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SuMmARY We have evaluated an intracardiac technique for the study of the electrophysiological
patterns of early or subendocardial ischaemia in man. Simultaneous recordings of the paced
endocardial evoked response and monophasic action potentials were obtained during pacing stress
testing in 10 patients with reversible myocardial ischaemia. Early patterns of change occurred in
both these recordings in response to regional ischaemia. Abnormal rate corrected shortening of the
local repolarisation time in the paced endocardial evoked response from the left ventricular
ischaemic zone diverging from control non-ischaemic values by a mean of 10*6% was paralleled by
decreases in the simultaneous paced monophasic action potentials duration. A differential delay in
the local activation time and conduction was also documented by the paced endocardial evoked
response and monophasic action potential electrodes. Non-ischaemic control zones showed no
changes in the pattern of activation and repolarisation. Disparate repolanrsation times and asyn-
chronous activation within the myocardium were thus consistently demonstrated during regional
ischaemia. These changes in the endocardial paced evoked response and monophasic action poten-
tials always preceded the appearance and regression of the clinical ischaemia.

Intracavitary recordings may thus provide earlier and more sensitive detection of regional
ischaemia during cardiac catheterisation or coronary artery surgery. The study of the patterns of
activation and response could permit the assessment of interventions on the early electrical changes
of ischaemia, and may bridge the gap between in vitro studies and the electrophysiological studies
performed upon the intact heart.

The acquisition of electrophysiological data during
early ischaemia in the human heart is limited by the
recording techniques available at present. Because the
initial electrical changes are confined to a small region
of the endocardium,' 2 their manifestations in the
electrocardiogram are usually absent or minor and
delayed.34 Early ionic and electrical changes resulting
from ischaemia are involved in the genesis of malig-
nant ventricular arrhythmias25 and abnormalities of
myocardial contractility,3 and an appreciation of these
changes is thus important.
We have recently reported the use of intracavitary

electrode recordings of the paced evoked response and
monophasic action potentials as indices of early elec-
trophysiological changes produced by regional
myocardial ischaemia in open chest dogs.6 In this
study we have evaluated the possibility of applying
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these endocardial recordings to obtain elec-
trophysiological data during early regional myocardial
ischaemia in man.

Patients and methods

Intracavitary recordings were obtained in 10 patients
(mean age 45-8 years) with localised coronary artery
disease and ischaemia documented non-invasively and
angiographically. These patients were selected on the
basis of (1) normal resting electrocardiograms, (2)
reproducible electrocardiographic evidence of
ischaemia on treadmill exercise testing, (3) localised,
reversible uptake defects on exercise and reperfusion
imaging with thallium 201, (4) haemodynamically
significant (>75%) single vessel coronary artery dis-
ease documented angiographically, and (5) episodes of
angina elicited by ventricular pacing during cardiac
catheterisation, accompanied by an ischaemic elec-
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trocardiographic response (ST depression of more

than 1*5 mm). Two of the patients developed addi-
tional T wave inversion on the electrocardiographic
recording during angina.

These patients were undergoing investigation of
disabling angina and had reproducible evidence of
myocardial ischaemia elicited by. treadmill exercise
testing. All cases developed exercise-induced ST seg-

ment abnormalities on the electrocardiogram before
or at the onset of angina, which were documented
using a modified 12 lead recording system. Three of
these 10 patients had a strongly positive electrocar-
diographic response; five had moderately positive
ischaemic responses and the two remaining patients

had a mildly positive electrocardiographic abnormal-
ity.7

Information regarding perfusion at cellular level
was obtained from exercise and redistribution
thallium-201 myocardial perfusion imaging.

