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Abstract

Myocardial propagation may contribute to fatal arrhythmias in
patients with idiopathic dilated cardiomyopathy (IDC). We
examined this property in 15 patients with IDC undergoing
cardiac transplantation and in 14 control subjects. An 8 X 8
array with electrodes 2 mm apart was used to determine the
electrical activation sequence over a small region of the left
ventricular surface. Tissue from the area beneath the electrode
array was examined in the patients with IDC. The patients with
IDC could be divided into three groups. Group I (n = 7) had
activation patterns and estimates of longitudinal (6,
= 0.84+0.09 m/s) and transverse (6; = 0.23+0.05 m/s) con-
duction velocities that were no different from controls (0
= 0.80+0.08 m/s, 6y = 0.23+0.03 m/s). Group II (n = 4) had
fractionated electrograms and disturbed transverse conduction
with normal longitudinal activation, features characteristic of
nonuniform anisotropic properties. Two of the control patients
also had this pattern. Group III (n = 4) had fractionated poten-
tials and severely disturbed transverse and longitudinal propa-
gation. The amount of myocardial fibrosis correlated with the
severity of abnormal propagation. We conclude that (a) severe
contractile dysfunction is not necessarily accompanied by
changes in propagation, and () nonuniform anisotropic propa-
gation is present in a large proportion of patients with IDC and
could underlie ventricular arrhythmias in this disorder. (J.
Clin. Invest. 1993. 92:122-140.) Key words: arrhythmia ¢ car-
diomyopathy ¢ electrophysiology » myocardium ¢ sudden death

Introduction

Sudden death occurs frequently in patients with idiopathic di-
lated cardiomyopathy (IDC), ! accounting for about half of the
deaths in this disorder (1, 2). There is evidence that ventricular
arrhythmias are a cause of sudden death in IDC ( 1). Unfortu-
nately, a major clinical problem persists because treatment that
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could be directed toward large numbers of patients, such as
antiarrhythmic drugs, has not been shown to be uniformly ef-
fective (2, 3), and highly specific predictors of sudden death,
which could be used to target therapies such as cardiac trans-
plantation or defibrillator implantation, have not been identi-
fied (1, 2). Therefore, there is a pressing need for better under-
standing of the factors that predispose patients with IDC to
malignant ventricular tachyarrhythmias.

Much of what is known about ventricular arrhythmias is
based on studies of patients with ischemic heart disease and
animal models of myocardial infarction. In these studies reen-
try has been shown to be an important mechanism of arrhyth-
mias, and abnormalities of conduction appear to play a princi-
pal role in their genesis (4). Much less is known about arrhyth-
mia mechanisms in patients with IDC. There is some evidence
of disturbed conduction in patients with IDC (2, 5-8), and
there is considerable evidence of abnormal cellular function
(9-11), abnormal passive electrical properties (12, 13), and
abnormal morphologic features that could contribute to abnor-
mal propagation (14-24). However, we are not aware of any
previous attempts to systematically examine the spread of elec-
trical activity in cardiomyopathic states in humans or in ani-
mal models. Because of the large number of abnormalities that
could affect conduction in patients with IDC, a model of myo-
cardial propagation was used to predict the effects that reported
functional and structural changes would have on myocardial
propagation. The hypothesis was that electrical propagation in
the myocardium of patients with IDC would differ from that in
control subjects, and that the changes would conform to pat-
terns predicted by the model.

Methods

Theory

Our predictions about the behavior of propagating wavefronts in dis-
eased myocardium were drawn from two sources, empirical data and
models of propagation. Neither is completely satisfactory since neither
can imitate diseased tissue perfectly and for several properties there is
no suitable published information from either source. To supplement
existing evidence, we used an analytic model of propagation derived
from continuous cable theory by Keener (25):

