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PATHOPHYSIOLOGY AND NATURAL HISTORY

ELECTROPHYSIOLOGY

Endocardial mapping in humans in sinus rhythm
with normal left ventricles: activation patterns
and characteristics of electrograms

DeNNIs M. Cassipy, M.D., JosepH A. VassaLLo, M.D., Francis E. MARcCHLINSKI, M.D.,
ALFRED E. BuxtoN, M.D., WiLLIAM J. UNTEREKER, M.D., AND MARK E. JosepHsoN, M.D.

ABSTRACT Endocardial catheter mapping was performed in 15 patients in sinus rhythm who had no
evidence of structural heart disease and normal left ventricles. Mapping was performed with the use of
10 mm interelectrode distance from various left ventricular endocardial sites. In 10 patients a quantita-
tive analysis of electrographic amplitude, duration, and amplitude/duration ratio was performed. The
normal left ventricular bipolar electrograms had an amplitude of greater than 3 mV, a duration of less
than 70 msec, and an amplitude/duration ratio of greater than 0.045. Local activation times were also
assessed in the 15 patients. This analysis revealed two endocardial breakthrough sites, one on the
midinferior septum and a second on the anterior wall near the insertion of the anterior papillary muscle.
We therefore have defined normal quantitative characteristics of left ventricular bipolar electrograms
and the normal left ventricular activation sequence in the intact normal human left ventricle.
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NORMAL left ventricular endocardial activation and
electrographic characteristics in man have not pre-
viously been described in vivo. It is imperative to
establish normal guidelines if this technique is to be
used to evaluate conduction defects, infarction, or ar-
rhythmias. Our study was designed to characterize the
electrograms and sequence of ventricular activation
obtained during sinus rhythm by catheter endocardial
mapping of the normal human left ventricle.

Methods

Patient population. Fifteen patients referred to the Hospital
of the University of Pennsylvania for electrophysiologic evalua-
tion underwent sinus rhythm endocardial mapping during the
course of their examinations. There were eight male and seven
female subjects with a mean age of 30 years (range 17 to 64).

In no patient was there evidence of structural heart disease.
All had normal M mode and two-dimensional echocardiograms.
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Ten of the 15 patients had normal left ventricular radionuclide-
gated blood pool scans and in 10 (including five who did not
undergo radionuclide-gated blood pool scanning) of the 15 pa-
tients results of left heart catheterization and coronary angio-
graphic examination were normal. All patients had normal PR and
QRS intervals and normal electrical axes. In two patients inter-
mittent long QT intervals were documented (one drug-related
and the other idiopathic). Electrocardiograms of both patients
were normal at the time of endocardial mapping. There was no
evidence of a preexcitation syndrome in any patient, as deter-
mined clinically and by laboratory testing. Electrophysiologic
studies were performed to determine the presence or absence of
a variety of arrhythmias. Three patients had sustained ventricu-
lar tachycardia in the absence of structural heart disease.

Electrophysiologic study. Studies were performed in pa-
tients in the nonsedated, postabsorptive state after informed
written consent had been obtained. Antiarrhythmic drug therapy
was discontinued at least five half-lives before endocardial map-
ping. Drug levels were not obtained at the time of study. One
quadripolar catheter (No. 6F USCI) was inserted percutaneous-
ly into the femoral artery of each patient and advanced to the left
ventricle under fluoroscopic guidance. One to two quadripolar
catheters were inserted percutaneously and were advanced to
the right ventricular apex and right ventricular outflow tract.
Catheters had a 5 mm interelectrode distance and the width of
the electrode ring was 2 mm. Heparin, 5000 units as a bolus
followed by 1000 units/hr, was administered after insertion of
the arterial catheter in all patients.

