milwaukee, WI, USA). Other manu-
facturers have developed continuous
multi-lead monitoring units based on
conventional electrocardiographic leads as
well ®

The second approach to real-time com-
puter aided ECG monitoring is the conti-
nuous moenitoring of the vector electrocar-
diogram, developed by Hodges, Seder-
holm, Grétum, Dellborg and co-wor-
kers.®® This device, known as the MIDA
1000 was developed in close cooperation
with and marketed by Ortivus Medical
AB, Téaby, Sweden. The 3 orthogonal vec-
torcardiographic leads X, Y and Z are
computed from the Frank lead system and
averaged to form mean vectorcardio-
graphic complexes. In acute myocardial
infarction studies the 2 most closely stu-
died derived parameters are the QRS
vector difference and the ST-vector magni-
tude. The QRS vector difference is espe-
cially sensitive to changes in the QRS
morphology and duration, making it a
parameter reflecting infarct evolution and
conducton changes. The 5T vector magni-
tude is the result of the ST-segment deflec-
tion in the 3 orthogonal leads and thereby
reflects the presence or absence of ST
deviation as a result of ischemia, similar to
the recording of the ST deviation in the 12-
lead device, Dellborg and co-workers re-
ported on the performance of evaluation of
the QRS vector difference and ST vector
magnitude changes for noninvasive paten-
¢y assessment (Table 2)." Only a marginal
benefit from monitoring the QRS vector
changes in addition to ST changes was
found, namely for patients with only mi-
nor changes in the ST trend. So far no fully
quantitative patency assessment algorithm
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allowing real-time analysis has been deve-
loped using continuous vectorcardiograp-
hic parameters. Thus, for bedside triage
one has to rely on visual inspection of the
trendlines of these 2 parameters over time,
The vectorcardiographic format is only
understood well by skilled medical per-
sonnel, although others generally intuiti-
vely will recognize parallels with the
standard 12-lead ECG. Its major advantage
is that spatial parameters of ST recovery
are easy to represent in a single parameter.

VIE OTHER NONINVASIVE PATENCY ASSESS-
MENT METHODS

Arrhythmia monitoring

It has been noted as early as in 1935 that
arrhythmias may accompany occlusion
and reperfusion of coronary arteries.”
Accelerated idioventricular rhythm (AIVR)
occurs most frequently during reperfu-
sion.¥ early occurring ATVR seems to be
the most reliable of the "reperfusion
arrhythmias"” ™ Table 6 lists 6 studies
focussing on the performance of early
AIVR as a predictor of infarct related
artery patency. With current knowledge it
can be considered a limitation of these
studies that presence of ATVR was not
correlated with cther continuous simulta-
neous registration of reperfusion behavior
such as multiple angiograms at the mo-
ment of arrhythmia or continuous multi-
lead ST-segment recovery analysis.m'62 The
possibility of a transient reperfusion cau-
sing the arrhytlunia could have been mis-
sed in the patient groups labeled occluded
by a single angiographic assessment. Re-
ported sensitivity and specificity varied
widely per study. No clear relation was
observed between the type of reperfusion
therapy (intravenous versus intracorona-
ry) or the administration of intravenous

lidocaine and the performance of AIVR as

a patency predictor. As can be seen in

Figure 4, sensitivity and specificity stron-
gly related to the reported incidence of
AIVR, which in itself varied widely per
study (5% to 71%). Incidence of AIVR
clearly depended on the monitoring dura-
tion following onset of thrombolytic thera-
py: the shorter the monitoring time, the
lower the incidence and thus the lower the
sensitivity and the higher the specificity
for reperfusion. Differences in incidence
may also be explained by differences in
AIVR definition, while other potential
causes could not be reconstructed from
reported data. Combined analysis of these
studies as shown in Table 7 support the
assumption that especially AIVR early
following thrombolytic therapy might
herald reperfusion with high specificity
but with low sensitivity due to its infre-
quent incidence of 35%. The negative
predictive value of 43% indicates that
AIVR cannot be used as a single noninva-
sive marker of infarct related artery paten-
cy. Furthermore, a direct temporal rela-
tionship between ST recovery as a marker
of reperfusion and the occurrence of reper-
fusion arrhythmias was not found in one
study.”

Bigchewmical assays

Presence or absence of infarct related
artery reperfusion can be detected by
rapid assays of myocardial proteins in
plasma, such as the enzyme Creatine
Kinase (CK),M'”'96 the cardiospecific iso-
form CK-MB, ' myoglobin,”*** and the
cardiac specific antigen Troponin T.*'*
An early rise in plasma levels of any of
these proteins indicates reperfusion. When
reperfusion oceurs, the rate of release of
these substances abruptly increases, prob-
ably as a consequence of the increase of
blood flow through the necrotic area
{"wash-out phenomenon"). Acceleration in
breakdown of compromised myocytic
membranes at the moment of reperfusion



Table 6

author

Sens.

Incid.

Spec. Lidocaine monitoring  comments

2-3 duration
Goldberg” 21 IC 81% 59% 100%  48%  all during ttx  definitoion of AIVR nor reported
Miller™ 31 IC 55% 82% @ 43%  71%  all 12 hours
Gorgels™ 87 IC 80% 37%  94%  31%  49%ondemand duringttx observation duration not reported

v

Gore™ 56 IC 45% 8% 97% 5%  ali 90 min. definiton of AIVR not reported
Hohnloser™ 82 IV 77% 40%  95%  32%  notreported 90 min.
Gressin™ 40 IV 73% 76%  82%  60% 32%ondemand 6 hours

Reported performance of early AIVR (accelerated idioventricular thythm) as a predictor of infarct related artery patency in & studies.”™ N = the population
size; ttx = the type of thrombolytic therapy involved; TIMI 2-3 = the percentage of patients with a reperfused infarct related artery at coronary
angiography; Sens. = sensitivity, the ability to detect an angiographically reperfused infarct related artery; Spec. = spedificity, the ability to correctly predict
an anglographically occluded infarct related artery; Incid. = the inddence of AIVR; Lidocaine = the percentage of patients receiving intravenous lidocaine;
IC = intra~corenary thrombolytic therapy; IV = intravenous thrombolytic therapy; VT = ventricular tachycardia.
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Figure 4
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Reported sensitivity and specificity of early AIVR (accelerated idioventricular rhylhm) as a predictor
5792

of infarct related artery patency related to the incidence of AIVR in 6 studies,

‘Table 7

Combined analysis of AIVR (N = 317)

pre-test probability of patency 70%
incidence of AIVR 35%
sensitivity 45%
specificity 97%
positive predictive value 97%
negative predictive value 43%
accuracy 61%

The combined analysis using the results of 6 studies assessing performance of occurrence of early
AIVR as a noninvasive predictor of infarct related artery patency.”” See also Table 6.



may also contribute to the increased re-
lease ("reperfusion injury”), The increased
early release following reperfusion can be
distinguished from failed reperfusion by
an earlier peak plasma level and/or a
higher rate of appearance into the blood-
stream.

The ratio of the Creatine Kinase (CK)
subforms CK-MB2/CK-MB1 may also be
used for noninvasive patency assess-
ment." Following reperfusion the unmo-
dified subform MB?2 is released into the
bleodstream at an increased rate. Enzy-
matic conversion into the MB1 subform
oceurs in the blood, With the sudden incre-
ase of MB2 typical of reperfused infarction,
the accumulation of MB2 in plasma ex-
ceeds the conversion to MBI, resulting in
an increased MB2/MB1 ratio. In contrast,
nonreperfused infarction is characterized
by a more gradual release of MB2 with a
relative constant conversion into MBI,
resulting in a lower MB2/MB1 ratio.

Patency assessments based on differen-
ces in the rate of appearance in plasma
between patients with and without reper-
fusion should be preferred above determi-
nation of the time from treatment to peak
plasma levels, since waiting for the peaks
to occur with serial plasma determinations
delays the clinical triage.”™* Simple assays
that can be performed 24 hours a day
preferably by the coronary care unit per-
sonnel, with rapid results, are essential for
clinical utility.”™ Table 8 lists published
assays that have been tested in humans
and can be used in the early assessment of
infarct related artery patency.™”**'* All
assessment methods seem to have ade-
quate sensitivity and specificity. Except for
the Troponin-T and CK MB2/MBI1 ratio
based assessments, all assays can be per-
formed relatively easily and quickly with
current techniques and can therefore be
used for early triage. More simplified and
more rapid tests are awaited. It should be
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appreciated however that myoglobin and
CK are non-cardiospecific proteins, giving
{false positive} increased levels following
muscle trauma, resuscitation, renal impair-
ment, vigorous exercise and other condi-
tions. Serial enzyme assays may indicate
the presence of cyclic reperfusion, as is
demonstrated in Figure 5. Recurrent
occlusion will only be detected when
subsequent reperfusion results in a second
rise of released enzymes, or when the first
rise in the enzyme curve js aborted sud-
denly. Application of serial enzyme assays
for dynamic patency monitoring requires
further development.

