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Abstract. To determine the relation between regional
electrical activation time and fiber strain, epicardial electrical activation and deformation were measured in six
open-chest dogs at the left ventricular anterior free wall
after 15 min of right atrial, left ventricular free wall, left
ventricular apex, or right ventricular outflow tract pacing, when end-diastolic pressure was normal or elevated
(volume-loading). Regional electrical activation was measured using a 192-electrode brush. Regional subepicardial fiber strain (e0 was measured simultaneously in
16 regions, using optical markers which were attached
to the epicardial Surface and recorded on video. When
relating regional ef during the ejection phase to regional
activation time, the best correlation was found when a
hemodynamic time reference rather than an electrophysiological one is used. Using the moment of the
maximum rate of change of left ventricular pressure as
the time reference for electrical activation, regional electrical activation time (t~,) and the degree of ef during
the ejection phase could be fitted by a linear regression
equation ee = ate, + b, in which a = -3.46 + 0.73 s -~
and b = -0.28 + 0.05. For electrical activation times
ranging from - 4 0 to - 8 0 ms, fiber strain was estimated
with an accuracy of _+0.026 (_+ SE) with this relation.
During right atrial pacing, te, and ee were on the average - 4 8 ms and - 0 . 1 0 respectively. On further investigation, the relation between ef and t~, appeared to be
influenced by end-diastolic pressure. For normal
(1.1 kPa) and elevated end-diastolic pressure (1.8 kPa),
the slope of the linear regression line was - 3 . 9 6 and
- 2 . 8 6 s -~, respectively. Three conclusions may be
drawn. Firstly, the time interval between the moment of
regional electrical activation and the moment of the
maximum rate of change of left ventricular pressure is
an index of regional fiber strain. Secondly, it can be concluded from the above equations that electrical asynchrony of more than 30 ms causes non-uniformities in
the degree of ef of the order of mean ef during pacing
from the fight atrium. Finally, differences in fiber strain
Correspondence to: R. S. Reneman

during asynchronous electrical activation are less pronounced at larger filling pressures.
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Introduction
Normally, electrical activation of the left ventricular wall
is quite synchronous [6, 28]. Because contraction of
muscle fibers follows electrical activation with a nearly
fixed delay [10, 13, 15], contraction occurs nearly simultaneously too [26]. For a given cardiac geometry, fiber
stress in the wall is proportional to left ventricular pressure [4]. So, if pressure rises during the isovolumic
phase, load is applied synchronously to all fibers. As a
result, the distribution of subepicardial fiber strain
during the ejection phase is also quite uniform [25].
When electrical activation is clearly asynchronous,
the situation changes considerably [6, 25, 29]. If the ventricles are directly stimulated large differences in fiber
strain may occur [6, 25]. Early-activated muscle fibers
contract early and with a high shortening velocity, thus
stretching the serially connected, as yet non-activated fibers. This prestretch induces an increase in contractile
force of these fibers [23]. When finally activated, these
late-activated fibers shorten vigorously, counteracting
further contraction of the early-activated fibers. A similar finding has been reported in an in vitro experiment
with two asynchronously activated papillary muscles
connected in series [29]. The moment of regional electrical activation is thus an important determinant of the
regional contribution of the myocardium to total cardiac
pumping.
The latter, qualitative finding has not been quantified
to date. In the present study the question as to whether
the moment of electrical activation can be used to predict the amount of fiber shortening during the ejection
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p h a s e w a s investigated. T h e use o f the m o m e n t o f
r e g i o n a l e l e c t r i c a l a c t i v a t i o n to p r e d i c t the a m o u n t o f
r e g i o n a l f i b e r s h o r t e n i n g r e q u i r e s an accurate t i m e reference. C o m p a r i n g different beats and different hearts, it
w a s i n v e s t i g a t e d w h e t h e r such a t i m e r e f e r e n c e c o u l d b e
found.
T h e first q u e s t i o n requires e x p e r i m e n t a l m a n i p u lation o f a s y n c h r o n y o f e l e c t r i c a l a c t i v a t i o n w i t h i n the
m y o c a r d i u m to b e studied. This is a c h i e v e d b y direct
e p i c a r d i a l e l e c t r i c a l s t i m u l a t i o n o f the left v e n t r i c u l a r
free wall, the left v e n t r i c u l a r a p e x a n d the right v e n t r i c u lar o u t f l o w tract. T h e s e c o n d q u e s t i o n requires a g e n e r a l
m e t h o d to d e t e r m i n e a t i m e r e f e r e n c e to w h i c h the t i m ing o f e l e c t r i c a l a c t i v a t i o n can b e referred. T h r e e different e l e c t r o p h y s i o l o g i c a l t i m e r e f e r e n c e s w e r e investig a t e d : the stimulus artifact, the o n s e t o f the Q R S c o m plex, and the c e n t e r o f the Q R S c o m p l e x . F u r t h e r m o r e ,
a h e m o d y n a m i c t i m e r e f e r e n c e was assessed, i.e. the m o m e n t at w h i c h the rate o f c h a n g e o f left v e n t r i c u l a r
p r e s s u r e (dp~Jdt) was m a x i m a l . T h e latter u n c o n v e n tional t i m e r e f e r e n c e w a s i n v e s t i g a t e d b e c a u s e e a r l i e r
studies h a v e r e v e a l e d a strong relation b e t w e e n the
m o m e n t o f r e g i o n a l e l e c t r i c a l a c t i v a t i o n and r e g i o n a l
m e c h a n i c a l p e r f o r m a n c e [5, 25, 26]. M e a s u r e m e n t s w e r e
p e r f o r m e d d u r i n g n o r m a l as w e l l as e l e v a t e d e n d - d i a stolic pressure.