The left ventricular mapping scheme used is shown in figure
1. The 12 sites represent segmental areas of the heart of approxi-
mately 5 to 10 cm?. Ten to 22 electrograms were recorded in
each patient. The catheter sites were verified by multiple-plane
fluoroscopy. The catheter was repositioned to the same site to
confirm reproducibility of recordings. Stability was ensured by
recording from each site for a minimum of 5 to 30 sec. Electro-
grams were recorded with a 10 mm interelectrode distance. This
was accomplished with the distal electrode paired to the third
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FIGURE 1. Schema of mapping sites in the left ventricle. Site 1 is the
apex; sites 2, 3, 4 are on the septum. Sites 5 and 7 are on the inferior wall
and sites 6 and 8 are on the posterior base. Sites 9 and 10 are on the
lateral wall and sites 11 and 12 are on the anterior wall.

electrode ring. All electrograms were filtered at 30 to 500 Hz.
The intracardiac electrograms were recorded at variable gain to
achieve the best electrographic definition and were accompa-
nied by a 1 mV calibration obtained from an isolated 1 mV input
signal similarly filtered at a 30 to 500 Hz band pass. A 10 mm
bipolar fixed-gain signal was recorded at 1 cm/mV amplifica-
tion at each site. Intracardiac recordings were simultaneously
displayed on a multichannel oscilloscope (Electronics for Medi-
cine VR 16) and were stored on analog magentic tape (Hon-
eywell 5600) and recorded on a 16-channel Mingograf (Sie-
mens-Elema) at a paper speed of 200 mm/sec.

Definitions. Electrographic amplitude (in mV) was defined
as the maximum upward to maximum downward deflection
measured by the 10 mm variable-gain bipolar electrogram.
Electrographic duration (in msec) was defined as the time from
the earliest electrical activity to the onset of the decay artifact
produced by the amplified filtered signal measured in the 10 mm
fixed-gain bipolar electrogram. The amplification and duration
measurements were combined to give an amplitude/duration
ratio to allow equal emphasis to be placed on each of these
values. Local activation time at a site was defined as the time
from the onset of the surface QRS to the time at which the
largest rapid deflection crossed the baseline measured in the 10
mm variable-gain bipolar electrogram. Examples of the mea-
surement technique in two typical recording sites are shown in
figure 2.

Normal electrographic amplitude was defined as that ampli-
tude (or greater) that characterized 95% of the electrograms and
normal electrographic duration was defined as that duration (or
less) that characterized 95% of the electrograms.

Electrograms were defined as basal (sites 4, 6, 8, 10, and 12)
or nonbasal (sites 1, 2, 3, 5, 7, 9, and 11).

Data analysis. Electrographic amplitudes, durations, and ac-
tivation times and onset of surface QRS complexes were as-
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sessed at each site by at least two independent observers. Four to
eight complexes were assessed at each site. When more than
one electrogram was obtained at a given site, the mean of all the
electrograms at that site was used for analysis. Results are
expressed as mean * SD. The Student’s t test for unpaired data
was used when comparing electrographic characteristics in re-
gions of the left ventricle.

Results

General description. One hundred fifty-six electro-
grams (both variable and fixed gain) were obtained in
10 patients for quantitative analysis of characteristics
of amplitude and duration. The use of mean values for
multiple electrograms recorded from the same defined
sites left 112 electrograms for analysis. Two hundred
fifteen electrograms (variable gain only) were obtained
in 15 patients for analysis of left ventricular endocar-
dial activation time. When only one electrogram per
site was used, 169 electrograms were analyzed for
activation time. There was no significant difference in
activation times or electrographic characteristics when
the total number of electrograms or when the per site
mean average of electrograms were analyzed. We have
therefore reported our results using the per site mean
average. Electrographic characteristics and activation
times in the three patients with ventricular tachycardia
were not significantly different from those of the other
patients.

