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N early SS years ago a telephone wire 
connecting Einthoven's laboratory 

with the intern al clinic, made it possible 
to register electrocardiograms from pa
tients. Af ter some time this connection 
was severed by the clinician. It must have 
been astrange idea indeed that a machine 
could . give information about the patient 
not detectable from direct contact with 
the ·'patient. In many respects this inter
ruption may be considered a symbolic 
action. Electrocardiography as a part of 
physiology, and electrocardiography as a 
part of clinical medicine had to go a sep
arate way for a long time before reunion 
took pI ace. 

The group I represent here is nearly 
completely composed of persons interested 
in clinical medicine. Our work started in 
1947, with the study of the transmural 
and intramural potentials in the dog and 
the goat. But our main target, the human 
heart, was not accessible. · Only in the last 
year did we find a method suitable to 

investigate the exposed heart of the 
hu man being in a satisfactory way. 

Experimental approach 

A . Heart. The explorer of the eIectrical 
aspects of the heart is faced with many 
difficuIties. How can he accomplish his 
main purpose, the unraveiing of cardiae 
excitation, in such a way that his approach 
does not change the phenomena he wants 
to investigate? Two lines of approach are 
possible. One means is exposition of the 
heart by thoracotomy. Probably the com
plexes registered from the exposed heart 
are not identical with the complexes from 
the heart in the intact thorax. The second 
approach is the Langendorff perfusion of 
the isolated heart, a method which for the 
human heart was used for the first time by 
Zbyszewski1 and perfected by Boden and 
Neukirch.2 

B. Electrodes. Three kinds of electrodes 
were used. (1) Differential electrodes to 
record local phenomena. This type of 

From the Department of Cardiology and the Department of Internal Medicine, University of Amsterdam, Wilhelmina· 
Gasthuis, Amsterdam, Netherlands. 

These investigations were supported by grants from the Netherlan<ls Organization for Pure. Research (Z. W. O.) . 
Received for publication Nov. 8, 1960. 

303 



304 Durrer, Formijne, van Dam, BüUer, van Lier, and Meyler Am. HearlJ. 
Mareh, 1961 

-

U.P.2 ~. 
I 

BIP. 2-3 ---I11I.II_ ':::;6:--BIP. 1-2 ,~ 

Sm\! 
2 I 

~~_. 
~2:~ IOmMC 10"" 

- . 
EXCITATION WA.ve: 

,. -

Fig. 1. Three terminals, 1, 2, 3, a distance of 0.1 mm o apart, were placed on 
the epicardial surface of the heart, in a region in which the excitation wave 
progresses from terminal 1 to 3. A point on the fast portion of the intrinsic 
de/lection in unipolar complex from the middle terminal coincides with the 
point of intersection of the bipolar complexes. 

electrode consists of two electrodes lying 
very close together, for example, 0.1 
millimeter apart. (2) Small tipped unipolar 
electrodes for extensive exploration of the 
epicardial and endocardial surfaces of the 
heart. (3) Intramural needie electrodes. 

Apparatus. A four-channel high-fidelity 
oscillograph with separate recording and 
viewing tubes was used. 

Intrinsic d eflection and local excitation. 
Our previous investigations3 ,4 have shown 
that the electrical effects of local excitation 
can be best studied by means of differential 
electrodes. 1 t can be demonstrated, how
ever, that the electrical effects of local 
excitation can frequently be discovered in 
the unipolar records. A differential electrode 
with three terminals at a distance of 0.1 
millimeter was placed on the epicardial 
surface on an area where the excitation 
process spreads from 1 to 3 (Fig. 1). The 
complexes between 1-2 and 2-3 are very 

similar. The intersection of bipolar complex 
1-2 with complex 2-3 signals the arrival of 
the excitatory wave at terminal 2, coincid
ing in the unipolar record with a point on 
the rapid part of the intrinsic deflection. 
For the measurement of time relations, 
only the rapid portions in the complexes 
are used. 