Materials and methods
Experimental techniques
Animal preparation and instrumentation. Six adult mongrel dogs
of either sex, weighing 2 3 - 2 9 kg, were premedicated by an intramuscular injection of Hypnorm (1 ml kg-~; 1 ml Hypnorm contains 10 nag fluanisone and 0.2 mg fentanyl base). Anesthesia was
induced by an intravenous injection of pentobarbital sodium
(10 mg kg -~) and maintained after endotracheal intubation with
nitrous oxide (33% O2, 67% N~O) and a continuous infusion of
pentobarbital sodium (2 mg kg ~ h-'). Ventilation was kept constant with a positive pressure respirator (Pulmomat, Dr~iger). The
animal was placed on its right side and body temperature was kept
between 37.5 and 38.5 ~ by means of a thermostatically regulated
heating pad. A standard limb lead electrocardiogram (ECG) was
used. Arterial blood samples were taken periodically to determine
Po~, Pco~, pH, oxygen saturation and hemoglobin concentration
(ABL 3, Radiometer). Sodium bicarbonate solution (4.2%) was
administered intravenously to adjust the acid-base balance when
necessary.
The chest was opened through the left fifth intercostal space.
After removal of the fifth rib, the pericardium was opened and the
heart suspended in a pericardial cradle. Epicardial bipolar platinum
pacing electrodes were sutured to the heart at the right atrium, left
ventricular free wall, left ventricular apex and right ventricular
outflow tract (Fig. 1).
Left ventricular cavity and ascending aortic pressure were
measured with catheter-tip micromanometers (Millar PC-470), inserted via the right brachial and the right femoral artery respectively. To enable pressure calibration during the experiment, the
fluid-filled lnmina of the catheter-tip micromanometers were connected via three-way cocks to an external pressure transducer
(Electromedics MS20). The third opening of the three-way cock
was connected to a reference pressure level, which was the right
atrial level for all pressure measurements [4]. Ascending aortic
volume flow was measured with an electromagnetic flow meter
(Skalar Transflow 601). The diastolic aortic flow level was used
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Fig. 1. Schematic representation of experimental setup

as zero flow reference. ECG and pressure and flow signals were
continuously displayed on an oscilloscope (Knott) and recorded on
both a chart recorder (Schwarzer) and a multichannel tape recorder
(Ampex PR2200).

Mapping of left ventricuIar epicardial electrical activation pattern.
A 192-electrode brush (44• 64 ram) was used for simultaneous
recording of epicardial surface electrograms from the left ventricular anterior wall. The grid spacing between the electrodes was approximately 3.5 mm. After amplification and bandpass filtering
(3-400 Hz), the analog signals were samples and multiplexed
with a frequency of 1 kHz per electrode. The signals were converted to a single digital signal which was recorded on a video
recorder (Sony SL-C9ES, Betamax) for off-line analysis [1, 12].
Left ventricular pressure, ECG, fight atrial and ventricular stimulus
artifacts were recorded with the same system in parallel with the
electrode signals.

Mapping of left ventricular epicardial deformation. Two-dimensional epicardial deformation was determined using a video technique as previously described in detail [24]. In brief, approximately 40 white markers were attached with tissue glue (Histoacryl) to the epicardial surface of the left ventricular anterior wall at
mutual distances of approximately 6 mm. The area covered with
markers extended 3 - 4 cm in the circumferential and 4 - 5 cm in
the base-to-apex direction (Fig. 1). A video camera (Sony AVC
32500CE) with a 200 mm tele-objective, positioned at a distance
of 2.5 m, and a mirror, mounted above the heart at an angle of
45 ~ were used to record the motion of the markers on a video
recorder (Sony SL-C9ES, Betamax) at a speed of 50 frames s -1. A
video triggered xenon flashlight illumination (Chadwick-Helmuth)
was employed. To enable synchronization of the hemodynamic
data with the deformation data, a frequency-modulated left ventricular pressure signal was recorded on an audio channel of the
video recorder.

Experimental protocol The direction of the epicardial fibers and
the long axis of the left ventricle as determined by visual inspection was indicated by a directed ruler and recorded on video
(Fig. 1). For all sites of pacing, the minimum levels of current
and pacing rate at which activation was regular were determined.
Usually these values remained constant throughout an experiment.
In two experiments, however, the stimulation frequency was increased, because the fraction of escape beats exceeded 5%. Pacing
was performed fiom the four different sites: right atrium, left
ventricular free wall, left ventricular apex and right ventricular
outflow tract. During ventricnlar pacing the right atrium was
stimulated 30 ms before the ventricle. After a stabilization period
of 15 rain during pacing from a particular site, hemodynamic variables and epicardial deformation were recorded simultaneously.
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recorded on analog tape were sampled (200 Hz) and digitized using a 16-channel 12-bit A/D card (DASH 16G2) connected to an
MS-DOS .personal computer (Tulip AT Compact). Sampling and
analysis were performed using a software package (ASYST 3.0,
MacMillan Software) and software developed in our laboratory. In
the cardiac cycle three events were determined (Fig. 3). The end
of the diastolic phase was defined as the moment before ejection
at which dplv/dt exceeded 10 kPa s -1 [17]. The beginning of the
ejection phase was defined as the moment at which left ventflcular
pressure exceeded the level of end-diastolic aortic pressure. The
duration of the ejection phase was determined from the aortic volume flow signal. The following hemodynamic variables were determined: heart rate, duration of isovolumic contraction phase,
duration of ejection phase, end-diastolic left ventricular pressure,
maximum left ventricular pressure, maximum dplv/dt, maximum
instantaneous aortic volume flow and ejected volume (time integral of ascending aortic volume flow).