Comparing and combining ST monitoring,
arrhytinnia monitoring, and biochemtical as-
says

Continuously updated ST-segment recove-
ry analysis has the advantage of detecting
both {failure of) reperfusion and recurrent
occlusion. Biochemical assays currently
provide a static assessment only, No di-
stinction is made between stable versus
unstable reperfusion and detection of
recurrent occlusions depends on other
assessments. Arrhythmia monitoring is not
useful as a single indicator of reperfusion
due to the infrequent occurrence of AIVR.
Furthermore, it does not indicate recurrent
occlusion.

As discussed previously there are two
situations in which ST-monitoring is not
applicable. Firstly, it has not yet been
validated in patients with delayed ventri-
cular conduction, but that comprises a
small part of the population of acute myo-
cardial infarction patients."'*" More
restricting is the requirement that initial 5T
deviation reflective of coronary occlusion
should be present when ST monitoring is
initiated. Accuracy of patency assessment
by continuous ST-segment recovery analy-
sis strongly depends on monitored peak
ST deviation."™'® When ST monitoring is
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Table 8

assay N time Sens. Spec. test
CK 20 min,
Zabel” 63 90 min, 87% 71%

CK-MB 15 min.
Garabedian” 29 90 min. 83% 100%

Ellis* 42 120 min. 85% 100%

Zabel™ 63 90 min, 85% 71%

CK MB2/MBI 45 min,
Puleo'™ 39  15-120 mnin. 90% 89%

Myogiobin 30 min.
Zabel” 63 90 min. 94% 88%

Troponin-T elaborate
Zabel™ 63 90 min. 80% 65%

Biochemical assays measuring the rate of appearance of macro-molecules for early patency
assessment,”™” ' N = the population size; ime = the interval between the pre- and the post-
treatment serum sample; Sens, = sensitivity, the ability to detect an angiographically reperfused
infarct related artery; Spec, = specificity, the ability to correctly predict an angiographically occlude
d infarct related artery; test = the "turn around” time needed for test measurements.

Figure 5
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Serial assessment of serumn creatine kinase (CPK) and myoglobin simultaneous with continuous
vectorcardiographic registration of the ST-segment vector magnitude (ST-VM}. The early rise of
myoglobin is more rapid than that of creatine kinase and both coincide with rapid ST-VM recovery.
A second small rise of myoglobin paralleled a re-elevation of the ST-segment, secondary to a
reocclusion of the infarct refated artery. Angio = angiography; PTCA = percutaneous transhiminal
coronary angioplasty; TIMI = thrombolysis in myocardial infarction flow grade, Repristed by permission
of the American Journal of Cardiology, Kloofwijk P, Cobbaert C, Fioretti P, Kint PP, Simmoons ML; volume
72: pp 75G-84G, 1993, Copyright 1993, All rights reserved.



not applicable either biochemical essays or
arrhythmia monitoring would be a logical
alternative. The integration of arrhythmia
detection algorithms into an 5T moni-
toring environment seems logical. Parailel
application of ST monitoring, a 2-point
biochemical assay, and/or arrhythmia
monitoring might increase patency predic-
tion accuracy,” would provide a back-up
assessment in case of failure of one of the
methods,” or might even give additional
separate information,"

VIII: OTHER APPLICATIONS OF ST-SEGMENT
MONITORING

The application of ischemia monitoring in
acute myocardial infarction has been the
focus of this thesis. Other possible applica-
tions include monitoring post coronary
angioplasty (PTCA), detection of (silent)
ischemia in unstable angina, chest pain
evaluation, pre-hospital monitoring, and
peri-operative monitoring.

ST wonitoring post coronary angioplasty

Ischemic episodes following coronary
angioplasty (PTCA) are silent in approxi-
mately 50% of the patients and may beco-
me symptomatic after a prolonged stlent
episode. ™" Continuous multi-lead ST
monitoring may be an early warning of
{pending} coronary occlusion at the site of
coronary angioplasty. The multi-lead ST
deviation pattern recorded during the
angioplasty induced coronary occlusion
provides a patient and site specific "finger-
prini" that will be reproduced whenever
reocclusion occurs at the same site.”*'*'”
On the other hand, ST elevation in a diffe-
rent pattern most likely signifies occlusion
at a different site, while ST depression
usually reflects subendocardial ischemia,
either in the perfusion area of the dilated
vessel, or in a remote area. The importance
of multi-lead monitoring was demonstra-

m

ted in a series of 524 patients who under-
went elective or emergency coronary
angioplasty.' Figure 6 shows the occur-
rence of a combined clinical endpoint of
untoward clinical events {(acute myocar-
dial infarclion, urgent corcnary artery
bypass surgery, or death during hospitali-
zation) related to the ST deviation pattern,
In a smaller series of 200 patients moni-
tored following elective PTCA 90% of
patients with ST elevation had enzyme
evidence of acute myocardial infarction
versus 3% of patients with ST depression
only."” In this series episodes of ST eleva-
tion were eventually accompanied by
angina in 90% of cases, whereas only 41%
of ST depression episodes were accompa-
nied by angina. Amongst patients with ST
elevation, detectable 5T changes preceded
angina by a mean of 45 min. {range 5 -
150). Thus, multilead monitoring does
provide an early warning of vessel occlu-
sion following PTCA, alfowing early medi-
cal or mechanical intervention, potentially
preventing acute myocardial infarction or
limiting infarct size.

ST monitoring in unstable angina pectoris

Patients suffering unstable angina pectoris
have a high risk of developing acute myo-
cardial infarction, probably due to the
same pathophysiological substrate of
plaque disruption, leading to platelet
activation, enhanced reactivity of the
corenary smooth muscle, and eventually a
shift of the coagulation balance toward
thrombosis.”"™""' Unstable angina pectoris
patients also have an increased risk of
sudden death and life-threatening
arrhythmias and frequently require urgent
revascularization for persistence of symp-
toms under maximal medical treatment.
" Unfortunately ischemia is most often
silent: 80 to 95% of episodes occurring in
more than half of the unstable angina
patients."*"'® Table 9 summarizes results
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Figure 6

524 PTCA
patients

432 patients (82%)
no ST episodes
endpoint in 3 (1%)

92 patients (18%)
ST episodes
endpoint in 26 {28%)

RR 41 (13.132)

52 patients (57%)

ST depression only

endpoint in 1 (2%)

14 patients (35%)
different pattern
endpoint in 2 (14%)

p<0.0001
40 patlents (43%)
ST elevation
endpointin 25 (63%)
RR 33 (5-230)
p<0.0001
26 patlents (65%)
fingerprint pattern
endpoint In 23 (88%)
RR 6 (2-23)
p<0.0001

Occurrence of a combined clinical endpoint of untoward clinical events (acute myocardial infarction,
urgent coronary artery bypass surgery, or death during hospitalization) related to ST deviation
patterns recorded with continuous ST-segment monitoring following percutaneous transluminal
coronary angioplasty (PTCA) in 524 patients, Fingerprint pattern = ST deviation pattern on multiead
monitoring similar to the pattern occurring during the original coronary occlusion (PTCA). Daia
reported by Krucoff et al.””!