ML I
0= .
Cm Rm \ r+ 4e + qi
2 2
_ Sy, _SLR, _ SL'R, |
where 7 —‘Rm . —_Vir R 4. VR, (1)

and where 0 is the effective conduction velocity (26), M, is a mem-
brane function that incorporates excitability, ionic currents, and re-
lated phenomena (25), L is the length of the myocyte in the direction
of propagation, C,, is the membrane capacitance, R, is the membrane
resistance, .S is the membrane surface area of a single myocyte, R, is the
gap junctional resistance, R; is the cytoplasmic resistance, V; is the
volume of a single cardiac cell, R, is the resistance of the extracellular
medium, and V, is the volume of the extracellular medium. It is as-



sumed that propagation can be represented by a plane wave traveling
either parallel to fiber orientation or perpendicular to it, that there are
only two types of currents, transmembrane and axial, and that voltage
potentials are uniformly distributed along the cell and in the extracellu-
lar space perpendicular to the direction of propagation (25, 27, 28).
Moreover, it is assumed that the parameters given in Eq. 1 are indepen-
dent of each other. Violations of the assumptions of continuous cable
theory are well known (25, 27); in fact, Eq. | was derived primarily to
demonstrate the inadequacies of this model in comparison with a
model based on the discrete nature of myocardial propagation (25).
However, this model suited our purpose, which was to complement
previously reported results to develop working hypotheses about the
patterns of propagation that might be expected for the variety of struc-
tural and electrical alterations anticipated in myopathic cardiac tissue
rather than to derive specific results. The advantage of this formulation
is that it presents propagation velocity as a function of the important
cable parameters which permits an intuitive appreciation of the rela-
tion between electrical properties without the requirement of complex
numerical simulations.

The baseline values of the parameters of the model were obtained
from the literature or from reasonable estimates, and all parameter
values were varied to assess the effect on conduction velocities: The
length of the cell for propagation longitudinal to fiber orientation: L;
=120 um (0.012 cm), the length of the cell (diameter of the cell) for
propagation transverse to fiber orientation: Ly = 20 um (0.002 cm),
which are within the normal range for mammalian ventricular myo-
cytes (29). The volume of a single myocyte was calculated from the
length and diameter assuming a cylindrical shape: V; = 3.77 X 1078
cm?. The membrane surface area of a myocyte was obtained by multi-
plying the surface area of the cylinder by 10 to estimate the additional
surface provided by the transverse tubular system (27, 30): S = 7.54
X 107* cm?. The volume of the extracellular space was assumed to be
approximately one-sixth of the volume of the myocyte to represent
relatively tight packing of cells in normal myocardium: ¥, = 6.0 X 10~°
cm? (31). Specific membrane capacitance: C,, = 1 uF/cm? (30, 32).
Specific membrane resistance: R,, = 9,000 © cm? (30). Intracellular
resistance: R; = 400 @ cm (30, 33, 34). Extracellular resistance: R, = 50
Q cm (30). The gap junctional resistance in the longitudinal direction
rg. = 0.5 mQ; in the transverse direction r,r = 1 MQ(33, 34). With the
membrane function parameter arbitrarily set M = 30, these values
resulted in effective longitudinal conduction velocity 6, = 0.77 m/s,
effective transverse conduction velocity 6+ = 0.23 m/s, and 6, /0y
= 3.5, which corresponded well to the average findings in control sub-
jects.

Six general patterns of myocardial activation, which might be ob-
served based on known alterations in myopathic states, were derived
from the model and previous experimental results:

Pattern A. This first pattern is of uniform anisotropic propagation
(35) with values of 6, , 61, and 6; /6 not different from controls. Al-
though few studies have been performed in human ventricular myocar-
dium, studies in other species demonstrate that pattern A is typical of
activation at the left ventricular surface (36, 37).

Pattern B. The second pattern is of uniform anisotropic propaga-
tion with proportionately equal reductions of 6, and 6 and unchanged
0, /6 (pattern B1), or proportionately greater reduction of 6, than 6
and decreased 6, /07 (pattern B2). Reductions in resting membrane
potential or in action potential upstroke velocity (V ., ) correspond to
lower values of M ;and should result in lower 6 and 6 with no change
in 6, /61 (pattern B1) according to the model. Experimental interven-
tions that alter these properties, however, have sometimes resulted in
pattern B2 (37-43) as well as Bl (28, 44). The model predicts that
increases in C,, R, or S produce the Bl pattern (Fig. 1 A). The B2
pattern is expected with increases of cytoplasmic (R;) and extracellular
(R,) resistance (Fig. 1 B). We could find no reports of experimental
manipulations that supported or refuted the predictions of the model
for two-dimensional spread of activation with respect to changesin C,,,,
R.,S,R,orR,.