Left ventricular electrical activation. After the experiment, the recorded electrograms were transferred to a personal computer (Olivetti M380). The moment in each electrogram at which the negative deflection was steepest was automatically detected and labeled
by a time mark, indicating the moment of regional activation of
the tissue underneath the recording electrode. If necessary, the time
marks could be removed or positioned manually [1, 12]. Regional
electrical activation time (to,) was calculated by determining the
time interval between a reference time moment and the average
moment of electrical activation of the electrodes within one region.
The following reference moments were used: (1) for fight atrial
pacing the onset of the QRS complex, (2) for ventricular pacing
the moment at which the stimulus was given, (3) for all pacing
modes both the center of the QRS complex and the moment of
maximum dpJdt (Fig. 3).

Epicardial deformation. After the experiment, 64 consecutive

~ " - ~
./k.

200 ms
Fig. 3. Typical digital recordings of hemodynamic, electrophysiological and deformation data during pacing from the right ventflcular outflow tract at normal end-diastolic pressure. Traces from top
to bottom: stimulus artifact, electrocardiogram (ECG), first derivative of left ventricular pressure (dp~v/dt), left ventricular pressure
(P~0, instantaneous aortic volume flow (Q,o), regional epicardial
electrogram and fiber strain in early-activated basal-medial region
(electrogram I and fiber strain I) and in late-activated apical-lateral
region (electrogram II and fiber strain II). Letters a, b, and c indicate time intervals between the moment of regional electrical activation in region I and the stimulus artifact (a), the center of the
QRS complex (b), and the moment of maximum dp~/dt (c). Note
that b and c are less negative in late-activated regions. In the cardiac cycle three events are determined: end-diastole (ed), beginejection (be) and end-ejection (ee). At~o and Ato indicate the duration of the isovolumic contraction phase and the ejection phase
respectively

Within 1 rain thereafter hemodynamic variables and epicardial
electrical activation were recorded simultaneously. After completion of the measurements for the four pacing sites, the heart was
paced from the right atrium and end-diastolic pressure elevated to
1.8 kPa by rapid intravenous infusion of a polygeline infusion
liquid (Haemaccel, Behring). After adjusting the infusion rate to
maintain the 1.8kPa end-diastolic pressure level, the above
measurements were repeated (Fig. 2).

video frames (50 Hz) were digitized and stored in a 2 MB digital
video memory which was coupled to a computer (PDP 11/73).
Markers were detected and the traces of the position of their center
of gravity determined. Incomplete traces were not analyzed further.
Artifacts in motion due to differences between odd and even video
frames were excluded by averaging the marker positions in successive video frames. The marker positions thus obtained were
filtered using a singular value decomposition (SVD) filtering technique [21]. The area in which the deformation was analyzed was
subdivided into 4 • 4 mutually overlapping regions. Epicardial deformation was estimated in each region and for each frame from
the SVD-filtered marker positions by means of a least-squares criteflon [24]. Using begin-ejection as a reference for deformation,
epicardial deformation during the ejection phase was expressed in
terms of a natural strain in the direction of the subepicardial fibers
(e0 by:
lf.o~
ef = l n - -

lt.b~
in which le.e~and lf,borepresent epicardial segment length along the
subepicardial fiber direction at the end and at the beginning of the
ejection phase respectively.

Synchronization of hemodynamic data with data of deformation or
electrical activation. Left ventricular pressure was recorded simultaneously on paper, on a multichannel tape recorder, on an audio
channel of the video recorder used to record epicardial deformation and on a channel in the electrical mapping system. A time
mark was given by adding an offset of 200 mV for a period of 1 s
to the left ventricular pressure signal before each measurement.
After the experiment, left ventricular pressure signals were
sampled and digitized. Using the time marks, corresponding heart
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beats registered by the different measuring equipment could be
identified. Precise synchronization of hemodynamic data with deformation or electrical data was achieved by applying a correlation
interpolation technique to the left ventricular pressure signals obtained from the different recording devices [:14].

Spatial matching of electrophysiological and deformation data.
During the experiment, reproducible positioning of the electrode
brush was obtained by visual matching of the landmarks on the
electrode brush with anatomical landmarks and video markers on
the epicardial surface. To enable spatial matching of electrophysiological and deformation data, four white markers were attached to
the upper surface of the multi-electrode brush. The position of
each marker in relation to the electrodes was known. A video
recording was made with the brush placed at the region of interest
at the epicardium of the left ventricular anterior free wall. This
video recording was used to reconstruct the position of each electrode in relation to the regions in which epicardial deformation
was measured.