Table 9

study N type UAP TIE silent TIE outcome with TIE no TIE P
measure
Gottlieb'™> 70  CPatrest 37 (53%) 90% 1 month
with a ST AMI 6/37 1/33 0.005
CABG/PTICA 10/37 3/33 0.02
total 16/37 4/33 0.02
2 years
AMI or death 10/37 1/33 <0.01
Langer'™ 136  CPatrest 89 (66%) 92% in hospital
crescendo death or AMI 14/89 2/46 <0.001
AP CABG/PTCA 29/89 7/46 <0.01
CP > 20 min. total 43/8% S/46 < 0.005

Results of 2 studies investigating the occurrence and prognostic value of (silent) transient ischemic episodes (TEE) during bed rest in the coronary care
unit for unstable angina pectoris (UAP).** 4 ST = ST change > 1mm. at qualifying ECG; AMI = acute myocardial infarction; CABG = emergency coronary
artery bypass grafting; PTCA = emergency percutaneous transluminal coronary angioplasty.
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of two investigations into the occurrence
and prognostic significance of (silent)
ischemia as recorded during acute coro-
nary care for unstable angina pectoris."™'"
‘The presence of transient ischemic epi-
sodes (TTE) strongly predicted an unfavor-
able outcome, most of them occurring
early in the hospital course. Gottlieb and
co-workers showed in a multivariate ana-
lysis that presence of (silent) TIE was the
strongest predictor of an unfavorable
outcome (p < 0.002), followed by chest
pain during the first 2 days (p < 0.02).
None of the other 13 tested demographic,
clinical, electrocardiographic, or angio-
graphic variables were significant in addi-
tion to these 2 variables.™ Langer and co-
workers prospectively confirmed that
patients with a total duration of both silent
and symptomatic TIE (‘total ischemic
burden’) » 60 minutes per 24 hours had a
worse prognosis than patients with a
shorter total ischemic burden.”” Similar
results regarding clinical outcome fol-
lowing unstable angina pectoris have been
found for the presence of (silent) ischemia
detected with pre-discharge ambulatory
Holter ST-segment monitoring.m' 1

Real-time multilead ST-segment moni-
toring may thus detect (silent) ischemia,
identifying patients at high risk of sustai-
ning a major cardiovascular event, and
might be useful in guiding medical thera-
py and selection of high risk patients for
angiographic evaluation. The use of mul-
tiple leads increases sensitivity for ische-
mia and enables the differentiation be-
tween transmural ischemia (ST elevation)
and subendocardial ischemia (ST depres-
sion) and may thus be an early warning of
an evolving acute myocardial infarction,
thereby allowing early institution of
thrombolytc therapy 191 Shategies
using real-time ST monitoring information
in patient management remain to be tested
however.

ST wonitoring for chest pain evaluation

Patients without prior history of coronary
disease who present af the emergency
department with symptoms potentially
due to unstable ischemic syndromes are
generally evaluated by history and phy-
sical examination. Further examinations
include the 12-tfead ECG, chest X-ray, and
laboratory tests.”™® When the ECG is
non-diagnostic for ischemia and the other
examinations are also non-indicative of
cardiac disease the risk of complications is
low and patients are discharged or admit-
ted to a non-intensive setting such as a
step-down unit or a general cardiology
ward. Typically, subsequent ECGs and
serum biochemical markers of cardiac
necrosis are taken every 8 to 12 hours over
the next 1 to 2 days. Evaluation may be
shortened using continuous ST monitoring
and the addition of exercise electrocardi-
ography and (stress) echocardiography
when indicated, to identify patients with a
tow risk of acute cardiac disease. Recently
Gibbler and co-workers deseribed their
experience with continuous 12-fead elec-
trocardiographic monitoring (ST100, Mor-
tara Instrument, Milwaukee) in patients
presenting to the emergency department
with chest pain.'** Visual inspection of the
ST trend over time as well as individual
ECGs was performed at regular intervals,
looking for ST changes as well as Q-wave
formation, R-wave amplitude loss, and T
wave morphology changes. Out of the 384
patients evaluated according an intensive
9 hour protocol, 86 were eventually admit-
ted to the cardiology department. On
discharge 18 patients (21%) had diagnoses
of cardiac disease after evaluation for
acute myocardial ischemia and acute
myocardial infarcton. Continuous 12-lead
ECG recordings detected ischemic changes
in 7 out of 18, thus having a sensitivity of
39% (95% confidence interval 16 to 61%).
Continuous 12-lead ECG monitoring lead



to a false positive prediction of acute ische-
mia in 10 of 366 patients eventually clas-
sified as having symptoms of non-cardiac
origin, thus had a specificity of 97% (95%
confidence interval 96% to 99%). The im-
portance of the continuous 12-lead ECG
recordings relative to the biochemical
assays or the echocardiographic evaluation
was not reported. While continuous ECG
monitoring may detect all forms of ische-
mia, biochemical assays detect necrosis
only. Previously it was shown that serial
analysis of 12-lead ECGs taken at 3 to 4
hour intervals had a sensitivity of 39% for
detecting acute myocardial infarction
while sensitivity of serial CK-MB determi-
nations was 68%."" Specificity of the 2
methods were 88% and 95% respectively.
It was not reported whether these assess-
ment methods idenlified the same patients
or whether they were complimentary.

ST monitoring in the pre-hospital phase

Continuous 12-lead ECG recordings may
be helpful in pre-hospital monitoring of
patients suspected of having an acute
myocardial infarction or other ischemic
syndromes. Recent reports have advocated
the pre-hospital administration of throm-
bolytic therapy to reduce the time between
onset of symptoms and treatment.™"™ In
these studies the decision whether or not
to treat a patient in the field was made on
presence of symptoms, absence of contra-
indications, and a conventional 12-lead
electrocardiogram. In one study the decisi-
on was supported by an automated analy-
sis of the 12-lead ECG by a portable elec-
trocardiograph (Sicard P, Siemens Elema
E.B., Solna, Sweden} which has the capabi-
lity of automated serial ECG recording.™
When major ST elevation was present
thrombolytic therapy was initiated, other-
wise the patient was re-evaluated at the
hospital, Contintous registration of ECGs
can be initiated in the pre-hospital phase
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to evatuate patients with equivocal electro-
cardiographic evidence of fransmural
ischemia. Especially when transient occlu-
sion of the coronary artery is present the
diagnosis of acute myocardial infarction
might be missed by one or a few static 12-
lead ECGs.""™ It is not known whether
pre-hospital thrombolytic treatment is to
be recommended in these patients, but the
added information of continuous electro-
cardiographic moniforing will facilitate the
decision making process once the patient
has arrived in the emergency room, Of
course the added value of continuous ECG
registration as compared to a single ECG
in the pre-hospital phase is greater when
transport time of patienis is longer, for
instance when patients are transported
from rural areas. Furthermore, accuracy of
ST-segment recovery analysis for the pur-
pose of noninvasive patency assessment
depends on the continuous electrocardio-
graphic registration initiated as early in
the course of the evolving myocardial
infarcHon as possible. The documentation
of the dynamic ST changes in the early
phase of acute myocardial infarction and
the detection of the true peak amplitude
will enhance accuracy of the noninvasive

6,11,12,15,18
patency assessment,

Peri-operative ST monitoring

Acute myocardial infarction and congesti-
ve heart failure are major contributors to
peri-operative morbidity and morta-
lity."*'” The entire period from the induc-
tion of anesthesia to recuperization is
stressful, characterized by complex and
rapidly changing responses that may be
poorly tolerated by patients with coronary
disease or a compromised left ventricular
function. Factors that are liable for these
rapid changes include depression of myo-
cardial contractility and cardiac output by
anesthetics, as well as fluctuations in arte-
rial pressure, ventricular filling pressures,
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blood volume, activity of the autonomic
nervous system and body temperature.
The absolute risk of cardiac adverse events
depends on the type and duration of the
operation, the type of anesthesia applied,
and whether it is performed electively or
under emergency conditions. There is a
general increase in mortality of 25 to 50%
in patients with underlying cardiovascular
disorders relative to patients with a nor-
mal cardiac function.'” Among the non-
cardiac surgical procedures, the highest
cardiovascular complication rates are seen
in peripheral vascular surgery, especially
in abdominal aortic aneurysm surgery,
since such patients often have substantial
coronary artery disease as well.**"* Their
peripheral vascular disease may have led
to a more sedate lifestyle in which exertion
related symptoms of cardiac disease are
not provoked. As a result, the extent of
cardiac disease will be underestimated
during history taking. The symptoms of
peripheral vascular disease may also re-
strict the value of exercise electrocardio-
graphy to identify the patients with severe
coronary avtery disease,