Contrary to the opinion of some investi
gators, we found th at the location in the 
QRS complex of the electrical effects caused 
by local excitation is not constant. It may 
differ in complexes from different areas 
of the heart (Fig. 2). The effects of local 
excitation are represented by a fast de
flection which may occur near the middle 
of the downstroke of the R, near the top 
of the S. On the ascending limb of the S 
it may appear as a negative going potential. 
In some areas, mainly on the posterior 
wall, we even found the effects of local 
excitation on the ascending limb of the Q. 
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Total excitation of dog heart 

Total excitation of the heart of the dog, 
the experimental animal commonly used, 
is now rather weIl known. 3,5-7 I will com
ment on only a few points. During the 
study of the sinus node and A-V node, 
we were impressed by the sensitivity of 
these structures to pressure of the exploring 
electrode. Even slight pressure on the sinus 
node caused disappearance of the multi
phasic electrical activity, specific for these 
structures. The introduction into the sinus 
node of a needie electrode of the type we 
used caused a complete disappearance of 
multiphasic activity. 

Specijic tissues of heart. The electrical 
activity of the main branches of the bundie 
of His can be seen as multiphasic defiections 
preceding the cavity potential. 

The pattern recorded in the subendo
cardial branches of the Purkinje system is 
somewhat different; mostly only one or 
two spikes are found. We could find no 
appreciable delay between the spikes 
caused by activity of the Purkinje fiber 
and the beginning of the myocardial de
polarization complex after the Purkinje 
depolarization. 
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Fig, 2. Different locations of intrinsic defie~tion in 
QRS complexes, Unipolar complexes from different 
regions of the revived heart of a 7-month-old human 
fetus, The effect of local excitation can occur in the 
downstroke connecting top R with nadir S, near the 
top of the S, on the ascending Iimb of the S and 
ascending Iimb of a QS complex registered from the 
posterior side. 
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Fig, 3. Top: Bipolar complexes during normal beat, 
folIowed by premature beat caused by stimulation 
of terminalS, situated in the subendocardial layer. 
Boltom: Bipolar complexes in outer layers of ven
tricular waII with unipolar complexes from the 
terminals between which the bipolar complexes 
were recorded, The intrinsic defiection in unipolar 
complex 8 is synchronous with the fast portion in 
upstroke of bipolar complex 8-9. In unipolar com
plex 9 the intrinsic defiection is synchronous with 
the intersection of the downstroke in 8-9 and the 
upstroke in 9-10. In unipolar complex 10 the in
trinsic defiection is synchronous with the down
stroke in 9-10. The duration of the bipolar com
pi exes is approximately 5 miIIiseconds. 
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Fig. 4. The time of activation in the intramural 
layers was measured by the time of occurrence of 
the intrinsic deflection in unipolar and bipölar 
records. A.R.P. is the absolute refractory period. 
T.R.P. is the total refractory period, the duration 
until cardiac excitability has regained the diastolic 
level. F.R.P. is the functional refractory period, 
the period af ter which the myocardium is capable 
of conducting a propagated excitation wave. The 
time course of F.R.P. rather closely follows acti
vation time. 

The Purkinje system distributes the 
excitatory wave in 5 to 10 milliseconds to 
all subendocardial parts of the ventricles. 

The question of the presence of intra
mural extension and the degree of intra
mural extension of the Purkinje network 
is not solved. In previous experiments, 
we gave only indirect evidence for the 
existence of an intramural network of the 
inner layers of the ventricular wall in the 
dog. For many years we looked for evidence 
of electrical activity of the Purkinje system 
in the left ventricular wall, but never found 
it. We did find it, however, in the goat. 
Here we could record Purkinje activity 
preceding the muscular depolarization com
plex in bipolar intramllral records at differ
ent intramural layers, even in the subepi
cardial layers. The intramural extension 
of the Purkinje networl{ is proved con
clusively by Meyling and Ter Borg. 8 •9 

Intramural excitation. In the outer layers 
of the ventricular wall the excitatory pro
cess progresses with nearly constant veloc
ity, approximately 50 cm. per second, to
ward the epicardial surface. The region in 
which depolarization takes place appears to 
be very sharply defined. The electrical 
effects caused by this wave can be rep re
sented by a polarized surface. The distance 
between sources and sinks is 1 mm. · maxi
mum. The drop in potential across this 
wave is at least 15 mV. (Fig. 3). 