Pattern C. Third is a pattern of uniform anisotropic propagation
with increases of 6, and 6. A number of changes known to occur in the
myocardium of patients with IDC would be expected actually to in-
crease 6. The model predicts increases in 6; and 61 with no change in
0, /61 (pattern C1) with reduced S due to shrinkage of the transverse-
tubular system (Fig. 1 4). It has been suggested that reduced numbers
of myofibrils (10, 19, 22, 24, 45) decreases R; (30, 46). Reductions of
R;or R, increase 8, , 01, and 6, /61 (pattern C2, Fig. 1 B). An increase of
V, resulting from expansion of the interstitial space increases 6, and
0 /0, with only a slight increase of 6 (Fig. 1 C). The pattern that
accompanies myocyte hypertrophy depends whether the change in
myocyte volume (V}) is due to lengthening or widening of the cell.
Elevation of V; due to increased cell length (L, ) increases 6, and 6, /6,
while 0 changes little (pattern C2). In contrast, 6, /6 declines ( pattern
C3) with larger cell diameter (Fig. 1 D). The model predicts that pro-
portional increases in L; and L produce a C3 pattern with a gradual
fall of 6, /01 as 6, and 6 rise (Fig. 1 E).

Pattern D. The fourth pattern is one of uniform anisotropic propa-
gation with decreased 0, increased 6, /0, and slight decreases or no
change of 6, . This is the pattern predicted with a generalized increase in
gap junctional resistance with proportionately equal changes in the
longitudinal (r,. ) and transverse (7,7 ) directions (Fig. 1 F), and has
been observed experimentally (28, 47, 48).

Pattern E. Next is a nonuniform anisotropic pattern: variable re-
ductions in 6y, normal 8, and fractionated electrograms during trans-
verse propagation. This pattern of propagation was identified by Spach
and co-workers who proposed that such behavior results from reduced
“side-to-side” electrical connections (35, 49).

Pattern F. Last is a nonuniform anisotropic pattern with variable
reductions of 6, and 6; and fractionated electrograms. This pattern
differs from pattern E in that both longitudinal and transverse propaga-
tion are disturbed in an irregular pattern. It has been observed in the
border zone of experimental healed myocardial infarction (50, 51).

Patients

The study subjects consisted of patients with IDC undergoing cardiac
transplantation for severe congestive heart failure. Coronary artery dis-
ease, valvular heart disease, hypertension, diabetes mellitus, alcohol
abuse, hypertrophic cardiomyopathy, and infiltrative cardiomyopaties
were excluded in all patients by an extensive evaluation which included
a history, physical examination, electrocardiogram and, when indi-
cated, echocardiography, radionuclide angiography, coronary and left
ventricular angiography, and myocardial biopsy. The control subjects
consisted of patients with normal cardiac function undergoing opera-
tive correction of supraventricular arrhythmias. None of the patients
were receiving antiarrhythmic drugs or had ever received amiodarone.
Informed written consent to the protocol approved by the University of
Utah Institutional Review Board was obtained for all patients.

Electrophysiologic data

Electrical activation data were obtained from an electrode array con-
sisting of 64 silver electrodes (0.6 mm in diameter, 2-mm interelec-
trode distance) in an 8 X 8 square pattern embedded in a rigid epoxy
plaque. The recordings were obtained in unipolar mode referenced to a
needle in the right chest wall. The data acquisition and analysis system
has been described previously (52). Electrograms were recorded at a
band width of 0.03-500 Hz, sampled at a 1 kHz rate, and digitized by a
12-bit analog-to-digital converter. The intraoperative collection of data
was standardized as far as possible to produce uniform experimental
conditions but for ethical and practical reasons was limited to 20 min.
Electrophysiological recordings were obtained before the initiation of
cardiopulmonary bypass. The closely spaced electrode plaque array
was placed on the left ventricular epicardial surface adjacent to the left
anterior descending artery two-thirds of the way from the base of the
heart toward the apex and thus several centimeters away from any
accessory atrioventricular connections. Unipolar cathodal or bipolar
stimulation was performed from each edge and from the middle of the
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Figure 1. Plots of longitudinal conduction velocity (8, ), transverse conduction velocity (61 ), and the ratio of the velocities (8, /6; ) as functions of
several electrophysiologic variables according to a continuous cable model (Eq. 1). The “normal” value of each variable is indicated by a vertical
line. 6, , 61, and 8, /8 are plotted as functions of the given variable from 0.1 to 10 times the normal value in panels 4, B, and C. (4) Increasing
membrane surface area (S) results in proportionately equal reductions of 6, and 0y; 6, /6 remains unchanged (pattern B1). Decreasing S in-
creases 6, and 6 with no change of 6, /0 (pattern C1). (B) Increasing R, causes a greater reduction of 6, than 6y so 6, /60 declines (pattern
B2). Decreasing R, increases 6, and 6, /6, while 0 increases slightly (pattern C2). (C) Increasing V/ results in a rise of 6, and 6, /6, while 6y in-
creases only slightly (pattern C3). (D) Myocyte volume (V;), which is a function of the length (L, ) and diameter (L ) of the cell and is assumed
to be cylindrical (V; = L L) was varied by changing only Ly, keeping L, constant. As V] increases, 6; and 6, /8, increase, while 6, changes
only slightly. (E) This plot was obtained by varying both L; and L but maintaining a constant ratio of L; and Ly; V; remains a function of L;
and L. As V, increases both 6, and 0y rise, while 8, /0 declines slightly. (F) 8, , 61 and 6, /6 as a function of longitudinal gap junctional resis-
tance (r,). This plot was obtained varying ry between 0.1 and 10 times the normal value (5 X 10°), and keeping the ratio of longitudinal and