Relation between te~ and ef during the ejection phase. For each
experiment and for each time reference, regional ef during the ejection phase was plotted as a function of regional to, for the various
pace modes. In the analysis, measured regional er in the comers
of the area of interest were excluded because projection of the
curved epicardial surface on the flat video sensor element causes
distortion [24]. Therefore, only data obtained in the remaining 12
central regions were used. In each experiment, linear regression
analysis was applied to this relation for both normal and elevated
end-diastolic pressures. From the derived linear equations, ee during the ejection phase was estimated when the hearts were stimulated from the right atrium. The accuracy of estimated er for a
given te, is given by the relation [A~ + (At. B)a]"~, where A and
B are the standard en'ors for the constant and the slope of the linear
equation respectively and At the difference between the given to~
and the mean to,.

Statistical analysis. For the analysis of deformation and electrical
activation data, only data from the 12 central regions were used.
The Wilcoxon signed rank test was used to test whether the differences in hemodynamic data were significant when pacing from the
right atrium, the left ventricular free wall, the left ventricular apex
or the right ventricular outflow tract. The Wilcoxon signed rank
test was also used to test whether ef during the ejection phase was
changed significantly when end-diastolic pressure was elevated.
The Sign test was applied to test whether the differences in hemodynamic data between normal and elevated end-diastolic pressure
were significant. The estimated linear relations between regional
t~ and regional ef during the ejection phase were tested for similarity as follows: the offset of the linear equation at mean to~during
pacing from the right atrium was tested for similarity by means of
the Wilcoxon signed rank test; analysis of covariance was used to
test the similarity of the slopes. For each experiment the similarity
between the linear equations obtained during normal and elevated
end-diastolic pressure was also tested. Estimated values of ef calculated from measured regional t~, using the linear equations were
compared with measured values of er by means of the Wilcoxon
signed rank test. A value of P < 0.05 was considered to be a significant difference (two-tailed probability).

Influence of pacing site and end-diastolic pressure
on hemodynamic performance
For the various sites of electrical stimulation, the
hemodynamic variables are shown while end-diastolic
pressure was normal in Table 1 and when elevated in
Table 2. Compared with atrial pacing, ventricular pacing
resulted in a decrease of maximum left ventricular pressure, maximum dp~v/dt, maximum instantaneous aortic
volume flow and stroke volume. This decrease in hemodynamic performance was most pronounced during right
ventricular outflow tract pacing. Comparison of Tables 1
and 2 reveals that fluid infusion indeed led to an increased cardiac preload; left ventricular end-diastolic
pressure increased significantly. During elevated end-diastolic pressure, ventricular pacing also resulted in a decrease of maximum left ventricular pressure, maximum
dp~v/dt, maximum instantaneous aortic volume flow and
stroke volume.

Influence of pacing site and end-diastolic pressure
on left ventricular electrical activation pattern
In Fig. 4 mean maps of regional tea are shown for normal
(1.1 kPa, column A) or elevated (1.8 kPa, column B)
end-diastolic pressure. The successive rows show the results obtained with pacing from the right atrium, left
ventricular free wall, the left ventricular apex or the right
ventricular outflow tract. The moment of maximum
dpiv/dt is used as time reference. Note that tea is less
negative in late- than in early-activated regions. During
right atrial pacing, tea at the anterior free wall of the
left ventricle was - 5 0 __ 3 ms (mean _+ SD) when enddiastolic pressure was normal. Mean values of regional
t~, ranged between - 8 0 ms and - 4 0 ms during pacing
from the three ventricular sites. The direction of the
depolarization wave in the region of interest was highly
dependent on the site of pacing. Stimulation at the right
ventricular outflow tract caused a wave oppositely directed to that observed when the heart was stimulated at
the apex. During stimulation at the left ventricular free
wall the depolarization wave travelled more or less perpendicular to the two former directions. Elevated enddiastolic pressure barely influenced the direction of electrical activation, although it caused the region of interest
to be activated slightly later during pacing from the right
atrium, the left ventricular free wall, and the left ventricular apex, and slightly earlier during pacing from the
right ventricular outflow tract.

Influence of pacing site and end-diastolic pressure on ez
Results
In one experiment epicardial electrical activation and deformation were analyzed only during normal end-diastolic pressure, because ventricular fibrillation occurred
during the rapid intravenous fluid infusion to increase
end-diastolic pressure.

Maps of mean regional ef during the ejection phase are
shown in Fig. 4 for normal (1.1 kPa, column C) or elevated (1.8 kPa, column D) end-diastolic pressure. The
successive rows show the results obtained with pacing
from the right atrium, the left ventricular free wall, the
left ventricular apex or the right ventricular outflow
tract. At normal end-diastolic pressure ef was homo-
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Table 1. Hemodynamic variables during different pacing modes at normal left ventricular end-diastolic pressure
Variable

Pacing site
RA

f~(beat-min -a)

Ati,(ms)
Ate (ms)
p~.~d(kPa)
Pl~,m~ (kPa)
dpl~ldt~= (kPa.s -a)
Q...... (ml.s -~)
Ve (ml)