Thallium-201 was injected intravenously (1.5 mCi) at
the onset of treadmill exercise limitation by angina

pectoris; postinjection and delayed myocardial scin-
tigrams were then obtained in the four standard
views. A perfusion defect seen in the initial postinjec-
tion scan which concentrated activity late (so that the
decreased tracer concentration was no longer visible
three to four hours after injection) was considered to
represent severe, reversible ischaemia.8 The uptake
defect areas correlated well with the anatomical
abnormalities visualised later at coronary arteriogra-
phy (Table). The eight patients with septal uptake
defects had corresponding lesions in the left anterior
descending coronary artery. A ninth patient had a
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reversible defect in the posterolateral left ventricular
wall and significant stenosis of both the main cir-
cumflex and its obtuse marginal branch. The remain-
ing patient had an inferoapical uptake defect related
to critical stenosis of a large dominant right coronary

artery.
All medications except nitrates were discontinued

48 hours before the cardiac catheterisation procedure
which included routine left ventriculography and
coronary arteriography. Most of the patients were
sedated with diazepam; all gave informed consent to
the study.
The pacing stress test and the intracavitary record-

ings were obtained after the angiographic study had
been completed.
A silicone rubber cardiac catheter incorporating

three electrodes has been devised which permits the
simultaneous recordings of the paced endocardial
evoked response and monophasic action potentials
from the human heart. This catheter* was manipu-
lated into either ventricle using at times the long
sheath technique; a flexible guide wire in its central
core facilitated positioning of the catheter (Fig. 1).

RECORDING OF PACED ENDOCARDIAL
EVOKED RESPONSE
The method of sensing and recording the paced
endocardial evoked response has been described in
detail by us.9 The technique was a conventional
unipolar pacing electrode which delivers a pacing
stimulus of approximately 2-5 mA for 0-5 ms to the

*Sienens Elema AB, Sweden, size 8 French.

Table Changes in repolansaton, activaton, and conducton times (ms) during clinical ischaemia denvedfrom recordings ofpaced
endocardial evoked response (PER) and paced monophasic action potentals (MAP) from kft ventricular ischaemic zone (LVIZ) andfor
"control" non-ischaemic zones (NIZ)

Case No. MPI Diseased ECG Max. CL Catheter position
Uptake defect coronary changes heart (ms)

dunng rate
anigina

RVNIZ LVIZ

1 Septal LAD ST 110 545 Base Septal
2 Septal LAD Diag ST 120 500 Inf. basal Apex
3 Septal LAD ST 140 430 Inf. basal Septal
4 Septal LAD ST-T 130 460 Inf. basal Septal
5 Septal LAD ST 100 600 Inf. basal Septal
6 Septal LAD ST 110 545 Inf. basal Septal
7 Posteroateral LCx OM ST 100 600 Ant. wall Lateral wall
8 Inferoapical RCA (Dom) ST-T 110 545 Outflow tract Inferior wall
9 Septal LAD ST 120 500 Inf. basal Apex
10 Anterior septal, LAD ST 120 500 Inf. basal Apex

apical

Mean+SD (ms)

MPI, thallium 201 myocardial perfusion imaging; LAD, left anterior descending; LCx, circumflex; Diag, diagonal; OM, obtuse marginal artery; R
right coronary artery; ST, ST segment depression; ST-T, additional T wave inversion; CL, cycle length
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Fig. 1 Catheter used for the
intracavntary recordings.

ventricular endocardium, care being taken to ensure
that only the cathodal current is applied. This elec-
trode is situated approximately 8 mm from the cathe-
ter tip, incorporated into the catheter wall. The paced
endocardial evoked response is seen as a negative QRS
wave reaching a nadir in approximately 40 ms after
the pacing pulse; this is followed by a clearly defined
positive T wave (Fig. 2). By using the same electrode
for pacing and sensing, the system can record the local
repolarisation after a controlled (paced) depolarisa-
tion. The incorporation of a peak detector with an

adjustable sensing window into the pacemaker per-
mits measurement of the interval between the applied
stimulus and the peak of the evoked T wave automati-
cally on a beat to beat basis. The stimulus to peak T

wave interval at each paced rate was taken as the aver-

age of 30 consecutive cycles after subtracting the 100
ms imposed by the detection system (Fig. 2). The
distance between the pacing stimulus and the nadir of
the negative QRS was deemed to represent activation
time, while that between the stimulus and peak of the
T wave provides a measurement of the local repolar-
isation time, which is normally independent of pacing
site and decreases during rapid pacing by approxi-
mately 1 ms/beat increment in rate.