Descriptive characteristics. Electrograms from normal
left ventricles had rapid deflections and distinct com-
ponents. Low-amplitude slow activity of only a few
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FIGURE 2. Left, A posterobasal site. Right, The midseptum. Surface
electrocardiographic leads (I, aVF, V,) are accompanied by two intra-
cardiac recordings (variable gain, fixed gain). Each electrogram is ac-
companied by a 1 mV calibration signal. Arrows indicate 1 mV. The
vertical dashed line denotes onset of surface QRS activity. The arrow on
the variable-gain electrogram shows local activation time, while the
arrows on the fixed-gain electrograms show onset and offset of local
electrical activity. Note that the arrows marking the offset show the
artifact produced by the decay of the amplified filtered signal. This is
also seen on the 1 mV calibration signals. Time line is marked at bottom
of figure.
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TABLE 1
Summary of electrographic characteristics of normal left ventricles
Basal Nonbasal
All sites sites sites p value
Amplitude (mV)
Mean +SD 6.7+x3.4 6.5+3.2 6.9%3.5 NS
95%= 3.0
Range 1.5-21
Duration (msec)
Mean +SD 5413 60=14 5011 <.001
95%< 70
Range 18-82
Amplitude/duration ratio
(mV/msec)
Mean + SD 0.133+0.073 0.116+0.070 0.144+0.074 <.05
95%= 0.046
Range 0.031-0.438 )
No. of electrograms 112 45 67

milliseconds (range 2 to 15) duration was recorded at
the beginning of all electrograms. No split, fractionat-
ed, or late electrograms were observed.'®

Quantitative characteristics. Results of the quantita-
tive analysis of normal electrographic characteristics
are listed in table 1. Mean electrographic amplitude
was 6.7 = 3.4 mV and 95% of the electrograms were
of an amplitude of 3 mV or greater. Mean electrogram
duration was 54 * 13 msec; 95% of the electrograms
were of 70 msec or less duration. Mean electrogram/
duration ratio was 0.133 = 0.073 mV/sec and the ratio
for 95% of the electrograms was 0.045 mV/msec or
greater. Quantitative descriptions of all electrograms
recorded are listed in table 2.

Basal electrograms tended to be of lower amplitude
(6.5vs 6.9 mV; p = NS), of greater duration (60 vs 50
msec; p < .001), and to have a lower amplitude/dura-
tion ratio (0.166 vs 0.144 mV/msec; p < .05).

TABLE 2

Left ventricular endocardial activation. Left ventricu-
lar endocardial activation began at 0 to 15 msec (mean
6) after the onset of the QRS. Left ventricular endocar-
dial activation was completed at 29 to 52 msec (mean
43). The duration of left ventricular endocardial acti-
vation ranged from 28 to 50 msec (mean 36). This
comprised 41% of the total surface QRS complex
(mean QRS duration 87 msec, range 80 to 100). Ana-
log and isochronic maps for a typical patient are illus-
trated in figures 3 and 4, respectively:

A definitive pattern of left ventricular endocardial
activation was observed, although some patient-to-pa-
tient variability existed. The inferior border of the mid-
dle septum was the earliest area of left ventricular
endocardial activation, while the superior-basal aspect
of the free wall was a second endocardial breakthrough
site. Moreover, the first and second earliest sites of
endocardial breakthrough were nonadjacent 67% (10/

Electrographic amplitude and duration characteristics in normal left ventricles

Left ventricular site®

Patient
No. 1 2 3 4 5 6 7 8 9 10 11 12
1 6.7/45 4.8/50 5.4/62 3.1/69 6.5/62 3.772 7.0/60 7.0/70 4.2/52 3.2/70 6.0/50 6.2/56
2 8.5/60 9.0/55 7.3/56 — 7.8/55 7.5/50  11.2/50 7.5/52 3.2/60 8.5/60 4.5/52 8.5/48
3 21/48 5.6/48 4.5/57 3.3/62 9.3/53 4.4/62 7.0/46 2.0/48 4.8/56 3.0/63 — —
4 4.8/47 4.7/48 6.0/40 — 5.1/40 4.8/48 9.7/40 9.3/46 5.4/18  11.5/62 5.2/40 8.2/40
5 3.3/48 10/40 2/25 6.3/42 6.2/26 8.0/22 3.3/26 9/43 7/30  10.6/46 3/58 6/28
6 6.8/46 8.5/50 5.3/52 — 7.8/52 5.2/70 3.9/33 7.1/59 — 3.4/76 4.8/53 6.2/68
7 11.2/58 5.4/65 4.4/60 3.8/69 2.9/55 7.2/79 6.4/65 11.5/80 17.5/62 7.8/56 4.5/70 3.6/58
8 2.7/137 8.5/40 1.6/51 3.4/56 5.2/147 3.0/49 4.5/46 4.5/59 5.0/64 2.8/58 4.7/21 1.5/46
9 9.2/55 6.7/57 14.5/60 5.0/75 15.1/53 6.0/82 7.8/45 7.0/78 8.5/60  14.5/75 8.8/50 —
6.4/70 — 11.4/75 9.3/46 5.0/70 10.0/60 15.5/70 6.5/49 8.5/67