83
58
178
1.1
13.2
188
209
22.8

•
• 9
-+ 9
• 0.2
+ 2.0
• 32
+55
• 4.5

LVFW

LVA

RVOT

93 •
62 •
179 •
1.2 +
11.2 +
144 •
173 •
18.9 •

93 •
63 +-10
181 _+17
1.1 • 0.1
11.6 + 1.5"
161 • 35*
176 •
19.8 • 3.4*

91
61
181
1.1
10.7
128
180
19.3

0.2
1.6"
15"
3.2*

•
•
_+19
• 0.3
• 2.2*
• 26*
+-60"
--+ 5.4*

Values are mean • SD. RA, Right atrium; RVOT, right ventricular outflow tract; LVA, left ventricular apex; LVFW, left ventricular free
wall; fo, heart rate; dt~c, duration of isovolumic contraction phase; Ate, duration of ejection phase; P~v,~d,left ventricular pressure at end
diastole; Ply..... maximum left ventricular pressure; dpl~/dG,~, maximum first derivative of left ventricular pressure; Q....... maximum
instantaneous aortic flow; Ve, ejected volume. * Statistically significantly different from results obtained with RA pacing (P < 0.05,
Wilcoxon signed rank test)

Table 2. Hemodynamic variables during different pacing modes with elevated left ventricular end-diastolic pressure
Variable

fc(beat'min 1)

AG(ms)
At~ (ms)
Plv,od (kPa)
P,. . . . (kPa)
dpiv/dtm~, (kPa. s -a)
Q. . . . . (ml-s -a)
Ve (ml)

Pacing site
RA

LVFW

LVA

87 •
64 • 9
211 • 24
1.9 • 0.2*
16.7 • 2.6*
207 - 39*
253 • 47*
33.9 ,+ 4.4*

102
74
201
1.7
15.1
184
239
29.8

103
74
203
1.6
15.4
186
238
29.5

+13
-+10
+ 14"
+ 0.3*
+ 2.4*
.+ 27*
• 39*
• 3.5*

RVOT
•
-+ 9
+ 14"
• 0.3*
• 2.8*
+ 29*
• 41"
• 3.3*

101
78
203
1.8
15.2
174
239
31.1

•
_+10
• 11"
• 0.2*
• 2.4*
,+ 28*
• 53*
• 6.1"

Values are mean -+ SD. For explanation of symbols see Table 1. * Statistically significantly different from results obtained with normal
end-diastolic pressure (P < 0.05, Sign test)

geneously distributed during pacing from the right
atrium. During ventricular pacing, gradients in ef were
found. The direction of this gradient was the same as
the direction of the gradient of the related depolarization
wave. The gradients in fiber shortening were most pronounced during pacing at the right ventricular outflow
tract. Compared with normal end-diastolic, during elevated end-diastolic pressure ee during the ejection phase
was significantly higher when the heart was paced from
the right atrium. After elevation of end-diastolic pressure
the gradients in fiber shortening during ventricular pacing were significantly decreased. Although the differences were small, ef was higher in the early-activated
regions and lower in the late-activated regions compared
with normal end-diastolic pressure.

Relation between te~ and eI
As an example (experiment 3), for normal end-diastolic
pressure, ee during the ejection phase measured in the 12
central regions is plotted as a function of tea in Fig. 5 A C for the four pacing modes. In Fig. 5 A the onset of the
QRS complex is used as the time reference during right
atrial pacing, whereas for the three ventricular pacing
sites the moment at which the stimulus was given is

used. In Fig. 5B the center of the QRS complex is used
as the time reference. In Fig. 5C the time reference is
the moment of m a x i m u m dplv/dt. In general, using electrophysiological events to define the moment of electrical activation yielded distinct clusters of data points
(Fig. 5A, B) for which linear regression analysis is not
legitimate. Should a linear regression be nonetheless calculated, the relation was not reproducible from one
experiment to the next. Using the moment of m a x i m u m
dp~,/dt as the time reference (Fig. 5C, D) generally resulted in merging of the clusters. The data points in these
clusters fitted a linear regression line; the slope and offset were in a distinct range for all experiments (Tables 3,
4). In the individual experiments, neither the slope nor
the intercept could be estimated very accurately due to
the limited number of measurements within an experiment. Therefore, the standard errors of the estimates are
presented. However, because variances in the accurately
measured ef or tea had a biological origin, we preferred
the use of standard deviations. When pooling the data
on slopes and intercepts, the variance of these parameters might be of biological rather than analytical origin
too. Therefore, the use of standard deviations is also to
be preferred in this case. Pooling the derived linear equa-
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When end-diastolic pressure was elevated, the
combination of the slightly later electrical activation
(Fig. 4B), the increase in fiber shortening during atrial
pacing, and the decrease in the gradient of fiber shortening during ventricular pacing (Fig. 4D) generally resulted in a decrease of the estimated slope of the linear
equation. The degree of estimated ef during the ejection
phase, while the heart was paced from the right atrium,
increased (Fig. 5D; Table 4). In Table 4 the results of
the linear regression analysis for elevated end-diastolic
pressure are summarized. The slopes of the linear equations were not different between the individual experiments. Pooling all the derived linear equations yielded:
a = - 2 . 8 6 _+ 0.41 s -1 and b = - 0 . 2 5 + 0.04.
When end-diastolic pressure was elevated, to~ in the
region of interest was - 4 5 . 8 ms on the average during
pacing from the fight atrium. Using the relations
presented in Table 4, the corresponding estimate of ef
during the ejection phase was - 0 . 1 t 6 -+ 0.009 (mean _+
SD). The estimated accuracy was _+0.024 (_+SE).
Estimated ef was not significantly different from mean
measured el.