Ventricular septum. The ventricular sep
tum is activated from both sides.I°-12 No 

functional boundary between the portion 
supplied by the right and left bundies can 
be demonstrated.I° The basal regions of 
the septum are activated latest in the 
cardiac cycle; therefore, the excitation 
wave in the ventricular septum progresses 
in an apico-basal direction. 

The excitatory process in both ventricles 
progresses toward the posterobasal region, 
which is activated latest in the cardiac 
cycle. 

Repolarization. The pathway of the re
polarization process cannot be investigated 
with the methods so successfully applied 
in the analysis of the depolarization pro
cess. Opening of the thorax changes the T 
waves. Because of the gradual character 
of the repolarization process the arrival 
of this process at the exploring termi
nals cannot be identified. We have tried 
to follow the pathway of the repolari
zation process, using the duration of the 
functional refractory period (F.R.P.) as 
a measure of the time necessary to re
store cardiac excitability. At the end of 
the F.R.P. the myocardium resumes its 
ability to propagate an excitatory process. 
Since we could prove that at this particular 
moment the stimulating requirements are 
one and one-half times the diastolic level, 
the duration of the F.R.P. can be measured 
readily from strength interval curves.13 The 
duration of the total refractory period, 
however, cannot be determined accurately. 
The duration of the F.R.P. shows slight 
differences in the successive layers of the 
ventricular wal!: up to ± 15 milliseconds. 
I t can be seen (Fig. 4) that the end of the 
F.R.P. follows more or less closely the 
pathway of depolarization. 

Intact human heart 

The clinical cardiologist is mainly in
terested in the excitatory process of the 
normal and pathologic human heart. Even 
in this era of cardiac surgery, adequate 
analysis of the human heart is difficult, 
and mostly impossible. An extensive an
alysis of the human heart during operation 
takes such a long time that the safety of 
the patient may be jeopardized. Therefore, 
we used the Langendorff perfusion of the 
revived human heart.I·2 

Reviving. We immersed 3 fetal hearts, 
each 7 months old, in a large container and 
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Fig. SA . Sagittal section of the ventricles just to the 
left of the ventricular septum. The numbers indi
cate the time of arrival, in msec., of the excitatory 
wave at the epicardial surface. Reference: beginning 
of ventricular depolarization. 

used as reference electrode a large one sit
uated at least 8 cm. from the heart. There
fore, the potential Huctuations of the ref
erenee electrode are very small in compari
son with those of the exploring electrode, 
and the records may be called "unipolar." 
The perfusion Huid had no oncotic pressure, 
so that slight swelling of the heart, caused 
by interstitial edema, occurred. Boden's 
and our own experiments support the con
cIusion th at the excitatory process of the 
heàrt in situ and that of the isolated heart 
are very similar. Records we re made from 
100 Gr more poirits in all hearts, and after 
the experiment these points could be identi
fied on the epicardial surface of the heart. 

Form oJ epicardial comPlexes.I4 There are 
no typical patterns for the left or right 
ventricIe. Complexes of the l'S type are 
found near the attachment of the anterior 
papillary muscIe of the right ventricIe, but 
also at the anterior surface of the left 
ventricIe (Fig. S). 

Complexes of the qR type are present 
on the left ventricIe, on two areas, e.g., 
the anterolateral portion of the Ieft ven
tricIe and the high posterobasal area. near 
the left atrium. But qR complexes are also 
found on the right ventricIe, on the left 
lateral and high anterolateral area and the 
posterobasal area. These complexes show 
initial negativity. We may conclude that 
the patterns which up to now have been 

considered typical for the right ventricIe 
and left ventricIe are also found on some 
portions of the heterolateral ventricIe. 