transverse gap junctional resistance constant (7, /r,r = 0.5).

array using rectangular impulses 2 ms in duration at twice diastolic
threshold current. Data were acquired after pacing for 10 s at 150
beats/min. In some cases recordings were obtained after premature
stimuli delivered after eight driven beats at 120 or 150 beats/min. In
the patients with IDC the location of the plaque was marked before
removal with a gentian violet pen.

Histologic sections

After the heart was removed in patients with IDC, the full thickness of
myocardium beneath the plaque electrode array was excised and fixed
in 10% formalin, embedded in paraffin, and stained with hematoxylin
and eosin and Masson’s trichrome stains. The subepicardial tissue was
examined to determine the orientation and alignment of myocardial
fibers and the pattern of fibrosis. The proportion of fibrous tissue in a
given field was determined using a CUE 2 Image Analysis System
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(Olympus Corp., Cherry Hill, NJ). The color and gray scale character-
istics of the fibrous tissue stained with trichrome were determined and
automatically highlighted by the analysis system. After the computer-
selected regions were verified and corrected by the operator, the frac-
tion of fibrous tissue was computed by the analysis system.

Determination of activation

The minimum value (i.e., the greatest negative value) of the first tem-
poral derivative of the extracellular potential ($,,,) has been shown to
correspond with the most rapid phase of the action potential upstroke
(49). Hence, the time of the deflection ( 7;) was defined as the time at
which ¢, occurred. Numerous possible tests for activation were com-
pared to identify the test with the greatest ability to discriminate local
from nonlocal electrical activity using methods previously described in
detail (53).



Conduction velocity

Strict measurement of conduction velocity requires knowledge of the
entire path of activation in three dimensions. However, consistent val-
ues of the “effective” conduction velocity () can be obtained from
recordings obtained in two dimensions if care is taken to include only
propagation in the recording plane (37, 42, 54). This is primarily a
problem for propagation transverse to fiber orientation. Human left
ventricular myocardium tends to be arranged in “onion skin” layers
where the fiber orientation of each successive layer is slightly rotated
(55). Thus, myocardial tissue subject to activation via transverse propa-
gation at the surface can be “preexcited” by a wavefront that travels
more rapidly in a subepicardial layer which can lead to an overestima-
tion of 8 (56). This can be avoided by excluding areas distant from the
stimulation site which demonstrate widening of isochrone contours.
Two methods of estimating 6 were used: In method A, longitudinal and
transverse 6 (6,, and 6,1, respectively) were calculated by dividing the
distance between two electrode sites by the difference in activation
times at those sites (35, 37, 42). The sites used in the calculation were
those that determined a line normal to the wavefront in the longitu-
dinal (fast) and transverse (slow) directions (Fig. 2). In some cases,
however, identification of a line perpendicular to the wavefront re-
quired some judgement and in some cases there were no sites that were
exactly collinear with the line. For these reasons a second method of
estimating  was obtained from the velocity of a plane wave across four
adjacent sites (57, 58):

DZ
b\ G- @

where D is twice distance between electrodes (4 mm)and q, b, ¢, and d
are the activation times at sites superior, inferior, to the left, and to the
right of the given site, respectively. Method B estimates of longitudinal
and transverse conduction velocities (0, and 0y, respectively) con-
sisted of the mean of values computed at several sites along the longitu-
dinal and transverse directions (Fig. 2). For both methods, sites within
4 mm of the stimulation site were not used to avoid the virtual cathode
effect (59). Areas of nonuniform activation (sudden narrowing or wid-
ening of isochrones) were also avoided.