Determining the risk factors for adverse
peri-operative cardiac outcomes would
allow the development of preventive
slrategies and a more efficient allocation of
health care resources. Patients at high risk
of adverse outcomes can be identified by a
history of recent acute myocardial infarc-
tion or presence of congestive heart failure,
while other pre-operative predictors re-
main controversial,”™'” Specialized car-
diac testing before surgery, such as dobu-
tamine stress echocardiography,”™" di-
pyridamole-thallium scintigraphy,”™ and
ambulatory electrocardiographic (Holter)
monitoring,” may also identify patients
with increased risk. It has been shown by
Mangano and co-workers that continuous
ischemia monitoring may be helpful prior
to, during, and especially after surgery in

men with a high risk of or known coronary
artery disease undergoing non-cardiac
surgery.””® Of the 474 men included in the
study, 83 or 18% had post-operative car-
diac events during hospitalization: 15 had
an ischemic event (cardiac death, myocar-
dial infarction, unstable angina); 30 had
congestive heart failure; and 38 had ventri-
cular tachycardia. Post-operative myocar-
dial ischemia was seen in 41% of the pa-
tients monitored with a 2-channel Holter
recorder and was associated with a 2.8-
fold increase in the odds of all cardiac
outcomes {35% confidence interval 1.6 to
4.9; p < 0.0002) and a 9.2-fold increase in
the odds of an ischemic event {95% con-
fidence interval 2.0 to 42.0; p < 0.004).
Many variables were univariately associa-
ted with adverse cardiac outcome, inclu-
ding a history of previous myocardial
infarction, arrhythuinias, congestive heart
failure, claudication, or definite coronary
artery disease, treated diabetes mellitus,
use of digoxin, a serum creatinine » 177
pmol/ liter, vascular surgery, risk scores,
as well as ischemia on Holter monitoring
prior to, during or after surgery. Multivari-
ate analysis identified ischemia detected
with Holter monitoring after surgery to be
the only variable independently associated
with ischemic events. Only ischemia on
pre-operative Holter monitoring and the
use of digoxin for congestive heart failure
were predictors of ventricular tachycardia.
Variables associated with congestive heart
failure included a history of arrhythmia,
medication treated diabetes mellitus,
duration of anesthesia and surgery, vascu-
lar surgery, and the type of anesthetics
used. This was the only outcome variable
for which ischemia on Holter monitoring
was ho independent predictor. The Holter
recordings revealed transient episodes of
myocardial ischemia in 12 of 14 patients
with adverse ischemic events, preceding
any clinical evidence of these adverse



outcomes by at least 4 hours,

Pasternack and co-workers evaluated
the valtue of peri-operative ischemia moni-
toring in 385 patients undergoing peri-
pheral vascular surgery.'” They showed a
strong correlation between the total dura-
tion of ischemic events detected with a one
channel (CM5) real-time ambulatory ECG
recorder (QMED Monitor One Star, QMED
Inc., Clark, N.J., US. A} and peri-operative
myocardial infarction as well as late car-
diac complications up to 2 years after
operation. In multivariate analysis only
age and the presence of peri-operative
ischemic episodes during more than 1% of
the monitoring time were independent
predictors of peri-operative myocardial
infarction as well as late cardiac events.
Similarly, Landesberg and co-workers
reported that long-duration {> 2 hours)
postoperative 5T-depression as recorded
with a 3-channel Holter recorder was the
only factor significantly associated with
cardiac morbidity in 151 patients under-
going major vascular surgery.” Long
duration ischemia preceded 85% of the 13
cardiac events (6 acute myocardial infarc-
tions, 2 unstable angina, and 5 congestive
heart failure),

It can be concluded that ischemia moni-
toring is a valuable predictor of adverse
cardiac outcomes following major non-
cardiac surgery, especially in patients at
risk of or with proven coronary artery
disease. Therapeutic trials in which care is
guided by real-time ischemia monitoring
are warranted to determine whether pre-
vention or treatiment of peri-operative
ischemia can reduce cardiac morbidity or
mortality,

IX: AREAS FOR FUTURE RESEARCH
The ST100 device has been developed as a

mobile ST monitor and is therefore limited
in its display capabilities. The option to
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link the device to a central monitoring
network in which several beds can be
monitored simultaneously, with real-time
display of the wave-forms as well as
trends of ST deviation over time and other
analysis tools, has now overcome these
restrictions, The possibility of real-time ST
monitoring should be integrated in or be
compatible with monitoring devices in
other environments, including monito-
ring/defibrillator devices used during
patient transport, emergency room and
catheterization laboratory menitoring
equipment, corcnary care and intensive
care unit monitoring systems and anes-
thesia monitoring equipment, To facilitate
the analysis and comparison of electrocar-
diographic data over prolonged episodes
under different circumstances a standard
for data compression and the minimum
amount of electrocardiographic and other
information transferred should be set so
that data can be transferred, appended,
and compared regardless of the device
they were recorded with. The similarities
and differences in lead syslems, signal
processing and averaging, and data reduc-
tion and their influence on comparability
of ST-segment monitoring data recorded
with either Holter recorders, continuous
vectorcardiography, or continuous 12-lead
electrocardiography need to be addres-
sed. ™

The algorithm involved in the auto-
mated patency assessment should undergo
further testing in patients suffering acute
myocardial infarction, preferably inclu-
ding comparisons with simultaneous
angiography. Optimum thresholds for the
slope, recovery threshold, and minimum
amplitude should be sought, potentially
with infarction area specific algorithms to
compensate for the reduced lower ampli-
tudes encountered in inferior and especial-
ly posterior and lateral infarctions.”™ ™

So far the patency assessment algo-
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rithms have not been validated in patients
with conduction delays. Of special concern
is the accuracy of the algorithm in patients
with a left bundle branch block, in whom
the repolarization phase is markedly dis-
torted and the ST segment may display
varying slopes depending on heart rate.
The only study addressing the possibility
of self referencing for detection of coro-
nary occlusion during left bundle branch
block used coronary angioplasty as a
model in which only modest increases
{(median of 4 + 3 beats/min) in heart rate
were found during balloon induced coro-
nary occlusion.” Whether self-referencing
is able to compensate for the more dyna-
mic heart rate changes observed during
acute myocardial infarction remains to be
investigated.

Combinations with arrhythmia monito-
ring and biochemical essays need to be
explored. This may lead to improved
accuracy, methods may provide a back-up
assessment in case of failure or inapplica-
bility of one of them, or might even give
additional separate information.””""’

More quantitative approaches in addi-
tion to detection of patency of the infarct
artery or the determination of speed and
stability of reperfusion need to be sought.
Continuous monitoring might improve
definition of the maximum amount of
ischemia in patients with cyclic reperfu-
sion in whom a single or few static ECGs
were taken during periods of actual ST
recovery. The detection of extent of the
ischemic area reflected in the number of
leads with 5T deviation could be improved
similarly. The integration of the dynamics
in severity and extent of ischemia over
time as a time-severity index might help to
clarify the response to treatinent as a rela-
Honship among infarct related artery
patency, the amount of myocardium sal-
vaged, and clinical outcome. Relevance of
this information should be related to and

compared with other preferably noninva-
sive information. To develop such models
will require a thorough process of statis-
tical modeling or neural network develop-
ment that includes other routinely avail-
able noninvasive descriptors to yield a
practical probabalistic, patient specific
prediction of infarct outcome.”

The physiology and clinical relevance of
the different reperfusion patterns pre-
viously described by Deltborg and co-
workers need to be investigated. Rapid
resolution of ST elevation seems to signify
reperfusion and persistent ST elevation
failure to achieve reperfusion. Little is
known about the clinical importance of
cyclic reperfusion: recent publications
have suggested that this phenomenon is
associated with larger infarctions.”” 1t is
not known whether this is a causal
relationship or whether this is largely due
to the fact that cyclic reperfusion is more
obvious when infarction generates higher
5T-segment amplitudes. The relevance of
an increased ST elevation prior to ST reco-
very ('late peak pattern")’ is also un-
known. Some authors have suggested that
the late elevation is related with larger
infarctions or less myocardial salvage,
possibly due to reperfusion injury.”*"”
Another explanation however is that the
late peak pattern represents a variation of
the cyclic reperfusion pattern in a patient
in whom 5T monitoring was initiated after
one or multiple previous ST elevation and
recovery episodes.” Knowing what these
patterns actually represent might enable
better guidance of therapy, The physiologic
reasons for discrepancles between continu-
ously updated ST-segment recovery analy-
sis and angiographic patency assessment
need to be explored.” While this may be
partly due to threshold and timing pro-
blems, other explanations may be found.
Development of collateral flow may result
in ST-recovery while the infarct related



Occlusion at a microvascular level may
explain persistent ST elevation while the
infarct related ar-tery is patent. The functio-
nal sufficiency of TIMI 2 flow remains
debated ™*** In these patients the presen-
ce or absence of ST recovery may be of
prognostic importance,

Most importantly, it needs to be asses-
sed whether continuous ST-segment mond-
toring is helpful in patient triage in vari-
ous unstable coronary syndromes. Its
value depends on the accuracy of the in-
formation provided as well as on whether
alternative therapeutic strategies indeed
show to be beneficial. This is particularly
true for rescue strategies for failed reper-
fusion through the infarct related artery,
treatment strategies for (silent} ischemia in
unstable angina pectoris, coronary occlu-
sion following PTCA, and treatinent of
ischemia during peri-operative monitoring
in major (vascular} surgery. Studies ad-
dressing these issues are needed.