The form of the epicardial complexes at 
corresponding anatomie areas shows a 
striking correspondence. I may mention 
the opinion of Boden and Neukirch,2 af ter 
their experiments on t he isolaü~d human 
heart, that the differences in the electro
cardiograms of normal persons are prob
ably caused mainly by extracardiac factors. 

The posterior and lateral surfaces of the 
left ventricIe show Q waves, as could be 
expected. But also the posterior surface 
of the right ventricIe shows initial nega
tivity. The area showing Q waves is located, 
therefore, at the posterior and lateral parts 
of both ventricles. 

These Q waves all begin at the same time 
in the cardiac cycle and probably at the 
beginning of the left ventricular cavity 
potential. Their depth varies. The Q is 
deepest about one third of the way from 
apex to base. The deepest Q waves all are 
present on the posterior attachment of the 
ventricular septum and near the attach
ment of the posterior papillary muscles 
of the right and left ventricles (Fig. 6). 
~To demonstrate this relation in still 
another way, a section was made in the 
left ventricIe, parallel with the ventricular 
septum and just to the left of it (Fig. SB). 

10."',. ... 
~EC .7 . -.~. 

FETAL HEART 2 

Fig. SB . Frontal section of the ventricles just to the 
Ie ft of the ventriCLiIar septum. The numbers indicate 
the time of arrival, in msec. , of the excitatory wave 
at the epicardial surface. Reference : beginning of 
ventricliIar depolarization. 
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Fig. 6. Posterior view of t he fetal heart. The num
bers indicate the depth of the Q wave (in microvolts) 
in unipolar complexes from these places. Deepest 
Q waves are present one half of the way from apex 
to base, in t he area overlying the posterior attach
ment of the ventricular septum. The attachment 
of posterior papillary musc1es is indicated too. 

The relation of the Q and the papillary 
muscIe is evident. I t is probable, therefore, 
that two factors, at least, contribute to the 
genesis of the Q wave: (1) excitatory wave 
in- the ventricular septum progressing in 
an apico-basal direction, and (2) activation 
of the papillary muscles from their bases to 
apex. 

Epicardial excitation pat/em. The time 
of occurrence of the intrinsic deftection, 
if weil developed, was nieasured in all 
records. All measurements were corrected 
to the beginning of the Q at the posterior 
surface. The times of arrival were grouped 
in S-millisecond intervals. The first epi
cardial break-through occurs at the area 
trabecularis. At each S-millisecond interval 
an enlargement of the epicardial area acti
vated is seen. The anterior and posterior 
attachments of the ventricular septum 
appear to form no boundary for the epi
cardial excitation wave. Epicardial excita
tion occurs la test in the posterobasal 
region of both ventricles. 

Elsewhere we described epicardial exci
tation as a double envelopment of the 
surfaces of both ventricles. 14 

Many years ago, Lewis1s published a 
figure representing his considered view on 
excitation of the human heart. I t is evident 
from Fig. SA that there is a remarkable 
similarity between Lewis' considered view 
and our findings. 

These conclusions are valid only for the 
7-month-old fetal heart. We hope to repeat 
these experiments in the adult heart in the 
near future. 

Let us now turn to abnormal excitation. 
Because of our clinical interest, we studied J) 
the changes occurring during acute coro-
nary occlusion and in myocardial infarc-
tions, 4 to 14 weeks old. 

Acute coronary occlusion 

EPicardial excitation pattern. In the is
chemie area, all epicardial complexes show 
S-T elevations and abnormal Q waves. In 
contrast, epicardial excitation of the nor
mal tissue surrounding the ischemie area 
remained constant up to 12 hours af ter 
the beginning of occlusion, i.e., up to the 
end of the experiment. 

The epicardial surface of the ischemie 
area is activated late, up to 50 milliseconds, 
in the cardiac cycle. This delay is caused 

Fig. 7. Coronary occ1usion during 2-3 homs. Spatial 
view of two cross sections of the left ventric1e. The 
numbers at the epicardial surface indicate the needie 
electrodes. The smaller numbers at the intramural 
terminals indicate the degree of S-T shift measured 
(in mV.) immediately after ventricular depolariza
tion. Needie electrodes 2,3,4, and 5 have the highest 
degree of S-T shift in the subepicardiallayer. 
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Fig. 8. Intramural bipolar complexes 2 hours af ter 
beginning of coronary occlusion. The complexes 
show a large reduction in voltage and are notched. 
The S-T shift present points to the presence of a 
gradient of injury, making the outer layer positive 
in respect to the inner one. 

by the decrease in conduction velocity of 
the excitatory process in the ischemic area. 