Nonuniform activation index (NAI)

Nonuniformity of activation was quantified by using the NAI, which
has been described in detail previously (56). In brief, the NAI at an
electrode site x (NAIL,) is the sum of the second spatial derivatives of
activation times in four directions times the electrode spacing. The
second central difference formula was used to estimate the derivative
terms with Ax as the electrode spacing:

A—X+B—-X+C—X D-—X+E—X

V2ax  Ax  2ax AX \2ax

+F—X+G—X+H—X, 3)
Ax \/iAx Ax

where X is the activation time at site x,and 4, B, C, D, E, F, G, and H
are the activations times of the sites adjacent to site x. A positive NAIL,
occurs with deceleration of activation, i.e., when isochrones get
narrower. A negative value indicates acceleration of activation, or wid-
ening of isochrones. In this study NAI was the average of the absolute
values the NAI,’s computed at every possible electrode site during pac-
ing from each edge of the electrode plaque.

NAIy =

Statistical analysis

Receiver operating characteristic (ROC) curves were used to compare
the candidate tests for activation using methods described previously
(53, 60). The quality of sensitivity (Qgg), specificity (Qsp), and effi-
ciency (Qg) were calculated as proposed by Kraemer (60). Qg was
plotted against Qgp to obtain the “quality” ROC. Student’s ¢ test was
used for comparison of continuous variables. The Kolmogorov-Smir-
nov test was used when the distributions were not normal. Differences
were considered significant when P < 0.05.

Base
Septum

LV Free Wall
Apex

Figure 2. Electrical activation map based on recordings from the 64
electrode plaque array placed on the free wall of the left ventricular
surface near the anterior interventricular groove in a patient with
IDC. Its orientation with respect to the septum, left free wall, apex,
and base of the heart is indicated in the diagram below the map. The
isochrone contours are drawn by the method of linear interpolation
by a computer program based on the activation times. The interval
between isochrones is 2 ms. The peripheral electrodes sites are on the
border of the map diagram, the inner electrode sites are depicted by

+, and the labeled electrode sites (A4; B, C, etc.) are indicated by filled
circles (o). The numbers adjacent to each electrode site are the acti-
vation times relative to the time of the stimulus artifact. The program
does not attempt to smooth or to draw curved contours; sites with
simultaneous activation are connected with straight lines resulting in
somewhat jagged contours. The printed numbers are absent at sites
where the recording channel malfunctioned or where the stimulus
artifact obscured the electrograms. Stimulation was performed at a
cycle length of 400 ms from an electrode along the lower edge (S).
The sudden widening of isochrone contours in the upper left corner
of the map probably resulted from rapid subepicardial spread of acti-
vation that activated several sites in that region nearly simultaneously.
The lines with arrowheads indicate the directions of longitudinal (L)
and transverse ( 7') propagation (confirmed by histological examina-
tion), and were used to select the electrode sites for estimating con-
duction velocity. Effective longitudinal conduction velocity obtained
by method A (6, ) was calculated between sites U and C, 6,, = 1.00
m/s. Note that this value of 8, is greater than would have been ob-
tained if sites U and 4 (6 = 0.83 m/s), or sites U and E (8 = 0.94
m/s) had been used. Logically, 6,, should be best estimated by the
most rapid value normal to the activation front because lower values
may reflect some component of transverse conduction. Longitudinal
conduction velocity estimated by method B (g, ) is the mean of val-
ues computed at sites D, 1, J, and P(1.11, 1.11,0.97, and 1.27 m/s,
respectively). In this example, 85, = 1.12 m/s is greater than 6, . This
may reflect the fact that sites U and C are not precisely in the longi-
tudinal direction. Effective transverse conduction velocity by method
A (0,r1) was calculated using sites 7 and G (6,1 = 0.25 m/s). This
value is slightly lower than values that would have been obtained if
Hand B (08 =0.27 m/s) or S and F (# = 0.26 m/s) had been used.
In the absence of impediments to transverse propagation, 6, should
be estimated by the lowest value normal to the activation front and
perpendicular to fiber orientation because more rapid values may
have elements of longitudinal conduction. Effective transverse con-
duction velocity by method B (65 ) was obtained at sites G and N
(0.23 and 0.27, respectively; 6gr = 0.25 m/s).
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Results