X: CONCLUSION

Continuously updated ST-segment re-
covery analysis is a useful noninvasive
patency assessment technique, allowing
the identification of failed or unstable
reperfusion and recurrent occlusion with
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SUMMARY

Chapter 1

An introduction to the history of electro-
cardiography and the physiology of ST
elevation as a marker of transmural ische-
mia due to infarct related artery occlusion
is presented. Continuous digital multi-lead
5T segment monitoring and its major
applications are briefly described.

Chapter 2

A total of 44 angiographic observations in
22 patients were compared with noninva-
sive patency assessments by continuously
updated ST-segment recovery analysis
using continuous 12-lead ST monitoring.
Sensitivity of the noninvasive method for
an occluded infarct related artery was 90%
and specificity was 92%. Of the 22 pa-
tients, 11 (50%) had ST evidence of cyclic
reperfusion prior to angiography. In 5
patients (31%) cyclic reperfusion was
recorded before treatment onset. Since
static patency assessments cannot describe
this behavior, 3 additional parameters
describing the speed, stability, and dura-
tion of ST-recovery are proposed.

Chapter 3

Inter- and intra- observer variation for 3
readers was assessed for continuously
updated 5T-segment recovery analysis. A
high level of concordance was found in
and behween readers for patency assess-
ments 90 minutes after onset of thrombo-
lytic treatment, with Kappa values of 1.0
for intra-observer variation and 0.79 to
0.93 for inter-observer variation. Patency
assessments 6 hourss after onset of throm-
bolytic therapy showed a slight reduction
in Kappa values, although concordance
overall remained high. Similar results
were found for the number of ST recovery
and/or re-elevation events, and for conti-
nuous assessments comparing each mi-

nute of the recording. Sources of variabi-
lity included differences in interpretation
of fow 5T amplitude ECGs with relatively
high noise content, anterior ST-segment
depression, and gaps in the ST recording,
as well as operator fatigue. Thus, conti-
nuously updated ST-segment recovery
analysis can be ensued to a high level of
intra- and inter-observer consistency.

Chapter 4

Hssential principles of the continuously
updated ST-segment recovery analysis
described in Chapter 2 were modified into
an automated patency assessment pro-
gram and incorporated into the ST moni-
tor itself. The algorithms and definitions of
measurement ECGs, as well as the opera-
tor interactions required, are described,

Chapter 5

The automated patency assessment me-
thod described in Chapter 4 detected all 35
angioplasty balloon inflations causing =
200 pV peak ST elevation. In addition all 5
inflations with < 200 pV peak ST elevation
preceded by an inflation causing > 200 pv
were detected. Occlusion was detected a
median of 40 seconds after inflation, reper-
fusion a median of 17 seconds after defla-
tion. The requirement of > 200 pV ST
elevation measured in at least 1 ECG prior
to or at the moment of assessment intro-
duced a bias favoring detection of LAD
occlusions over RCA occlusions, and both
over LCX occlusions.

Chapter 6

Patterns of ST deviation were related to
the angiographically determined infarct
related artery. Of the patients with the
right coronary artery as the infarct related
artery, 87% had lead Il as the most eleva-
ted lead. Leads V2-V4 were the peak lead
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in 98% of the patients with occlusion of the
left anterior descending artery. Location of
the peak lead was inferiorly and apically
in patients with a left circumflex artery
occlusion. Combining leads I, V2, and V5
would record at least 1 lead with > 200 iV
ST elevation in 321 out of 361 or 85% of the
patients. A 3 lead system with inferior,
anterior, and apical lead orientations
should be adequate to record at least one
fead with sufficient ST deviation. Twelve-
lead or vectorcardiographic ST-monitoring
systems will increase sensitivity for ST
deviation especially in smaller infarcts and
will facilitate comparison of the 5T devia-
tion pattern during recurrent ST elevation
with the primary ST elevation episode to
assess whether it indeed signifies recurrent
occlusion of the infarct related artery.

Clhapter 7

Continuously updated ST-segment re-
covery analysis in conjunction with fre-
quent electrocardiographic acquisition
allows accurate, noninvasive assessiment of
the perfusion status of the infarct area over
time. It gives more information than
“snap-shot" assessments made with coro-
nary angiography. It may be helpful in
selecting patients with failed or unstable
reperfusion for trials testing more aggres-
sive secondary revascularization strate-
gies. More knowledge is needed about the
clinical and physiological meaning of ST-
segment evidence of extent, severity, and
duration of ischemnia, and the stability of
reperfusion. Contintuously updated ST-
segment recovery analysis might than be
used as an important noninvasive end-
point in acute myocardial infarction trials.

Chapter 8

Continuous 12-lead ECG recordings were
reviewed in 40 patients in whom a perfu-
sion balloon catheter (PBC) was used to
stabilize an intimal dissection following a

routine angioplasty procedure with a
conventional balloon PTCA. Comparing
PBC with PTCA median single lead peak
ST deviation were 132 versus 321 pV (p =
0.0001), median extent of leads with new
5T elevation were 0 versus 3 leads {p =
0.0001), and the total summated absolute
ST deviation over all 12 leads over the
entire balloon inflation duration were 1083
versus 1173 pVmin {NS). Thus, despite the
fivefold longer PBC balloon inflations,
severity and extent of ST elevation were
significantly reduced, but ischemia was
not entirely eliminated.

Chapter 9

Accuracy of patency prediction was asses-
sed in 82 acute myocardial infarction pa-
tients for the continuously updated ST-
segment recovery analysis and 5 methods
using static electrocardiograms. Accuracy
{95% confidence interval) was 85% (77-
93%) for the continuous method, and 68%
(57-78%), 78% (69-87%), 83% (74-91%),
82% (73-90%), and 80% (71-89%) for the
static methods. At the moment of angio-
graphy a median of 2 hours following
onset of thrombolytic treatment the most
accurate static method and the continuous
method agreed in 90% of patency asses-
sments. Agreement was reduced to 83%
when patency assessments were perfor-
mned earlier at 90 minutes following treat-
ment onset, and to 77% at 60 minutes,
Early disagreement was mainly seen when
the continuous ST recording showed ST
recovery from a delayed peak ST elevation
after the pre-treatment static ECG or when
dynamic ST changes suggesting cyclic
reperfusion accurred. Such findings occur
in approximately 50% of patients treated
with thrombolytic therapy. Thus, the
continuous method is as accurate as the
static methods when compared to angio-
graphy 2 hours following treatment onset.
The continuous updating of reference



peints appears to provide important addi-
tional information early following throm-
bolytic therapy, when 5T behavior is more
dynamic.

Chapter 10

Intermittent reperfusion has consistently
been reported to occur in approximately
37% of acute myocardial infarction pa-
tients treated with thrombolytic therapy
and seems to be related to unfavorable
outcomes. A reliable, noninvasive assess-
ment technique able to detect both failed
and unstable reperfusion would therefore
be useful. For this reason continuously
updated 5T-segment recovery analysis has
been developed. It has been shown to be a
practical noninvasive patency assessment
technique with acceptable accuracy.

Possible treatment options that could be
chosen depending on the reperfusion
behavior as evidenced by continuously
updated ST-segment recovery analysis are
discussed, including: discontinuation of
thrombolytic therapy when reperfusion
has occurred; addition of anti-coagulants
or new platelet inhibitors when intermit-
tent reperfusion occurs; repeat admini-
stration of thrombolytics for failed or
recurrent occlusion; and urgent angiograp-
hy with PTCA for failed or recurrent oc-
clusion. Many of these options are under
debate or have not yet been investigated,
partly because a practical {continuous)
noninvasive patency assessment method
was not available,

The use of 5T monitoring in clinical
trials comparing drug regimens aimed at
early stable reperfusion is discussed. Main
outcomes of the GUST(-1 ST-segment
monitoring substudy, the first large scale
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attempt to compare speed and stability of
reperfusion as assessed with continuously
updated ST-segment recovery analysis in
4 different thrombolytic regimens, are
presented.