RECORDINGS OF MONOPHASIC ACTION
POTENTIALS
Extracellular potential changes were derived from
recordings of monophasic action potentials.'0 These

epolaiso time Activation time Conduction time
PER (St-QRS) MAP (St-upstoke)

ER (St-i) MAP(D9y)_
Ontrol Ischaemic zone Conrol Ichaemic zone Control Ischaemic zone Control Ischaemic zone

50 230 245 225 40 42 25 30
30 260 265 245 38 42 30 34
35 205 245 215 20 25 30 35
SO 222 235 207 55 60* 22 38
56 250 255 240 40 45 22 26
t0 215 240 220 35 38 20 25
30 250 268 235 45 50* 20 25
*8 210 252 225 36 40 30 32
78 240 268 230 42 42 25 50
35 250 280 250 35 40 35 45

61-2±17 233-2+18-4 255-55+14 229-2+12-8 38-6±8-4 42-4+8-42 25-9+4-85 34±8

t, stimulus; T, peak of the evoked T wave; QRS, peak of evoked QRS (negative deflection); D,o, 90% repolarisation time.
These figures are only approximate, as the fractionated electrogams of ischaemia did not enable the accurate quantification of the activation time.
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Fig. 2 The paced endocardial evoked response is seen as a

negative QRS reaching a maximum amplitude approximately 40
ms after the pacing stimulus (St). The peak detector has an
adjustable sensingwindow; this detector generates a marker pulse
lOOms after detection ofthe peak ofthe evoked Twave (7). This
marker is recorded together with St, and the St-T interval
measured automaticaly on a beat to beat basis by the pacing
system. The St-T time is corrected by subtracting the 100 ms
imposed by thepacing system. Paced cycle kngth (CL), 600 ms.

were obtained using a small (0.3 mm2) non-polarising
carbon electrode placed in contact with the ventricu-
lar endocardium and referred to a local indifferent
electrode. The distal monophasic action potential
electrode located at the tip of the catheter is buffed off
so that it was just recessed within the catheter tip; the
indifferent electrode was brought out through a side
hole drilled in the catheter 3 mm from the tip, flush
with the wall. When the tip of the catheter impinges
on the ventricular endocardium, monophasic action
potentials of 20 to 40 mV amplitude can be recorded
(Fig. 3). No suction is used for these monophasic
action potential recordings. Stable recordings for up
to 15 minutes have been obtained from the same site,
provided a good contact was maintained. The mono-

phasic action potential signals were preamplified with
a high impedance purpose built DC amplifier (Watco
Limited).
The criteria for accepting the paced monophasic

action potential recordings were the uniformity of the
shape in 30 or more consecutive beats, their resem-

blance to the accepted configuration for transmem-
brane action potentials, a smooth repolarisation
course, and a horizontal baseline (Fig. 3). Duration of
monophasic action potentials was measured at 90%
repolarisation time (Fig. 3).10 Changes in the interval
between the pacing stimulus and the onset of mono-

Fig. 3 Paced monophasic acton potential (MAP) recordings
from the left venricular endocardium at cycle length (CL) of750
and 460 ms. The 90Yo repolanisation time(D) is shown. St =
pacing stimulus.

phasic action potential upstroke were considered to

represent changes in local conduction time.

PROCEDURE
One catheter containing both the paced endocardial
evoked response and monophasic action potential
recording elements was positioned under biplane
fluoroscopic control in the potentially ischaemic zone

in the left ventricle and the other in a "normal" zone

of the right heart not affected by myocardial
ischaemia. The normal non-ischaemic zone was

located in the apex of the right ventricle in all but two

cases. The intracardiac electrograms from the non-

ischaemic zone and from the potentially ischaemic
zones were recorded alternately at paper speeds of 100
and 200 (or 250) mm/s along with three selected elec-
trocardiographic leads and the electronic peak detec-
tor using either an 8 channel ink-jet recorder
(Siemens-Elema Mingograph 82) or an 8 channel
heatsensitive recorder (Devices Instruments Limited
model M19). The heart was stressed by ventricular
pacing at progressively faster rates starting at 80 beats
a minute and increasing the rate by 10 beats a minute
every two minutes till the onset of angina or elec-
trocardiographic evidence of ischaemia (Fig. 4) up to
a maximal rate of 140 beats a minute. Either ventricle
could be paced at any time (Fig. 4); sequential pacing
periods of 60 seconds in each ventricle were used
throughout the study. The unpaced scalar electrocar-
diogram was inscribed for 10 seconds before each
increment in the paced rate.