10 13/50  6.6/50 4.4/54

Values are amplitude (mV)/duration (msec).
ASites correspond to those in figure 1.

Vol. 70, No. 1, July 1984 39



2202 ‘2T Yyore |\ uo /(q BJO'SBUJHO_QLFJ//IC'RH wioJj papeo jumoqg

CASSIDY et al.

1——\
aVFA-A—/\——"—jL—’\

RVA I
1 -‘L
2 +
3 A
4

wn
= =

o
— =

0 —i

n

-

TIME .

FIGURE 3. Analog map from a patient in sinus rhythm. The three
surface QRS leads (I, aVF, V) are accompanied by the right ventricular
apex (RVA) reference and 12 left ventricular (1 through 12) sites.
Vertical line denotes onset of surface QRS activity (see text for
discussion).

15) of the time. Activation then appeared to spread
radially from these breakthrough sites so that the apex
was activated relatively late while the base at the infe-
rior posterior wall was consistently the last area to be
activated. The isochronic map of left ventricular endo-
cardial activation along with mean values per site for
the entire group are shown in figure 5.

Discussion

Description of electrograms. This is the first attempt
during cardiac catheterization to examine endocardial
bipolar electrograms of intact normal left ventricles
and to characterize these electrograms; previously only
unipolar epicardial electrograms have been described
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semiquantitatively in man.® The normal left ventricular
bipolar electrogram was characterized by an amplitude
greater than 3 mV and a duration of less than 70 msec.
No split, fractionated, or late electrograms were
found, confirming preliminary data from our laborato-
ry in which different catheters and nonstandardized
methods were used.? The present results are based on a
10 mm interelectrode distance and specified filter and
gain settings. The importance of rigid adherence to the
technical considerations of interelectrode distance, fil-
ter settings, and amplifier gain cannot be overempha-
sized. These factors are known to influence character-
istics of recorded electrograms.'® !

Of interest is the difference noted in electrograms
recorded at the base compared with those from the
remainder of the heart. The lower amplitude and wider
duration was most pronounced at the inferoposterior
basal portion of the left ventricle. There are a number
of possible explanations for this finding. Purkinje fi-
bers are less dense at the base of the heart and hence
more muscle-to-muscle electrical activation may take
place, which could account for the longer electrogram
duration.'? Fiber orientation, which is different at the
base, can influence electrographic amplitude and dura-
tion if the bipolar pair is recorded perpendicular to the

FIGURE 4. Accompanying sinus rhythm isochronic map from same
patient as in figure 3. Numbers represent local left ventricular activation
time. Lines represent 10 msec isochrones (see text for discussion).
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FIGURE S§. Sinus rhythm isochronic map for entire group. Numbers
represent mean values for local activation times for the entire group.
Lines represent 5 msec ischrones. Note two endocardial breakthrough
sites.

main fiber orientation. A third possibility is related to
the electrode contact, which due to technical consider-
ations is different at the base than in the remainder of
the left ventricle. The role of catheter and electrode
position in causing the differences in electrograms re-
corded from the base may be resolved in a setting in
which direct electrode recordings can be made. Thus,
location in the left ventricle must also be considered
when assessing electrographic characteristics.

We believe the formulation of an amplitude/dura-
tion ratio is useful. Ischemic injury can influence both
amplitude and duration measurements, but the order
and magnitude of change has not been reported.'* Con-
sideration of either parameter in isolation may result in
the inaccurate interpretation of a finding. The calculat-
ed amplitude/duration ratio may balance these equally
important parameters and may prove useful in the anal-
ysis of abnormal electrograms.