Discussion

Fig. 4. Maps of regional electrical activation time (t~, columns A

and B) and regional subepicardial fiber strain during the ejection
phase (ee, columns C and D), as averaged over the experiments
(n = 6) while end-diastolic pressure was normal (1.1 kPa; columns A and C) or elevated (1.8 kPa; columns B and D). The
successive rows show the results obtained with pacing from the
right atrium, the left ventricular free wall, the left ventricular apex
or the right ventricular outflow tract. The moment of maximum
dpJdt is used as time reference. Note that toa values in late-activated regions are less negative than in early-activated regions. The
arrows indicate maximum gradients in te, and ef. A, B The detailed
maps obtained with the 192-electrode brush were reduced to a
4 • 4 matrix, Isochrome lines are shown with time intervals of
10 ms. C, D ef during the ejection phase measured in 16 regions.
"Isostrain" lines are shown with strain intervals of 0.03
tions for both normal and increased end-diastolic pressures yielded the following relation:

ef=atoa+b
where a = - 3 . 4 6 _+ 0.73 s 1 and b = - 0 . 2 8 _+ 0.05.
Within a range of activation times of - 4 0 to - 8 0 ms, ef
was estimated with an accuracy of _+0.026 (_+ SE) using
this equation.
On further examination, this relation appeared to be
influenced by end-diastolic pressure. In Table 3 the
results of the linear regression analysis are summarized
for normal end-diastolic pressures. In the individual experiments, the slopes of the linear equations were found
not to be mutually different. Pooling all the derived
linear equations yielded: a = - 3 . 9 6 _+ 0.53 s -~ and
b = - 0 . 3 0 _+ 0.04. During pacing from the right atrium,
tea in the region of interest was - 4 9 . 7 ms on the average.
Using the relations presented in Table 3, the corresponding estimate of ef was - 0 . 1 0 2 _+ 0.018 (mean + SD).
The estimated accuracy was _+0.028 ( + S E ) . The estimated ef was not significantly differrent from mean measured el.

The major objective of the present study was to determine the relation between the moment of regional epicardial electrical activation and the degree of regional
subepicardial fiber strain. To this end, electrical activation and fiber shortening were measured at various
sites of the epicardium of the left ventricular free wall
when the heart was paced from the right atrium, the left
ventricular free wall, the left ventricular apex or the right
ventricular outflow tract, while left ventricular end-diastolic pressure was normal (1.1 kPa) or increased
(1.8 kPa) by means of volume-loading. Activation time
has been defined as the time interval between a time
reference and the moment of regional electrical activation. Our results indicate that the choice of the time
reference is important. When using electrophysiological
events to define the moment of electrical activation, the
correlation between the electrical activation time and the
amount o f fiber shortening during the ejection phase was
poorer than when using the moment of maximum
dpl,Jdt. Using the latter hemodynamically based time
reference, linear regression analysis revealed that, within
a range of activation times of - 4 0 to - 8 0 ms, fiber
strain was estimated with an accuracy of + 0.026 (-+ SE).
The slope of the mean linear equation between subepicardial fiber strain during the ejection phase and
regional activation time was - 3 . 4 6 + 0.73 s 1, while
the offset was - 0 . 2 8 _+ 0.05. Moreover, the slope of the
linear equation appeared to depend on end-diastolic pressure being - 3 . 9 6 + 0.53 s 1 and - 2 . 8 6 _+ 0.41 s -1 for
normal and elevated end-diastolic pressure respectively.
The slope of the relation under study reflects the increase in fiber strain during the ejection phase when the
time difference between the moment of regional electrical activation and the moment of maximum dplv/dt decreases. Because the range of regional activation times
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Fig. 5. Plots of regional subepicardial fiber strain during the
ejection phase (e0 versus regional
electrical activation time (tea, ms)
obtained in experiment 3 with
normal (1.1 kPa; A, B, and C) or
elevated (1.8 kPa; D) end-diastolic
pressure. A The onset of the QRS
complex or the stimulus moment is
used as time reference for electrical activation. B The center of the
QRS complex is used as time
reference. C, D The moment of
maximum dp~vldt is used as time
reference. Using the latter time
reference, the data points clusters
merged, and the relation between
te, and ee during the ejection phase
could be fitted by linear regression.
(11 = RA; [] = LVFW; + =
LVA; A = RVOT)

Table 3. Equations of regression lines relating fiber strain during the ejection phase and electrical activation time with normal
end-diastolic pressure
Expt.

Intercept

SE

Slope (s -~)

SE

r

tea (ms)
(atrium)

tea (ms)
(total)

ef.... + SD
(atrium)

el, .... + SD
(atrium)

1
2
3
4
5
6
Mean -+ SD

-0.26
-0.32
-0.37
-0.27
-0.28
-0.30
-0.30 _+ 0.04

0.03
0.03
0.03
0.03
0.02
0.03

-3.09
-4.31
-4.62
-3.92
-4.09
-3.71
-3.96 + 0.53

0.43
0.51
0.46
0.59
0.42
0.44

0.73
0.88
0.83
0.70
0.82
0.78

-49.3
-52.0
-54.6
-48.6
-46.0
-47.9
-49.7 _+ 3.1

-58.8
-57,7
-61,1
-54,5
-53.9
-56.9
-57.1 _+ 2.7

-0.105
-0.092
-0.119
-0.077
-0.092
-0.126
-0,102

-0.091
-0.095
-0.115
-0.098
-0.092
-0.127
-0.103

_+ 0.026
+ 0,030
+ 0.029
_+ 0.033
+ 0.024
_+ 0.025
_+ 0.018

-+ 0.015
+ 0.006
_+ 0.016
-+ 0.013
-+ 0.012
+ 0.006
+ 0.015

r, Correlation coefficient; t~,, electrical activation time; ef..... estimated fiber strain during the ejection phase; ee...... measured fiber strain
during the ejection phase. The moment of maximum dpJdt was used as the time reference for electrical activation