Recordings of the paced endocardial evoked
response and monophasic action potential from both
the ischaemic and non-ischaemic zones were obtained
sequentially throughout the pacing stress test till the
onset of angina or electrocardiographic evidence of
myocardial ischaemia; measurements were then made

Paced
endocard
evoked
response

(LVIZ)

Mairkers

l10mV

_It
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Fig. 4 After obtaining the control
electrocardiogram (left panel,
showingfrom above downwards,
the six standard leads and the
precordial leads V2 to V6),
recordings of the paced endocardial
evoked response (PER) were
registered sequentially from both
ventricks (middle panel) throughout
the pacing stress test til the onset of
angina or electrocardiographic
evidence of ischaemia (right panel,
arrows). Abbreviations as in Fig. 2.

alternately from both control and ischaemic areas of
the heart for over 30 beats and used as end points for
each individual study (Table). Sublingual or

intravenous nitrates were administered immediately
after the recordings at ischaemia had been completed.
After angina stopped and during the regression of the
electrocardiographic changes, further intracavitary
measurements were obtained from the left ventricular
catheter at paced rates matched to those used for the
ischaemic recordings, to establish the rate of reversi-
bility of the ischaemic electrical changes.

After a 10 minute recovery, four patients under-
went an additional pacing stress test starting at the
predetermined pacing rate threshold for angina, with
almost continuous recordings of the paced endocar-
dial evoked response and monophasic action potential
from the ischaemic zone only until the onset of clinical
ischaemia documented by the electrocardiogram dur-
ing the switch off periods of pacing.

DATA ANALYSIS
The data obtained by both paced endocardial evoked
response and monophasic action potential recordings
from the non-ischaemic and ischaemic sites at identi-
cal paced cycle lengths were compared using paired t
statistics.

Results

Changes (expressed as a percentage of the initial val-
ues) in the duration of the local repolarisation as

evaluated by the paced endocardial evoked response
from the right ventricular non-ischaemic zone and
from the left ventricular ischaemic zone during the
pacing stress test are shown in Fig. 5, which also
superimposes the expected rate-dependent range of
the paced endocardial evoked response as

documented from both ventricles in seven normal
subjects. The rate adjusted paced endocardial evoked
response from the non-ischaemic zone remained
within the normal range throughout the study and
these values from the right ventricle during clinical
ischaemia (mean 261-2± 17 ms) were used as "con-
trol" measurements (Table). The mean duration of
the paced endocardial evoked response recorded at
angina from the left ventricular ischaemic zone (mean
233*2±18*4 ms) differed significantly (p<0-OO1) from
these control measurements (Table). The readings
from the two areas of the heart diverged for a time
before the onset of angina, and local repolarisation in
the left ventricular ischaemic zone was shortened dur-

0-

w -10-

Ul)

-20-

-30 -

80 90 100 110 120
Heart rate (beat/min)

130 140

Fig. 5 Centile changes in the paced endocardial evoked
response (PER) during ventricular pacing. The paced
endocardial evoked response from the non-ischaemic zone (black
circles) remained within the rate dependent range (dotted area)
obtained from seven patents with normal coronary arteriograms
and left ventriculograms. The dashed line represents the 95%
corfidence limits (SD x2) that is (+5%) of control. The paced
endocardial evoked response from the ischaemic zone diverged
from control earlier and at lower rates than those required to
produce clinical ischaemia (white circles).
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Fig. 6 Subclinical ischaemia. Recordings of the paced
endocardial evoked response from the left ventricular ischaemic
zone (case 3). The top tracings were obtained 15 seconds after
increasing the paced rate to 130 bpm (cycle length, 460 ms). The
lower recordings obtained 90 seconds later document a 30 ms
(-12-5%) decrease in the local repolarisation time corresponding
to "subclinical" ischaemia. Myocardial repolarisation assessed
by the scalar electrocardiogram (lead I) was unchanged; local
activation time increased by 5 ms in the lower tracings. Pacing at
a faster rate (CL, 430 ms) produced angina and
electrocardiographic changes.