ST monitoring may help determine the
prognosis of individual acute myocardial
infarction patients. A very low risk of
complications could for instance result in
a shorter stay at the coronary care unit,
followed by an earlier discharge.

Other noninvasive patency assessment
methods are described and compared with
continuously updated ST-segment re-
covery analysis. Accelerated idioventri-
cular rhythm (AIVR) is a specific but in-
frequently occurring marker of reperfu-
sion. It does not indicate recurrent occlu-
sion. AIVR is therefore not useful as a
single marker of failed or unstable reper-
fusion. Several biochemical assays have
been developed for early detection of
failed reperfusion. They currently provide
a static assessment only, no distinction is
made between stable versus unstable
reperfusion and detection of recurrent
occlusion depends on other assessments,
Parallel application of ST monitoring, a 2-
point  biochemical  assay, and/or
archythmia monitoring might increase
patency assessment accuracy, would pro-
vide back-up assessment in case of failure
of one of the methods, or might even give
additional separate information.

ST monitoring may also be useful in
other circumstances such as: post angio-
plasty, unstable angina pectoris, chest pain
evaluation, pre-hospital monitoring, and
peri-operatively. Application of ST moni-
toring in these syndromes requires further
development.
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SAMENVATTING

Hoofdstuk 1
De Engelse fysioloog Augustus Désiré
Waller (1856 - 1922) maakte met een capil-
laire electrometer de eerste registraties van
de electrische activiteit van het menselijke
hart gemeten vanaf de borstwand. De
Leidse hoogleraar in de fysiologie Willem
Einthoven (1860 - 1927) was ontevreden
met de kwaliteit van de registraties met dit
ongevoelige instrument en ontwikkelde
daarom een meer gevoelige snaar-galva-
nometer. Hij introduceerde de term elec-
trocardiogramn (EKG, ECG), noemde de
achtereenvolgende uitslagen P, 3, R, Sen
T, en introduceerde de standaardafleidin-
gen I, H en IlI. Voor het ontwikketen van
de techniek en het ontdekken van de
mechanismen achter het ECG ontving hij
in 1924 de Nobel-prijs voor geneeskunde.

Fred H. Smith toonde in 1918 aan dat
ST-segment elevatie het gevolg was van
afsluiting van een van de kransslagaderen.
ST elevatie is het gevolg van verschil in
rust- en activerings- potentialen tussen de
transmurale ischaemische zone en het niet
ischaemische deel van de hartspier. Onge-
veer 75% van de patienten met een acuut
myocard infarct hebben ST elevatie op hun
ECG door afsluiting van een van de krans-
slagaderen, meestal door een thrombus.
Zonder reperfusie door de infarct-gerela-
teerde kransslagader vermindert de ST
elevatie geleidelijk in de navolgende uren
tot dagen door het afsterven van de ischae-
mische myocard cellen, Als er echter re-
perfusie plaats vindt, dan treedt er een
versnelde normalisering van het ST-seg-
ment op. Continue ECG registratie voor
het vervolgen van de ST elevatie ("ST
bewaking") kan dan ook op niet-invasieve
wijze een adequaat inzicht geven in het
wel of niet succesvol zijn van therapieén
gericht op reperfusie.

Het "Ischemia Monitoring Laboratory"

van de Duke University Medical Center in
Durham, Verenigde Staten, heeft in sa-
menwerking met de firma Mortara Instru-
ment in Milwaukee een apparaat ontwik-
keld voor continue digitale 12-afleidingen
efectrocardiografie (ST100). Dit apparaat is
gericht op de onmiddelijke ST-segment
bewaking en analyse aan het bed, zodat de
behandeling van het acute myocard infarct
gestuurd kan worden op basis van kennis
over het wel of niet succesvol zijn van de
reeds ingestelde behandeling. Dit proef-
schrift is het gevolg van mijn activiteiten
als een "research fellow" aan de Duke
University, waar ik mij bezig hield met de
ontwikkeling en toetsing van apparatuur,
programmatuur, alsmede klinische toepas-
singen voor ST bewaking,.

Hoofdstuk 2

In 22 patienten werden 44 angiografische
bepatingen gedaan van de infarct-gerela-
teerde kransslagader doorbloeding en
deze vergeleken met gelijktijdige non-
invasieve bepalingen, gedaan met de
continu bijgestelde ST-segment normalise-
ring bepalings-methode. Hierbij werd
gebruik gemaakt van continue digitale 12-
afleidingen ECG registratie met de ST100
electrocardiograaf. De non-invasieve met-
hode had een sensitiviteit voor een afge-
sloten kransslagader van 90% en een speci-
ficiteit van 92%. Van de 22 patienten toon-
den er 11 tekenen van intermitierende
reperfusie in hun continue ST registratie
voordat angiografie plaats had gevonden.
Vijf patienten toonden intermitterende
reperfusie voordat thrombolyse was aan-
gevangen. Statische bepalingen van de
kransslagader doorbloeding kunnen dit
gedrag niet registreren, daarom werden 3
nieuwe parameters voorgesteld ter be-
schrijving van de snelheid, stabiliteit en
duur van 5T normalisatie.
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Hoofdstuk 3

Voor de continu bijgestelde 5T-segment
normalisering bepalings-methode werden
de infer- en intra- waarnemers variatie
bepaald tussen 3 waarnemers. De concor-
danties tussen waarnemers en binnen een
waarhemer voor non-invasieve bepalingen
van kransslagader doorbloeding 90 minu-~
ten na aanvang van thrombolyse waren
hoog, met Kappa waarden van 1,0 voor
intra-waarnemer variatie en tussen 0,79 tot
1,93 voor inter-waarnemer variatie. De-
zelfde bepalingen voor 6 uur na begin van
behandeling lieten een geringe afname in
Kappa’s zien, hoewel de concordantie over
het geheel genomen hoog bleef. Vergelijk-
bare uitkomsten werden gezien voor bepa-
lingen van het aantal malen dat ST norma-
lisatie en re-elevatie optrad en voor de
continue bepalingen waarin iedere minuut
van iedere opname met elkaar werd verge-
leken. Qorzaken van variabiliteit waren:
de interpretatie van ECG’s met een hoog
"ruis" gehalte; voorwand ST depressie;
onderbrekingen in de ST registratie; alsme-
de vermoeidheid van de waarnemer.
Geconcludeerd wordt dat continu bijge-
stelde ST-segment normaliserings bepalin-
gen gedaan kunnen worden met een hoge
mate van concordantie tussen waarnemers
en binnen een waarnemer.

Hoofdstuk 4

Principes van de continu bijgestelde 5T-
segment normalisering bepalings-metho-
de, zoals beschreven in hoofdstuk 2, wer-
den gemodificeerd, zodat deze non-inva-
sieve methode kan functioneren als een
geautomatiseerde procedure. De geauto-
matiseerde methode diende uitgevoerd te
kunnen worden binnen de continue digita-
le 12-afleidingen electrocardiograaf. De
gebruikte algorithmes en de definities voor
de selectie van ECG’s welke gemelen en
vergeleken worden, alsmede de interacties

welke nodig zijn om de geautomatiseerde
procedure te laten verlopen, worden hier
beschreven.

Hoofdstuk 5

De geautomatiseerde procedure voor non-
invasieve bepaling van de kransslagader
doorbloeding werd getest tijdens percuta-
ne transluminale coronair angioplastie
(PTCA). Alle ballon inflaties die door
afsluiting van de kransslagader een 5T
elevatie » 200 pV veroorzaakten werden
herkend. Verder werden alle ballon infla-
ties met een ST elevatie < 200 pV herkend
die vooraf waren gegaan door een ballon
inflatie met > 200 pV piek ST elevatie. De
kransslagader afsluiting werd na een
mediane duur van 40 seconden herkend,
reperfusie na deflatie van de ballon na een
mediane duur van 17 seconden, De in de
algoritmes ingestelde voorwaarde dat er
minimaal één ECG voor het moment van
bepaling moet zijn die > 200 pV ST eleva-
tie vertoont, veroorzaakt een selectie ten
gunste van herkenning van LAD afsluitin-
gen ten opzichte van RCA afsluitingen.
Beiden worden beter herkend dan LCX
afsluitingen.