The occurrence of premature beats dur
ing coronary occlusion is weIl known. In 
one case in which we followed the changes 
in electrical activity during coronary oc
clusion for 12 hours, premature beats oc
curred which showed a constant form of 
the epicardial and intramural complexes. 
They were presumably caused by activity 
of a constant focus. Because these prema
ture beats remained present for a few hours, 
a complete epicardial excitation pattern 
could be recorded. The excitatory wave 
from -this focus had the earliest epicardial 
break-through at a reg ion which appeared 
to lie on the boundary of the infarcted area. 
Therefore, the focus was situated in the 
area of transition between the ischemic 
and norm al myocardial tissue. 

Intramural excitatian pattern: In all in
stances, S-T-segment elevation was pres
ent in all unipolar leads from intramural 
terminals situated in the ischemic area, 
but the degree of S-T shift varied (Fig. 7). 
The S-T shift was measured at the end 
of ventricular depolarization in the is
chemic area. At many places, maximal 
S-T shift was present in the subepicardial 
layers (needie electrodes 2,3,4,5), and 'at 
other places in the mid-murallayers (needie 
electrode 6). A few hours later, S-T shift 
at needie electrode 2 was maximal in the 
subendocardiallayers. 

In the intramural layers of the ventricu
lar wall surrounding the ischemic area, we 
could never reach a negative side of the 
boundary responsible for the S-T shift. S-T 
depression, however, was always found in 
the left ventricular cavity at the opposite 
side of the heart. Wethink th at a sharply 
defined boundary is not present, but that 
there is a very gradual transition between 
injured and noninjured fibers. 

Bipalar intramural camplexes. During 
occlusion, the bipolar complexes registered 
between successive intramural terminals 
changed profoundly, but the observed 
changes did not follow a constant pattern. 

The diameter of the coronary vessel 
occluded varied in different dogs, and the 
role of the collateral circulation responsible 
for the maintenance of a reduced blood 
supply could not be ascertained. I t is 
not possible, therefore, to give an adequate 
description of the changes of the excitatory 
process as a function of the changes 111 

blood supply. 
The bipolar complexes may change in 

different ways. In some cases, only broaden
ing of the bipolar complex was found. In 

NORMAL BEAT 

_NORMAL 

9.10 

8·9 

PREMATURE BEAT 

~NORMAL 

STIMULUS 
ARTEFACT 

STIMUlAllOH TERMINAL) 
OElAV 1S5mM< 0.5m" 

Fig. 9. Bipolar complexes 8-9 and 9-10. The com
plexes labeled ischemia were recorded 5 minutes 
af ter beginning of coronary occlusion. A negative 
deflection precedes a small and broad positive de
flection, falling late in the cardiac cycle. They retain 
their form during endocardial stimulation. The 
complexes labeled normal were recorded 22 seconds 
af ter release of coronary occlusion. The transit ion 
of the abnormal complexes to nonnal, intramural 
complexes can be c1early seen. 
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Fig. 10. Changes in complexes during progressive 
coronary ischemia. Complex 1 was recorded 15 
seconds af ter beginning of coronary occlusion; 
complex 2, 60 seconds; complex 3, 100 seconds; 
complex 4, 120 seconds; complex 5, 225 seconds 
af ter beginning of coronary occlusion. The arrows 
indicate the location of the intrinsic deflection. 
Bipolar complex 1 was registered synchronously 
with unipolar complex 1, complex 2 synchronously 
with unipolar complex 5. The downstroke of the 
~~R" in unipolar complex 5 occurs synchronously 
with the dowlJstroke in 9-10, and is caused byexci
tation of muscle layers in contact with terminal 10. 