Table 4. Equations of regression lines relating fiber strain during the ejection phase and electrical activation time, while left ventricular
end-diastolic pressure is elevated
Expt.

Intercept

SE

Slope (s l)

SE

r

to, (ms)
(atrium)

te~ (ms)
(total)

ee.ost --- SD
(atrium)

ef .....

2
3
4
5
6
Mean + SD

-0.21
-0.31
-0.23
-0.26
-0.23
-0.25 -+ 0.04

0.02
0.03
0.02
0.03
0.02

-2.45*
-3.36*
-2.68*
-3.22*
-2.56*
-2.86 _+ 0.41

0.31
0.50
0.38
0.52
0.33

0.80
0.71
0.72
0.68
0.75

-42.3
-57.7
-39.6
-43.0
-46.2
-45.8 + 7.1

-52.2
-63.4
-54.8
-53.9
-55.8
-56.0 -+ 4.3

-0.106
-0.118
-0.124
-0.124
-0.107
-0.116

-0.112
-0.109
-0.106
-0.147
-0.108
-0.117

+ 0.017
_+ 0.032
+ 0.022
_+ 0.029
- 0.019
_+ 0.009

-+ SD
(atrium)
-+ 0.010
-+ 0.025
_+ 0.009
_+ 0.015
-+ 0.011
_+ 0.017

For explanation of symbols see Table 3. * Statistically significant difference in slope of regression lines (analysis of covariance) compared
with values at normal end-diastolic pressure, P < 0.05. The moment of maximum dplv/dt was used as the time reference for electrical
activation

was the same for both n o r m a l and elevated end-diastolic
pressures, the decreased slope d u r i n g elevated end-diastolic pressure indicates that i n h o m o g e n e i t i e s in fiber
shortening are less p r o n o u n c e d w h e n m y o c a r d i a l contractile force is increased. The decreased slope w h e n
end-diastolic pressure is elevated is m a i n l y caused b y

the decreased i n h o m o g e n e i t y in fiber shortening during
ventricular pacing. W h e n end-diastolic pressure was
elevated, fiber shortening did not b e c o m e m o r e h o m o g e n e o u s during right atrial pacing, as can be noticed
from the standard deviation o f m e a s u r e d fiber strain
s h o w n i n Tables 3 and 4.
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A possible explanation for the more reproducible linear relationship between regional subepicardial fiber
strain and regional electrical activation time, when using
a hemodynamical time reference instead of an electrophysiological one, might be related to variations in the
time interval between the very first activation of ventricular myocardium, completion of electrical activation
and the moment of fast increase of left ventricular pressure. During a normal cardiac beat, elecxtrical activation
of the left ventricle is initiated from the atrium. Once
the electrical impulse enters the bundle of His, which
merges into the Purkinje fibers, transmission becomes
very rapid, providing a relatively synchronous activation
of the ventricular myocardium [6, 28]. This moment is
indicated by the center of the QRS complex. Ventricular
pressure then rises quickly because the whole left ventricular cavity is surrounded by simultaneously activated
myocardium. During ventricular stimulation, the ventricle depolarizes first by muscular conduction. After a
few tens of milliseconds, fast depolarization of the Purkinje fibers occurs and the remaining part of the ventricle is activated within a short time ( 2 5 - 3 5 ms, [18]).
At this point the cavity is completely surrounded by mechanically cooperating activated tissue so that escape of
volume in a soft, unactivated bulge is no longer possible
and ventricular pressure rises [8]. The fast rise in ventricular pressure follows the initial electrical activation
by various delays, depending on the mode of activation
and the anatomy of the conduction system. At the moment of mechanical activation, the timing of loading of
the myocardium is very critical. If loading is earlier than
mechanical contraction, prestretch occurs whereas if
loading is later, the muscle is free to contract before it
is loaded. On a theoretical basis, the level of regional
myocardial fiber stress is directly related to the level of
left ventricular pressure [4]. When left ventricular pressure rises, regional wall stress increases synchronously,
and load is applied synchronously to all fibers in the
wall. The time interval between the moment of regional
electrical activation and the moment at which left ventricular pressure increases rapidly may very well reflect
the time between regional electrical activation and
regional loading. In contrast, electrophysiological
phenomena, like the moment at which the stimulus is
given or the onset or the center of the QRS complex, are
moments in time which are not directly related to regional loading conditions. Apparently, the correlation
between electrical activation time determined from electrophysiological time references and the degree of mechanical contraction is weak.
In the present study we did not manipulate cardiac
afterload. An increase in afterload might be expected to
cause a decrease of fiber shortening during the ejection
phase, thus leading to a shift of the relation between
electrical activation time and fiber shortening to smaller
values of shortening. The relation between differences
in regional activation time and differences in regional
fiber shortening is also likely to be dependent on afterload. With increased afterload, muscle fibers shorten less
for the same contracting force. This results in a decrease
of the slope of the relation between the moment of re-