Hoofdstuk 6

Patronen van ST deviatie op het 12-aflei-
dingen ECG werden vergeleken met de
angiografisch bepaalde infarct-gerelateer-
de kransslagader (RCA, LAD, LCX) in 361
patienten. Van de patienten met een RCA
afsluiting hadden 87% de meeste ST eleva-
tie in afleiding III. De meeste ST elevatie
werd gezien in afleidingen V2-V4 in 98%
van de patienten met een LAD afsluiting.
De meeste ST elevatie bevond zich in een
van de onderwands- of apicale- afleidin-
gen in patienten met een LCX afsluiting,.
Een combinatie van afleidingen III, V2 en
V5 zou ten minste één afleiding met » 200



1V ST elevatie hebben in 321 van de 361
patienten (89%). Een ECG afleidingen
systeem met oriéntaties naar de onder-
wand, voorwand en apex zal daarom
adequaat zijn voor de detectie van ST
elevatie in veel van de patienten geselec-
teerd voor thrombolyse, Vectorcardiografi-
sche of twaalf afleidingen ECG systemen
kunnen de sensitiviteit voor ST elevatie
verhogen, met name bij kleinere infarcten.
Beide systemen zijn ook geschikter voor
vergelijking van ST re-elevatie patronen
met de oorspronkelijke ST patronen, zodat
bepaald kan worden of het inderdaad om
een hernieuwde afsluiting van de infarct
gerelateerde kransslagader gaat.

Hoofdstuk 7

Continu bijgestelde ST-segment normalise-
rings bepalingen met behulp van frequent
genomen ECG's zijn in staat om met bruik-
bare precisie non-invasieve achtereenval-
gende bepalingen van de kransslagader
doorbloeding te doen. Door deze achter-
eenvolgende bepalingen is het mogelijk
een betere indruk te krijgen over de snel-
heid en stabiliteit van reperfusie. Hierdoor
is het mogelijk patienten te herkennen bij
wie geen of intermitterende reperfusie is
opgetreden na thrombolyse, hetgeen niet
mogelijk is met enkelvoudige angiografie.
Deze patienten met onvoldoende resultaat
van initiele thrombolyse kunnen dan
geselecteerd worden voor vergelijkend
onderzoek met meer agressieve strategieén
gericht op stabiele reperfusie, Meer kennis
is nodig omtrent de klinische en fysiologi-
sche betekenis van omvang, ernst, alsmede
de duur van ischaemie, en de stabiliteit
van reperfusie, De continu bijgestelde ST-
segment normalisering bepalings methode
kan dan gebruikt worden als een belang-
rijk non-invasief eindpunt in acuut myo-
card infarct onderzoek.
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Hoofdstuk 8

Continue 12-afleidingen ECG registraties
van 40 patienten bij wie een perfusie bal-
lon catheter (PBC) was gebruikt ter stabili-
sering van een intima dissectie na stan-
daard procedures met een conventionele
PTCA ballon. PBC inflaties veroorzaakien
een mediane ST deviatie van 132 pV ten
opzichte van 321 pV bij conventionele
PTCA (p = 0,0001). Het mediane aantal
afleidingen met ST elevatie was 0 ten
opzichte van 3 afleidingen {p = 0,0001), en
de tatale ST deviatie over 12 afleidingen
gesommeerd over de gehele ballon inflatie
was 1083 ten opzichte van 1173 pVmin
(NS), respectievelijk. Hieruit blijkt dat
ondanks vijfvoudig langere PBC inflaties
de ernst en omvang van 5T afwijkingen
significant waren verminderd, maar is-
chaemie niet totaal verdwenen was.

Hoofdstuk 9

Een vergelijking van de nauwkeurigheid
waarmee non-invasieve bepalingen van
kransstagader doorbloeding gedaan kun-
nen worden met de continue bepalings
methode en 5 statische ECG methoden
werd uitgevoerd in 82 patienten met een
acuut myocard infarct. Nauwkeurigheid
(95% betrouwbaarheids interval) op het
moment van angiografie was 85% (77-
93%)} voor de continue methode en 68%
(57-78%), 78% (69-87%), 83% (74-91%),
82% (73-90%), and 80% (71-89%) voor de
statische ECG methoden. Op het moment
van anglografie, 2 uur na aanvang van
thrombolyse, was er overeenkomst in
bepaling tussen de continue methode en
de beste van de statische methode in 90%
van de patienten. Bij eerdere bepalingen 90
minuten na aanvang van thrombolyse was
dit gereduceerd tot 83% en tot 77% bij
bepalingen 60 na minuten. Een verschil in
bepalingen werd met name gezien na het
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optreden van een verlate piek in de ST
elevatie en bij intermitterende ST elevatie,
Deze 2 patronen werden gezien in onge-
veer 50% van de patienten.

Geconcludeerd werd dat de continue
methode even nauwkeurig is als de stati-
sche ECG methoden bij vergelijking met
angiografie 2 uur na aanvang van throm-
bolyse. De continue methode lijkt belan-
grijke meerwaarde te hebben vroeg na
aanvang van thrombolyse, wanneer het
beloop van de ST elevatie meer dyna-
misch is.

Hoofdstuk 10

Intermitterende reperfusie treedt op in
37% van de patienten die thrombolyse
ondergaan voor een acuut myocard in-
farct. Dit verschijnsel lijkt te resulteren in
ongunstige uitkomsten na het acuut myo-
card infarct. Daarom is een betrouwbare
non-invasieve techniek nodig die in staat
is patienten te herkennen waarbif geen of
intermitterende reperfusie is opgetreden.
Voor dit doel is de continu bijgestelde 5T-
segment norimalisering bepalings-methode
ontwikkeld, waarvan aangetoond is dat
het een praktische methode is met bruik-
bare precisie.

Afhankelijk van het reperfusie gedrag
na thrombolyse, welke herkend wordt met
de continu bijgestelde ST normaliserings-
methode, kan gekozen worden voor ver-
schillende aanvullende of andere behande-
lingen. De volgende opties worden be-
sproken: het stoppen van toediening van
thrombolytica bij het optreden van reper-
fusie; de toevoeging van anti-coagulantia
of nieuwe plaatjesremmers bij intermitte-
rende reperfusie; herhaalde toediening
van thrombolytica indien er geen reperfu-
sie optreedt, of bij re-occlusie; spoed angi-
ografie en PTCA voor persisterende occlu-
sie of re-occlusie, Veel van deze opties zijn
nog ter discussie of zijn nog niet onder-

zocht, mede door een gebrek aan prakti-
sche non-invasieve bepalingen.

De toepassing van continue 5T bewa-
king in klinische studies wordt in dit
proefschrift beschreven, Vooral onderzoe-
ken naar strategieén gericht op vroege en
stabiele reperfusie kunnen van deze toe-
passing gebruik maken. De belangrijkste
resultaten van de GUSTO-1 ST-segment
bewakings studie worden gepresenteerd.
Dit is de eerste studie waarin 4 verschillen-
de thrombolyse regimes worden vergele-
ken in de snetheid en stabiliteit van reper-
fusie.

ST-segment bewaking kan gebruikt
worden voor het bepalen van de prognose
na het acute myocard infarct. Laag risico
patienten kunnen eerder van de CCU naar
de afdeling worden overgeplaatst, met
daarop volgend een vroeger ontslag.

Andere non-invasieve bepalingen van
reperfusie worden beschreven en vergele-
ken met ST-segment bewaking. Versneld
idioventriculair ritme (AIVR) is een speci-
ficke maar weinig optredende marker van
reperfusie. Bovendien kan AIVR intermit-
terende reperfusie niet herkennen, Daar-
om is AIVR niet geschikt als een alleen-
staande non-invasieve bepalingsmethode.
Verschillende biochemische bepalingen
zijn ontwikkeld voor de non-invasieve
bepaling van reperfusie. Ook deze metho-
den zijn statisch van karakter: er wordt
geen onderscheid gemaakt tussen inter-
nitterende en stabiele reperfusie. Boven-
dien kunnen ze geen re-occlusie herken-
nen, Het gelijktijdig vervolgen van het ST-
segment, het bewaken van het hartritme
en het doen van biochemische bepalingen
kan de precisie van non-invasieve reperfu-
sie detectie verhogen, een alternatief bie-
den als een van de methoden niet toege-
past kan worden, of mogelijk aanvullende
informatie opleveren,

Tenslotte worden andere toepassingen
van ST-segment bewaking en registratie



beschreven. Dit kan bruikbaar zijn in de
bewaking na PTCA, tijdens onstabiele
angina pectoris, voor de bewaking tijdens
transport van patienten naar het zieken-
huis, en voor de peri-operatieve bewaking
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van patienten met kransslagader vernau-
wing. Toepassingen van ST bewaking
tijdens deze omstandigheden dienen ver-
der ontwikkeld te worden,






139

ACKNOWLEDGEMENT'S

At this point, having finished this thesis, I
would like to take the opportunity to
express my gratitude to all that have sup-
ported me on the road to completion.