other cases, th ere was a loss of voltage in 
the bipolàr complexes, but this change was 
always associated with broadening of the 
bipolar complexes. Fig. 8 is a typical illus
tration. The complexes are broad and show 
loss of voltage, notching, and S-T shift. The 
broadening of these complexes is caused by 
a diminished conduction velocity of the ex
citatory process in the ischemic area-some
times 10 cm. per second or less. The loss of 
voltage can possibly be related to a reduc
tion of the membrane action potential. 
The notching may be caused by 'the fact 
that the muscIe fibers in the ischemic area 
are not changed to a similar degree ·by 
anoxia, and do not conduct the excitatory 
process at the same rate. 

Sometimes, and most frequently after 
the occlusion of a major branch or after 
prolonged occlusion of the coronary vessel, 
complexes of a perplexing form are found 
(Fig. 9, complex labeled ischemia). These 
bipolar complexes show a large reduction 
in voltage of the R, and a large negative 
wave precedes the "R." Sometimes this R 
wave may disappear and the complex is 
completely negative. 

Bipolarcomplexes of this type may 
even be present in successive layers of 
the ventricular wal!. The changes which 
occur af ter restoratian of blood supply 
may shed some light on the genesis of ~ 
these complexes (Fig. 9). It can be seen ti 
th at the depth and duration of the nega-
tive wave diminish. Simultaneously the 
positive defiection increases in voltage 
and also faIls progressively earl ier in the 
cardiac cycle. After 20 to 30 seconds it 
is very high again and only a smaIl nega-
tive wave precedes the positive defiection: 
the complex has regained its preocclusion 
farm. I t is an astonishing fact that the 
disappearance of the ischemic complexes 
occurs very rapidly, mostly within one-
half to one minute, af ter the coronary 
circulation has been re-established. During 
that period, multiple ventricular pre
mature beats frequently occur. Many ex
periments terminated in ventricular fibril
Iation during that period. 

I t is possible that these bipolar com
pi exes are caused by an increase in distance 
between sources and sinks of the polarized ~ ) 
surface which represents the electrical ef7 
fects of excitation. 

Changes in unipolar ePicardial and intra
mural comPlexes. During acute occlusion 
the form of the QRS complex, of the uni
polar epicardial complexes, 6.16,17 and, as we 
could prove, also of the intramural com
pI exes , changes in the foIlowing manner: 
(1) decrease in voltage of S, sometimes 
even disappearance of the S; (2) a gradual 
delay in the onset of the intrinsic defiection; 
(3) decrease of the voltage and duration of 
the intrinsic defiection; and (4) perhaps 
complete disappearance of the intrinsic 
defiection. 

F ig. 10 depicts t he changes in the form of 
the unipolar intramural complex during 
coronary occlusion. The intrinsic defiection 
demonstrates the changes just described. 
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In the complex 4 the intrinsic deflection 
has disappeared; only a small notch is 
present on the ascending limb of the mono
phasically deformed complex. One might 
be led to conclude that the excitation wave 
does not reach this terminal anymore. 

However, because the bipolar complex 
9-10 shows a downstroke caused by exci
tation of 10, th is conclusion is wrong. 
Therefore the disappearance of the in
trinsic deflection does not necessarily mean 
that no excitation of the ventricular muscle 
in contact with the exploring terminal oc
curs. With prolonged ischemia the upstroke 
increases and upright deflection of short 
duration appears (complex 5, Fig. 10), fol
lowed by a slow downstroke coinciding 
with the last · portion of the descending 
limb of the bipolar complex 9-10. This 
deflection in the unipolar complex, th ere
fore, is caused by local excitation at ter
minailO. 

Chronic myocardial infarction 

In 1934, an important paper by Wilson, 
Johnston and HiIl18 was published which 
forms the basis of much of our knowledge 
about the electrocardiographic changes in 
myocardial infarction. 