gional electrical activation and regional fiber shortening.
Therefore, variations in afterload - not controlled in the
present study - might be responsible for the remaining
variance in the relation between regional electrical activation time and regional fiber shortening (Tables 3, 4).
The remaining variance in the relation between regional electrical activation time and regional fiber shortening may also be explained by the fact that electrical
activation and mechanical measurements were not made
simultaneously. Electrical activation was measured by a
non-deformable electrode brush. Application of the
brush to the epicardial surface deformed the heart
slightly due to the force needed to guarantee electrical
contact. Spatial matching of electrical and mechanical
data can be achieved with high accuracy only when the
position of the electrode brush on the epicardial surface
is stable. During asynchronous electrical activation,
early-activated regions already shorten while other areas
covered by the electrode brush are not yet activated. This
may hamper a stable positioning of the brush and, hence,
exact matching of the regions in which the electrical and
mechanical measurements were performed. Furthermore, in a number of experiments the time course of
the left ventricular pressure development changed and,
hence, the moment of maximum dplv]dt was shifted up
to 5 ms compared with the mechanical measurements.
The sampling frequency of deformation is 50 Hz, which
is the frame rate of the video system used. Contrary to
intuition, a rate with time intervals of 20 ms enables a
resolution of the order of - 5 ms (_+ SD) [5]. Nevertheless, it is to be expected that inaccuracies in the estimation of the relation between regional fiber strain and
regional electrical activation time are mainly due to the
time inaccuracy of the deformation measurement, because the sampling interval of the electrophysiological
measurements was 1 ms. Inaccuracies in the estimation
of subepicardial fiber strain due to the projection of the
curved epicardial surface on the flat video sensor element is zero in the center of the image, and is _+ 0.03
(_+ SE) in the corners [24]. However, strain measurement in the direction of the subepicardial fibers will be
affected minimally by this because of the relatively low
curvature in this direction. Besides, the hearts used in
our study were sufficiently large.
During right atrial pacing the distribution of fiber
strain at the left ventricular anterior free wall during the
ejection phase is quite uniform. During ventricular pacing, electrical activation is asynchronous, causing fiber
strain to become non-uniform. Early-activated fibers
contract early and with a high shortening velocity during
the isovolumic phase, causing a prestretch in serially
connected, as yet non-activated fibers (Fig. 3). The prestretch induces an increase in contractile force of these
fibers [23]. When finally activated, the late-activated
fibers shorten vigorously during the ejection phase,
counteracting further contraction of the early-activated
fibers, which are likely to be partly deactivated [16] due
to the period of fast shortening during the isovolumic
phase. As a result, fiber strain during the ejection phase
is considerably less in early-activated than in late-activated regions. A similar finding has been reported in an
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in vitro experiment with two asynchronously activated
papillary muscles connected in series [29]. These inhomogeneities in the degree of regional fiber strain during the ejection phase are quantified by the slope of the
relation between regional electrical activation time and
regional subepicardial fiber strain during the ejection
phase.
Because 1 0 - 1 2 % shortening is a normal value for
fiber strain during the ejection phase while the heart is
synchronously activated, variations in regional electrical
activation time of 3 0 - 4 0 ms cause differences in regional fiber shortening of the order of fiber shortening
itself. It can be expected that such differences in regional
electrical activation time and the correlated inhomogeneities in regional fiber shortening result in the deterioration of global left ventricular hemodynamic performance as was also found in other studies [2, 6 - 8 , 13,
18, 20, 22, 30]. The finding that the decrease in hemodynamic performance was most pronounced during pacing
from the right ventricular outflow tract is in agreement
with the suggestion of Wiggers [31] that the degree of
electrical asynchrony is proportional to the contractile
strength of the left ventricle.
In general, compared with other open-thorax studies
[6, 9, 11], left ventricular peak systolic pressure and
m a x i m u m dplv/dt during both synchronous and asynchronous electrical activation were relatively low. This
might be ascribed to the use of pentobarbital - known
for its negative inotropic effect [19] - as anesthetic. Besides, compared with closed-thorax experiments [6, 9,
11], in open-thorax experiments there is no support for
venous return by the thoraco-abdominal pump, resulting
in a decrease in both end-diastolic left ventricular
volume and contractility [27].
The electrical activation patterns as depicted in
Fig. 4 A and B are in agreement with those reported in a
previous study from our laboratory [25]. In our experiments electrical impulse propagation in the vicinity of
the ventricular stimulation electrode was slower than at
greater distances. This finding is in agreement with a
slow muscular conduction near the ventricular pacing
site, followed by a fast conduction once the Purkinje
system is reached. In general, the depolarization wave
radiates from the ventricular pacing electrode, and the
magnitude of the areas with muscular conduction is proportional to the distance between the pacing electrode
and the left ventricular apex. The latter finding can be
explained by the distribution of the Purkinje fibers. In
the left ventricular apical region these fibers extend
further into the wall (endo-to epicard), providing a better
opportunity for the propagation wave to reach the Purkinje fibers. Besides, the Purkinje system is designed to
conduct the electrical impulses from the left ventricular
apex to the rest of the left ventricular wall.
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