ing clinical ischaemia by a mean of 28 ms (10-6% of
control values) when compared with the right ven-
tricular non-ischaemic recordings at identical paced
rates. This shortening of repolarisation from the
ischaemic zone was documented at lower rates than
those required to induce angina (Fig. 6) and preceded
clinical evidence of ischaemia by up to five minutes.
The duration of the local repolarisation shortened to a
greater extent in the two patients who developed
ischaemia with electrocardiographic ST segment
depression and T inversion compared with those
patients with ischaemia and ST depression only
(Table). Throughout the pacing study the electrocar-
diogram showed no significant changes in the dura-
tion of overall myocardial repolarisation (Fig. 6),
showing only the expected rate related decrease in the
QT interval documented in normal subjects. The
local activation time derived from the paced endocar-
dial evoked response during clinical ischaemia was
38-6 (SD) t8-4 ms in the control non-ischaemic zone
and 42*4±8-42 ms in the ischaemic zone (p<0001)
(Table). In two patients, however, fragmented
deflections caused by non-homogeneous activation
were recorded from the ischaemic area (Fig. 7), and
these deflections made the accurate quantification of
local activation time difficult. Exclusion of the data
from those two patients did not alter the significance
of the delay in activation.
The simultaneous paced monophasic action poten-

tials from the ischaemic zone also showed a decrease
in amplitude and in the duration of the repolarisation

CL=460ms Controls

Paced
endocard. f
evoked
response I
.,t-T(ms) 250

Paced
MAP -L-J-
D g9% (ms) St 235

Ischoemic

5

\\ 222

I 10mV

St 207 50ms

Fig. 7 Effect ofischaemia on the paced endocardial evoked
response and on the simultaneous paced monophasic action
potentials (MAP). Recordings obtained from the catheters
positioned in the non-ischaemic (control) and ischaemic zones at
paced cycle length = 460 ms (case 4). The repolarisation time as
measured on the paced endocardial evoked response decreased by
28 ms and local activation became fragmented and delayed
(arrows). In the paced monophasic action potential tracings there
was a parallel (28 ms) shortening of the repolarisation time
(D9,p) and a decrease in monophasic action potential amplitude.
Local conduction (St -MAP upstroke) was delayed by 16 ms.

in excess of the expected rate dependent changes (Fig.
8) while monophasic action potentials from the non-
ischaemic zone showed no changes during regional
ischaemia. The 90% monophasic action potential
repolarisation time from the non-ischaemic zone
measured at angina averaged 255-5 (SD) + 14 ms; the

Paced Cl=500r
Baseline
recordings
MAP Dgo%
= 280ms

Subclinical
ischoemia
MAP D 90%
=263ms

Clinical
ischaemia
MAP D 90%
=250ms

ms

St

MAP LV Endo

r10mV

St

St

D IZ ECG

iI
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lO0Oms
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i