Since the excitatory process spreads from 
the endocardial surface to the outer layers, 
it is difficult to see how it can reach the 
outer layers when the inner layers are 
dead or replaced by scar tissue. The afore
mentioned authors were unable to under
stand-how the excitatory process can cross 
the infarcted tissue unless they supposed 
that this tissue is penetrated by living 
Purkinje fibers or by surviving strands of 
ordinary muscle. 

With the methods outlined at the begin
ning of this lecture, th is important problem 
was tackled. Epicardial and intramural 
excitation patterns we re investigated. 

EPicardial excitation. The epicardial ex
citation pattern in myocardial infarction 
was changed profoundly. The unipolar 
complexes showed definite abnormalities, 
even if the infarction wassituated in the 
subendocardial layers. Up until now we 
have not encountered a situation in which 
an infarction of the subendocardial region 
did not resul t in an abnormal epicardial 
complex. The major change in the QRS 
complex was the occurrence of abnormal 

1 mV. 
1 
\ il-_____ a 

10 mV. 

50msec. 

Fig. 11. Differential complex (upper record) syn
chronous with unipolar complex (lower record) from 
one of the terminals of the differential electrode 
placed on the epicardial surface of a transmural 
infarction. The small deflections which occur 75 
milliseconds af ter the beginning of QRS are caused 
by excitation of tissue in contact with the differ
ential electrode. 

Fig. 12. Activation time (msec.) of epicardial sur
face in myocardial infarction. The epicardial surface 
above the subendocardial infarction, indicated by 
the dotted line, is activated late in the cardiac cycle. 
In the region bordering the A-V groove an area is 
activated with only slight delay (30, 41 msec.) and 
is lying close to an area activated much later (49, 
53 msec.). Between those two areas, fibrous tissue 
strands reach the epicardial surface, acting as a 
boundary for the crossing of the excitatory wave. 
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Fig. 13. Bipolar complexes [rom terminals lying in the infarcted area. The voltage of the com
plexes is greatly reduced, multiple notches are present, and the complexes are very broad. The 
numbers indicate the time of occurrence of the notches and deflections af ter beginning of left 
ventriclliar cavitary potential. Many sm all excitation waves are present in this area. During sllb
epicardial stimulation the polarity of the bipolar complexes reverses, and the complexes are grossly 
deformed and notched. 

Q waves. Vnder . the conditions of our 
experiments the normal Q wave was never 
deeper than 2.2 mV., and the duration from 
beginning to nadir did not exceed 8 milli
seconds. The total duration of the Q never 
exceeded 12 milliseconds. 

In all of the he arts with chronic ' myo
cardial infarction it appeared that the 
area which showed abnormal Q waves 
coincided rather closely with the infarcted 
area. The anatomic infarction, as detected 
by very careful microscopic examination, 
was only slightly smaller than the area 
showing changes in electrical activity. 

In all cases of subendocardial infarction 
the beginning of the epicardial Q was 
synchronous with the beginning of nega
tivity of the left ventricular cavity, sug-

gesting the correctness of Wilson's "win
dow theory." 

The intrinsic deflection in the unipolar 
complexes of the area overlying the infarc
tion was changed and sometimes difficult 
to recognize. In Fig. 11 the unipolar com
plex recorded from the epicardial surface 
of a nearly complete transmural infarction 
is shown. In the complex, sm all pips which 
occur from 75 to 80 milliseconds af ter the 
beginning of the QRS complex are seen. 
The duration of the main QRS complex 
is 50 milliseconds. 

A differential electrode was placed on 
that area (Fig. 11). The arrival of the 
excitatory wave at the muscle fibers in 
contact with this differential electrode is 
signaled bythe occurrence of smalI, fast 
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deflections. Therefore, the deflections in 
the unipolar complex are caused by local 
excitation of the subepicardial muscle 
layers. This excitation occurs late in the 
cardiac cycle (75 to 80 milliseconds), at 
the moment at which depolarization of 
the remainder of the heart is completed 
and even repolarization in a large part of 
the ventricles is taking pi ace. The pathway 
of excitation in th is area of a few square 
millimeters is very bizarre, but, neverthe
less, the pathway is constant from beat to 
beat. No variations, however small, are 
allowed : the pathway of excitation is 
strictly determined. 