Patients. The control group consisted of eight males and six
females with a mean age (+standard deviation) of 28+10 yr
(range 18-45) who underwent operation to interrupt an acces-
sory atrioventricular connection. All had normal cardiac func-
tion as assessed by history, physical examination, and echocar-
diography. The patients with IDC consisted of 10 males and 5
females with a mean age of 40+14 yr and a range 21-61 yr. All
were undergoing cardiac transplantation for severe congestive
heart failure but all were being managed as outpatients just
before the time of transplantation. The mean ejection fraction
was 0.1420.05 (0.10-0.23).

Determination of activation. In the presence of multiple
low amplitude deflections, the test for activation provided a
consistent method of assigning local activation. The test vari-
able with the greatest ability to discriminate local and nonlocal
signals was a linear combination variable ¥ = ¢;/s
+ 0.0037¢5,, where ¢, = the second derivative of the deflection
and ¢3, = the peak-to-nadir voltage of the deflection within
+30 ms of 7, (53). The area under the ROC curve fory (0.96)
was significantly greater than the areas of the next best vari-
ables: ¢, (0.93, P = < 0.001) and ¢,,;, (0.88, P <0.001) (Fig. 3
A). In addition, the maximum @ for ¢ (0.82) was significantly
greater than those for ¢, (Qg = 0.70, P = 0.025) and ¢, (Or
= 0.63, P=0.005). Plots of Qg, O, and Qgp as a function of y
are shown in Fig. 3 B. By design, the threshold value of ¥ used
to distinguish deflections resulting from local activation was
that value (7¢) which maximized Qg. Thus, deflections with
values of ¢ = 0.093 were considered to be due to local activa-
tion and deflections with lesser values to be due to nonlocal
activity. For this test Qg = 0.82, Qg = 0.70, Qsp = 1.00. The
conventional statistics were: sensitivity = 0.89, specificity
= 1.00, predictive value of a positive test = 1.00, predictive
value of a negative test = 0.79. Application of the test for acti-
vation is illustrated in Fig. 4 for an electrogram with two deflec-
tions which have nearly equal minimum (greatest negative)
first derivative () values (Fig. 4 4), for an electrogram with
no deflections meeting criteria for activation (Fig. 4 B), and for
an electrogram with more than one deflection meeting criteria
for activation (Fig. 4 D).

Activation patterns during constant cycle length stimula-
tion. Spread of excitation in control subjects tended to be ellip-
tical with relatively concentric isochrone contours. Activation
patterns from an 18-yr-old woman undergoing operation for
the Wolff-Parkinson-White syndrome are shown in Fig. 5.
Rapid spread of activation was present where fiber orientation
is perpendicular to the septum. The directions of rapid and
slow propagation remained the same as the site of stimulation
was changed. Electrograms recorded from the control patients
were usually smooth with large intrinsic deflections and a domi-
nant minimum in the first derivative plot (Fig. 5, E and F).
These features are consistent with uniform anisotropic propaga-
tion and were observed in 12 out of the 14 control subjects
(86%). In these 12 patients 6, = 0.80+0.08 m/s, 0,1
=0.23+0.03 m/s and 6, /0,1 = 3.5+0.6. The second method
of estimating conduction velocity produced similar values: 85,
=0.79+0.11 m/s, 65 = 0.23+0.04 m/s and 0, /0y = 3.3+0.3.
Two of the control patients had moderately disturbed activa-
tion patterns similar to those present in group II IDC patients
described below.