First, I would like to thank Dr K, Mee-
ter, who guided me on my first steps into
clinical research, which she did with great
enthusiasm. It was through her that I was
introduced to Professor M.L. Simoons,
who in turn launched me into the ST mo-
nitoring project at Duke. I am extremely
grateful for the trust I received from him,
even though he hardly knew me. His
guidance throughout my years abroad and
his help in the synthesis of this dissertation
after my return were essential.

My mentor at the Duke University
Medical Center "candy store" was Mitchell
Krucoff, director of the Ischemia Moni-
toring Laboratory. He gave me the free-
dom and support needed to roam around
and prevented me from picking toco many
goodies at the same time, Mitch, thank you
so much for providing this opportunity.
Those two-and-a-half years were an expe-
rience Michele and I will cherish for the
rest of our lives. An important part of that
wonderful experience were the nurses,
technicians, statisticians, and secretary of
the Ischemia Monitoring Laboratory:
Sharon, Jill, Kathleen, Suzanne, Beverly,
Helen, Karen, Cindy, Nancy, and Gail. 1
will not forget their help in getting me
settled in Durham, the introduction into
the world of ST monitoring, assistance in
data-gathering, and all the other times
they were of invaluable importance.

All co-authors deserve my gratitude for
their outstanding effort, constructive cri-
ticism, and perseverance along the way.
Some of themn I would like to mention and

thank in particular: Rob Califf, for keeping
a watchful eye on the many projects we
worked on and for his participation in the
committee; David Mortara, his knowledge,
interest, and participation in the ST moni-
toring project was and is indispensable;
and Jim Pope, for crealing and re-writing
his excellent ST-3D analysis software until
it met all of our specifications, especially
because it absorbed the free hours outside
his busy clinical practice.

1 would also like to thank Galen Wag-
ner for teaching me some of the basics in
manuscript writing, ECG interpretation,
and the warm support Michele and I re-
ceived.

The last mile is the hardest to run. If it
were not for the help of Marianne Eich-
holtz, Anneke Kooljman, and Lillan Oelius
it would have lasted so much longer.
Thanks for assisting me in planning and
meeting all the deadlines, in completing
the paperwork and other requirements
invalved in a dissertation defence.

I appreciate the leeway that was given
to me by the associates and fellows of the
Internal Medicine Department at the St.
Clara Hospital; it would have been ex-
tremely difficult to accomplish this goal
without it.

As In every part of life, family and
friends macdle this effort more enjoyable. It
is impossible to mention each of you and
alt the ways in which you brightened the
trail. Thanks to you all.

Dearest Michéle, since we met almost a
decade ago you have inspired me. Your
loving support helped me overcome many
abstacles, without it this thesis would have
been impossible. I dedicate this thesis to
you.






141

CURRICULUM VITAE

Rolf Prederik Veldkamp was born on June
1, 1963 in Vleuten - De Meern, The Nether-
lands, In 1982 he completed his high
school education at the Montessori Ly-
ceum Herman Jordan, Zeist, He studied
chemical technology at the Technische
Hogeschool Delft until 1983. Subsequently
he enrolled medical school at the Erasmus
University Rotterdam. Doctoral examina-
tions were passed in 1988 and the licensing
examinations in 1990. Professor ML,
Simoons then introduced him to Doctor
MW. Krucoff and Professor RM. Califf for
a Research Fellowship in Cardiovascular
Medicine at the Duke University Medical

Center, Durham, North Carolina, USA.
This fellowship focussed on the develop-
ment and application of continuous digitai
12-lead ST-segment monitoring, with
special attention for its use in acute myo-
cardial infarction. In the sumuner of 1993
he returned to Rotterdam, after which he
worked as a resident in Cardiology at the
St, Clara Hospital. His training in Internal
Mecdlicine started in October of the same
year under Doctor A F. Grootendorst. His
training in Cardiology at the Thorax Cen-
ter of the Academic Hospital Rotter-
dam "Dijkzigt" under Professor J.R.T.C.
Roelandt will begin in October 1995,






The financial support of the following companies is gratefully ncknowledged:

Mortara Instrument, Genentech, Eli Lilly, Alpha Therapeutics, Boehringer Ingelheim,
Bristol-Meyers Squibb, Lorex Synthélabo, Sanofi Winthrop, Knoll, Zeneca Farma.






	Continuous Digital 12-Lead ST-Segment Monitoring in Acute Myocardial Infarction = Continue digitale 12-afleidingen ST-segment bewaking tijdens het acute myocard infarct
	CONTENTS
	Chapter 1 - Introduction
	Chapter 2 - Continuously updated 12-lead ST-segment recovery analysis for myocardial infarct artery patency assessment and its correlation with multiple simultaneous early angiographic observations.

Krucoff MW, Croll MA, Pope JE, Pieper KS, Kanani PM, Granger CB, Veldkamp RF, Wagner BL, Sawchak ST, Califf RM.

Am J Cardiol. 1993 Jan 15;71(2):145-51.
PMID: 8421974 [PubMed - indexed for MEDLINE]
	Chapter 3 - Inter- and Intra-Observer Variability Performing Continuously Updated ST-Segment Recovery Analysis Following Thrombolytic Therapy for Myocardial Infarction
	Chapter 4 - Evolution of an automated ST-segment analysis program for dynamic real-time, noninvasive detection of coronary occlusion and reperfusion.

Veldkamp RF, Bengtson JR, Sawchak ST, Pope JE, Mertens JR, Mortara DW, Califf RM, Krucoff MW.

J Electrocardiol. 1992;25 Suppl:182-7.
PMID: 1297691 [PubMed - indexed for MEDLINE]
	Chapter 5 - Performance of an automated real-time ST-segment analysis program to detect coronary occlusion and reperfusion.

Veldkamp RF, Sawchak S, Pope JE, Califf RM, Krucoff MW.

J Electrocardiol. 1996 Oct;29(4):257-63.
PMID: 8913900 [PubMed - indexed for MEDLINE]
	Chapter 6 - ST-Segment Deviation on the 12-Lead
Electrocardiogram During Acute Myocardial
Infarction: Optimal Leads for Continuous
ST-Segment Monitoring
	Chapter 7 - ST-segment recovery as an endpoint in acute myocardial infarction trials. Past, present, and future.

Veldkamp RF, Pope JE, Sawchak ST, Wagner GS, Califf RM, Krucoff MW.

J Electrocardiol. 1993;26 Suppl:256-61.
PMID: 8189135 [PubMed - indexed for MEDLINE]
	Chapter 8 - The impact of autoperfusion on quantitative electrocardiographic parameters of ischemia severity, extent, and "burden" during salvage of elective coronary angioplasty.

Krucoff MW, Veldkamp RF, Kanani PM, Crater S, Sawchak SR, Wildermann NM, Bengtson JR, Pope JE, Sketch MH Jr, Phillips HR.

J Invasive Cardiol. 1994 Sep;6(7):234-40.
PMID: 10155074 [PubMed - indexed for MEDLINE]
	Chapter 9 - Comparison of continuous ST-segment recovery analysis with methods using static electrocardiograms for noninvasive patency assessment during acute myocardial infarction. Thrombolysis and Angioplasty in Myocardial Infarction (TAMI) 7 Study Group.

Veldkamp RF, Green CL, Wilkins ML, Pope JE, Sawchak ST, Ryan JA, Califf RM, Wagner GS, Krucoff MW.

Am J Cardiol. 1994 Jun 1;73(15):1069-74.
PMID: 8198032 [PubMed - indexed for MEDLINE]
	Chapter 10 - Discussion
	SUMMARY
	SAMENVATTING
	ACKNOWLEDGEMENTS
	CURRICULUM VITAE