The form of the differential complexes 
shows that, even in that small area, large 
desynchronization of excitation occurs; 
the excitatory wave is highly fragmented. 

Time relations of the epicardial surface. 
Analysis of the time relations of epicardial 
break-through above a subendocardial in
farction reveals some interesting facts. 
In most of the cases it occurs late in the 
cardiac cycle (Fig. 12). 

An accurate analysis of epicardial exci
tation reveals that are as lying very close 
together may show great differences in 
times of arrival of the excitatory wave. 
In th is case an offshoot of fibrous tissue 
from the subendocardial infarction reached 
the epicardial surface and acted as a barrier 
for the crossing of the excitatory process 
from the region activated early toward the 
neighboring region activated late in the 
cardiac cycle. 

Bipolar intramural comPlexes (Fig. 13). 
The form of the bipolar complexes in the 
intramural leads was changed: (1) The 
voltage was reduced; sometimes a large 
reduction of voltage was present. (2) The 
complexes showed broadening and multi
ple notching. 

They may become polyphasic. Small, 
fast deflections are nearly always present. 
In our opinion, these small deflections are 
caused by successive excitation of strands 
of muscle fibers in contact with the ex
ploring terminals. During subepicardial 
stimulation the polarity of the bipolar 
complexes points to the presence of a 
highly fragmented excitatory wave, pro
gressing in an endocardial direction. 

Intramural time relations. A gradual 
11 mopping up" process of the intrainfarc-

tion muscle fibers takes place. I t takes a 
long time before all of the intrainfarction 
muscle fibers are depolarized. The excita
tory waves take devious routes, but they 
are constant from beat to beat. 

Wilson, in the paper already cited, wrote 
that it was the hope of himself and his 
colleagues that studies of the refractory 
period in the infarcted region would yield 
important information in regard to the 
ability of the affected muscle to respond 
to the excitatory process. 

We measured the excitability of intra
infarction muscle fibers (Fig. 14). There 
appeared to be no large change for cathodal 
and anodal excitability, compared to nor
mal ventricular muscles. Sometimes the 
diastolic· threshold was somewhat higher 
than in normal muscle, perhaps due to 
short-circuiting by nonexcitabie tissue. 

How does the excitatory wave reach the 
muscle fibers in the infarcted area? We 
looked for evidence of Purkinje activity in 
the subendocardial tissue, but could only 
demonstrate it in a few cases. In most of 
these cases, Purkinje activation occurred 
at a normal time, at the beginning of 
the left ventricular cavitary potential. No 
delay in activation of the subendocardial 
Purkinje fibers could be demonstrated. In 
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Fig. 14. Excitability of viabie muscIe libers lying 
in a 6-week-old infarction. The excitabilityof the 
surviving muscIe libers is nearly normal. 
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only one case were subendocardial Purkinje 
fibers activated relatively late in the cardiac 
cycle. 

Because of the tangential excitation 
which may take place in the outer layers 
abovethe infarcted area, the Q/ R relation 
does not necessarily give evidence about 
the degree of intramural extension of a 
subendocardial infarction. 

The Q in subendocardial myocardial 
infarction is caused mainly by the reduc
tion in voltage generated during activation 
of these regions. In only one case could we 
find evidence of a delay in transmission 
of the excitatory process from the Purkinje 
fibers to the muscle fibers. 

Closing remarks 

Mr. Chairman, looking back to what has 
been achieved with the methods given to 
the worldby the man whose birthday we 
commemorate today, we are deE!ply im
pressed by the great amount of work that 
has been done. Butlooking forward, we 
feel humblebecause there is stiII so much 
to do; One point is very .important. The 
bridge s~parating electrocardiography as a 
part" of physiology from electrocardiog
rap-hy as -a part of clinical medici ne has 
been bridged by workers in both, fields : 
physiologists working in one direction, 
dinicians, in the other o,ne. ,They' can at 
last understand wh at the other party is 
doing, because more or less they have 
learned, to speak a common language. 
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