The patients with IDC were extremely heterogeneous with
respect to the patterns of activation that were recorded. They
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Figure 3. (A) ROC curves for the three candidate variables for tests
for activation with the greatest power to discriminate local from dis-
tant electrical activity: ¥ = ¢3/ 3 + 0.0037¢, the second derivative
(é3), and the minimum first derivative (d'imi,,). The area under the
ROC curve, a measure of test performance, was significantly higher
for ¢ (inset bar graph). ( B) Plot of { versus the “quality” statistics:
the quality of efficiency (Qg), the quality of specificity (Qsp), and the
quality of sensitivity (Qsg ). The value of y which maximized Qg was
7¢ = 0.093 (dashed vertical line).

could be divided into three groups. Group I consisted of 7 out
of the 15 patients with IDC (47%) with uniform anisotropic
propagation, i.e., with smooth electrograms and few irregulari-
ties in the activation patterns (Fig. 2). Although there was a
slight tendency toward greater 6; and higher 6, /0 in these IDC
patients, the propagation velocities did not differ significantly
from the values in control patients: 6,; = 0.84+0.09 m/s, 0,1
=0.23+0.05 m/s and 8, /0,1 = 3.7+0.7 (65, = 0.83%£0.08
m/s, Ogr = 0.23+0.04 m/s, 0y /05 = 3.7£0.7). Therefore,
propagation in group I were consistent with pattern A (i.e., no
difference from controls) described in Methods. While it could
be argued that a tendency for pattern C2 was observed, i.e.,
increased 6, and 6, /01 with unchanged 6., patterns B, D, E,
and F were clearly absent.

Group II comprised four patients with IDC (27% ) who had
moderately disturbed activation patterns. An example from a
35-yr-old man with IDC is shown in Fig. 6 A. Regions of dense
isochrome spacing are present in the right lower and in the left
upper corners of the map. It is not possible to determine
whether the areas of dense isochrone contours resulted from
slow conduction or from conduction block. It is evident, how-
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Figure 4. Polyphasic recordings obtained from a patient with IDC. The top row of tracings is the unipolar extracellular potential (¢), the second
row is the first derivative of ¢ (¢), and the third row is the second derivative of ¢ (¢). The fourth row is a bipolar signal obtained by subtracting
the unipolar signal shown in the top row, from the unipolar signal of its neighbor. This is equivalent to the signal obtained from a pair of elec-
trodes 2 mm apart. The deflections are labeled in the plot of ¢ (DI, D2, etc.) where they are most easily recognized. For each deflection, the
value of the linear combination variable () and the time of the deflection ( Tp,) with respect to the stimulus artifact (S4) are given in the table
below each column of plots. An asterisk (*) indicates the deflection in each electrogram with the greatest value of y which exceeds the threshold
7 = 0.093, a dagger (1) indicates other deflections that exceed 7¢. (4) The two prominent deflections DI and D2 have nearly equal values of
the minimum first derivative (¢.;,), but DI has a greater peak-to-nadir second derivative value within +3 msec (¢;). Because the test variable (y
= 3/ by + 0.003765,) is, in essence, ¢, normalized by the voltage of the signal, its value for D1 is greater than for D2. Thus, DI meets criteria
for activation whereas D2 does not. The more prominent bipolar deflection corresponding to D1 supports this. (B) None of the deflections in
this signal achieve the threshold for y: Local activation is considered absent at this site. (C) DI meets activation criteria despite a low ¢ and
lower ¢, than D2. The bipolar signal supports this choice. (D) The change in ¢ associated with D3 is obscured by the rising phase of a large,
slow potential caused by distant electrical activity, but the sharp ¢ and relatively large ¢ reveal its high frequency content and account for the
relatively large value of . DI also meets activation criteria thus, this site would be considered to have two activation times. Multiple activation
times at a single site have been reported previously (49, 50).

ever, that the areas with activation delays do not consist en-
tirely of nonconducting tissue. In the upper left corner of Fig. 6
A, for instance, propagation through the sites labeled 1, 2, and 3
appears normal. However, stimulation from the lower edge of
the plaque resulted in delayed activation through this same
area (Fig. 6 B). The direction of propagation also affected the
configuration of the electrograms. Fig. 6 C shows ¢ and ¢ re-
corded during longitudinal propagation at the sites labeled 1, 2,
and 3 in Fig. 6 4. The intrinsic deflections of the electrograms
are smooth and produce derivatives with a single prominent
deflection. The amplitudes of ¢ and ¢, are similar to those
from control subjects (Fig. 5). The amplitudes of ¢ and ¢;,
during transverse propagation at the same sites (Fig. 6 D),
however, are much smaller and have multiple low amplitude

deflections (fractionation) (50, 61). This combination of fea-
tures is consistent with nonuniform anisotropic properties
(pattern E).