1iz-JLJ

V5 <AAJ

Fig. 8 Continuous recordings ofthe left ventricular endocardial
monophasic action potentialfrom the ischaemic zone (Endo IZ)
during pacing at the threshold rate for angina until the onset of
clinical ischaemia (case 10). The baseline tracings correspond to
the start ofthe pacing run. The second tracing was recorded three
minutes later, before the onset ofangina and electrocardiographic
abnormalities and shows the characteristic decreases in
monophasic action potential amplitude and repolarisation time
a(D9nJ) ofsubendocardial ischaemia. These changes were more
manifest in the third tracing when both clinical and
electrocardiographic evidence of ischaemia became evident. The
top unpaced electrocardiograms (leads V5 and V6) were obtained
before the pacing run; the other electrocardiograms were recorded
within seconds of the corresponding monophasic action potential
recordings.
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simultaneous monophasic action potential from the
ischaemic zone averaged 229.2±12.8 ms (p<O0OO1)
during ischaemia (Table). This monophasic action
potential shortening paralleled the shortening of the
simultaneous paced endocardial evoked response
(Table and Fig. 7). Analysis of the tracings obtained
from the ischaemic zone also showed that the shorten-
ing of the monophasic action potential repolarisation
time and amplitude were overt at lower paced rates
than those required tu produce clinical or electrocar-
diographic evidence of ischaemia.
The local conduction time in the ischaemic zone

was prolonged at the end point of the study from
25.9±4.85 in the non-ischaemic zone to 34±8 ms in
the ischaemic zone (Table). Because the ischaemic
zone was activated with delay, repolarisation of the
ischaemic area did not always terminate much earlier
than the repolarisation of the non-ischaemic areas,
even though the latter had longer refractory periods
(Fig. 9).

After recovery from the initial study continuous
paced endocardial evoked response and monophasic
action potential recordings were obtained in four
patients while pacing at the predetermined threshold
rate for angina; in these fixed rate studies, significant
changes in repolarisation time preceded clinical evi-
dence of ischaemia by a mean of two-and-a-half
minutes (Fig. 8).

After cessation of angina and ischaemia, the
ischaemic changes in repolarisation time in the left
ventricle reversed rapidly, invariably within 30 sec-
onds.

CL- 500ms

Paced
endocardial
MAP

St St St

Fig. 9 Superimposed paced endocardial monophasic action
potential recordings from the non-ischaemic (control) zone and
from the ischaemic zone (IZ) during angina and regional
ischaemia (case 9). The "control" monophasic action potential
recordings are from the catheter positioned in the inferobasal
porion of the right venticle and have a duration of268 ms. The
monophasic action potential from the ischaemic zone have
reduced ampltude and duration (Dw%=230 ms). Conduction
time (St -MAP upstroke) is delayed in the ischaemic area by 25
ms.
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Discussion

The localised ionic and electrical changes that occur
during the early phases of regional ischaemia lead to a
decrease in the resting membrane potential, shorten-
ing of action potential duration, and delay in local
conduction.25 These changes influence the develop-
ment of the ventricular arrhythmias of the early phase
of ischaemia5 1112; abnormally enhanced automaticity
and delayed after-depolarisation may also play a role
in this context.
There is need for an electrophysiological technique

to detect and monitor the early electrical changes that
could be applicable in the clinical setting. Because the
initial ischaemic injury occurs first in the subendocar-
dium,3 14 intracavitary recordings should provide
sensitive indices of regional ischaemia. It should be
emphasised, however, that all extracellular electrode
recordings reflect the average effects of many cells
with disparate repolarisation and refractory times and
are thus prone to some inadequacies, and that the
ability to localise a catheter in the left ventricle is
limited to a fairly large area.'5 Recent work on the
slow adaptation phase of repolarisation time to rapid
changes in cycle length'617 suggests that perhaps
longer pacing periods at each of the different cycle
lengths might be required for greater accuracy.
The present investigation was undertaken to

determine if clinically applicable intracardiac elec-
trodes could reliably detect and monitor the early
electrophysiological changes of ischaemia in man. The
paced endocardial evoked response system has the
advantage of clinical simplicity requiring only a con-
ventional pacing electrode lead. As the same lead is
used for pacing and sensing, it is possible to record
the pacing induced depolarisation and the evoked T
wave which represents the dominantly local repolar-
isation which follows from the same site.9 Both QRS
and T wave durations are shorter than those observed
in the simultaneous electrocardiogram (Fig. 2) as the
evoked response sensed by the pacing electrode is
dominated by electrical events local to the depolaris-
ing electrode.9 Monophasic action potentials have
been shown to correlate well with the shape and dura-
tion simultaneous transmembrane potentials at the
recording site.'8 Though pacing evoked endocardial
response and monophasic action potential-duration
are similar in both ventricles and normally represent a
measurement of the local refractory period of the
myocardium, this is not necessarily true for ischaemic
tissue, where post-repolarisation refractoriness may
cause a disparity between action potential duration
and refractoriness.5

Measurements of the duration of the paced
endocardial evoked response and monophasic action
potentials at matched heart rates during and after the
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stress induced deficiency in myocardial blood supply
eliminated rate dependent differences in the record-
ings and allowed the direct comparison of changes in
local repolarisation and activation time between
ischaemic and non-ischaemic zones.