Activation. The earliest descriptions of sinus rhythm
activation have dealt with depolarization sequence in
animal hearts'*'” and have been summarized in recent
reviews.'s2°

The left ventricular endocardium is activated near
the terminations of the left bundle branch slightly be-
fore the right ventricular endocardium. Activation of

Vol. 70, No. 1, July 1984

the septum is mainly left to right but does proceed in
both directions. The entire endocardium is activated
rather rapidly via the Purkinje network. The more thin-
ly walled right ventricle has an earlier epicardial break-
through than the thicker left ventricular wall. The wave
of depolarization soon encompasses the entire septal
and apical myocardium, leaving the basal and posteri-
or aspects of the heart to be the latest areas excited.

Except for a small number of studies of epicardial
and intramural recordings in isolated postmortem
hearts,® 2/ prior work in human hearts has been large-
ly limited to the study of epicardial recordings. Our
study is the first description of endocardial activation
in the intact normal left ventricle.

We have described two separate sites of earliest
endocardial activation — the middle inferior septum
and the anterior wall in the area of the insertion of the
anterior papillary muscle. Our data are similar to the
findings of Durrer et al.?* who, in addition, described a
third breakthrough site at the inferior paraseptal re-
gion. This third breakthrough site would be adjacent to
the earliest site that we noted on the middle septum.
Our inability to distinguish a third breakthrough site
may be explained by the limited number of sampling
points available to us using endocardial catheter map-
ping.

Our data suggest that, after initial activation, electri-
cal activity spreads radially and rapidly from these
breakthrough points to converge at the apex and finally
the inferoposterior base. The observation that the apex
is activated ‘‘relatively late’” (last 25% of left ventricu-
lar endocardial activation) has not been noted pre-
viously. An explanation for this is not apparent since
prior work in canine preparations has shown that the
Purkinje fiber network is extensive to the apex."’

Although we have measured total endocardial acti-
vation time in the normal left ventricle, it is not possi-
ble with the present techniques to derive conduction
velocities. The establishment of a normal left ventricu-
lar endocardial activation time will allow the evalua-
tion of the mechanism of conduction abnormalities on
the surface electrocardiogram.

Limitations. The standard catheter used by most lab-
oratories has a 10 mm interelectrode distance. This
relatively wide interelectrode distance records more
distant activity'" ' than that recorded from very nar-
row bipolar electrodes; therefore, the interpretation of
what constitutes local activity remains a difficult one.
The occurrence of low-amplitude slow activity record-
ed with all electrograms may represent more distant
activity; however, we believed, for the sake of repro-
ducibility, that this should be included in the measure-
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ment of duration of the local electrogram. A similar
analysis of electrograms with the use of electrodes with
smaller surface areas and narrower interelectrode dis-
tance is possible during surgery.

The absolute definition of electrographic amplitude
obtained with a bipolar recording system must be inter-
preted with caution. The direction of the wavefront in
relation to the recording bipole can have a definite
effect on the recorded amplitude. A similar word of
caution should be expressed concerning the choice of
filter settings used. The narrower the band pass select-
ed the lower the amplitude of the recorded signal ob-
tained. The effect that filter settings have on electro-
graphic duration has not been fully described. The
quantitative characteristics presented in this report
were determined at predefined amplifier and filter set-
tings; deviation from these settings may produce re-
sults that are not comparable to those presented here.

The number of sites that can be sampled by catheter
mapping is more limited than with direct visualization
procedures. Conclusions concerning activation time
must recognize this limitation. However, our results
are similar to those of the more detailed studies in vitro
by Durrer et al.>* who used a larger number of electro-
grams.

Potential uses. The definition of characteristics of the
normal left ventricular endocardial electrogram and of
normal activation sequence can now be applied to the
analysis of various clinical abnormalities. A greater
understanding of conduction disturbances and abnor-
mal activation sequences related to myocardial dam-
age should be possible. Finally, sinus rhythm mapping
has been suggested as a means to localize ventricular
tachycardia.*® % The values presented here provide a
framework for characterization of abnormal elec-
trograms and, thus, a critical assessment in this
application.
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