The abnormal shortening of the local repolarisation
time in the pacing evoked endocardial response from
the ischaemic zone (Fig. 5 and 6) was closely followed
by divergent decreases in duration of the simultane-
ous paced monophasic action potentials from controls
(Table and Fig. 7). The average rate corrected shor-
tening of the local repolarisation time in the ischaemic
area was 10*4% (27 ms). A decrease of more than 5%
(95% confidence limits) of the repolarisation as evalu-
ated by either method should thus enable the diag-
nosis of subclinical or early ischaemia (Fig. 5, 6, and
8). This decrease in the repolarisation time is prob-
ably partially related to the severity of the ischaemia19
and was much more pronounced in the two patients in
whom T wave inversion documented electrocardio-
graphically during angina.

The intracavitary recordings appear to be very sen-

sitive in detecting ischaemia. Abnormal shortening of
the paced endocardial evoked response and changes in
amplitude and duration in the monophasic action
potential tracings from the ischaemic left ventricular
zone preceded the symptoms and electrocardio-
graphic abnormalities. Thus, pacing evoked endocar-
dial response shortening occurred at rates up to 20
beats/min lower than those required to induce clinical
or electrocardiographic evidence of ischaemia, and
preceded the latter by up to five minutes (Fig. 6).
Changes in monophasic action potential duration and
amplitude also preceded clinical ischaemia, even dur-
ing pacing at the threshold rate (Fig. 8).
A progressive delay in the local activation time dur-

ing angina (average 4 ms) was documented by the
paced endocardial evoked response from the
ischaemic zone. The measurement of activation time
during angina by this method is, however, prone to
inaccuracies because of the fragmentation of the
myocardial activation which is sometimes seen (Fig.
7). The monophasic action potential tracings from the
ischaemic area recorded a mean 8 ms delay in the local
conduction time (Table). Non-ischaemic areas
showed no changes in the pattern of activation and
repolarisation (Fig. 9) as evaluated by these
intracavitary electrodes. These ischaemic changes in

local activation, conduction, and repolarisation
reversed rapidly; recovery of the ability of cells to
generate action potentials with amplitude and dura-
tion equivalent to the basic control measurements
occurred always within 30 seconds of the administra-
tion of intravenous nitrates and the cessation of
angina, and also preceded the electrocardiographic
regression of myocardial ischaemia.
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These studies have thus shown that the ischaemic
zone is activated with delay and that disparate repolar-
isation times exist within the ischaemic left ventricle
(Fig. 9). The disparity in activation and repolarisation
times documented by the pacing evoked endocardial
response and monophasic action potential tracings
from non-ischaemic and ischaemic myocardial zones
is compatible with the requirements for the appear-
ance of re-entry arrhythmias.I" 20 Fractionated elec-
trograms similar to those recorded in two cases by the
paced endocardial evoked response (Fig. 7) have been
previously noted in epicardial electrograms during
ischaemia."l 21 This irregularity in local activation is
probably the result of the non-uniform effects of
ischaemia on the activation of the myocardium.

Intracavitary recordings may thus provide earlier
and more sensitive detection of regional subendocar-
dial ischaemia during cardiac catheterisation or coro-
nary artery surgery. Our initial experiments in dogs6
suggest that the study of the patterns of activation and
response could permit the assessment of phar-
macological, metabolic, or haemodynamic inter-
ventions on the early electrical changes of ischaemia
and on the preservation of the ischaemic myocardium.
They may bridge the gap between in vitro studies and
the electrophysiological studies performed upon the
intact heart.
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