The effective longitudinal conduction velocities in the four
IDC patients with moderately disturbed activation patterns
tended to be high (8, = 0.90+0.09 m/s, 65 = 0.88+0.07
m/s), but were not significantly higher than control subjects
with uniform activation patterns. The marked alterations in
transverse propagation precluded reliable estimation of trans-
verse conduction velocity.

The four patients with IDC in group III had ‘“severely”
disturbed activation patterns. Group III patients differed from
group Il patients in that both transverse and longitudinal propa-
gation appeared to be disturbed, and group III patients tended
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Figure 5. (A-D) Electrical activation sequence maps based on recordings from a control subject; same format as Fig. 2. S = site of stimulation;
isochrone contours are drawn at 2-msec intervals. The labeled electrode sites correspond to the electrograms shown in panels E and F. (E)
Extracellular potential (¢) and first temporal derivative (¢) recorded at the electrode site marked E in panel C during propagation in the longi-
tudinal direction. ¢ consists of a large, smooth intrinsic deflection preceded by a small R wave. The peak to peak amplitude is 38 mV. The first
derivative consists of a single predominant minimum (¢, = —8.3 mV/msec). (F) Recording obtained when the electrode site was in the
transverse direction (panel D). The peak-to-nadir amplitude of ¢ is 33 mV, ¢, = —3.1 mV/msec. The changes in extracellular waveforms
during propagation in different directions were consistent with previous descriptions in other species (35). SA4, stimulus artifact.

to have larger differences of activation times between neighbor-
ing recording sites. Isochrone maps based on recordings from a
group III patients is shown in Fig. 7, samples of electrograms
upon which the maps are based are shown in Figs. 4, 8, and 9.
The maps are characterized by regions of closely spaced
isochrone contours resulting from large differences in activa-
tion times between adjacent electrode sites (e.g., 73 ms be-
tween sites C and D in Fig. 7 4, which correspond to the elec-
trograms in Fig. 4, C and D, and 117 ms between sites 4 and B
in Fig. 7 C, which correspond to the electrograms in Fig. 9, 4
and B). The activation path that accounts for the large gra-
dients in activation times cannot be determined with precision.
However, based on previous work (56), the presence of near
simultaneous activation times distal to the band of dense
isochrones (i.e., the lower halves of the maps in Fig. 7, 4 and C)
suggest that activation spreads to this area from an intramural
route. On the other hand, very slow conduction through the
regions of dense isochrones cannot be excluded. There are also
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areas lacking evidence of local electrical activity, e.g., site B in
Fig. 7 A, which corresponds to the electrogram in Fig. 4 B.
The test or criteria used to define activation can obviously
affect the pattern of activation especially in the presence of
multiple low amplitude deflections (53, 61). The test for acti-
vation used to select activation times was established before
activation maps were constructed so that the choices for activa-
tion times would not be influenced by preconceived notions
about activation sequences. However, it is important to assess
the impact of a particular test for activation on the observed
activation patterns which can be done by adjusting the test
threshold 7. Reducing 7 to 0.070 results in a more sensitive but
less specific test for activation with Qgp = 0.50, Qg = 0.78, Q¢
=0.61, conventional sensitivity = 0.95, and conventional speci-
ficity = 0.60 (compare to statistics for 7 = 0.093 given above).
The effect of using this more sensitive, less specific test for
activation (Fig. 7, Band D) is to “activate” the “nonactivated”
areas in Fig. 7, 4 and B and to increase the number of sites with
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Figure 6. Electrical activation sequences from a 35-yr-old man with IDC. The interval between isochrones is 2 msec. The orientation of the array
is shown in the diagram between the two maps. (A4) Isochrone map during stimulation at the left edge of the array (.S) shows rapid activation
parallel to the long axes of myocardial fibers. Propagation transverse to fiber orientation is abnormal, with areas of delayed activation (dense
isochrones) especially in the lower left lower corner. Propagation across sites labeled I, 2, and 3 appears normal. (B) Isochrone map obtained
during stimulation at the lower edge of the array. The directions of rapid and slow propagation are unchanged from the map in panel 4, but the
regions with slow activation have changed. Activation across sites labeled 1, 2, and 3 now appears abnormally slow. (C) Unipolar potentials (¢,
top row) and first derivative plots (¢, bottom row) recorded at sites labeled I, 2, and 3 in panel 4. The values of y and the times of the deflections
(Tp, msec) are given in the insets. (D) ¢ and ¢ plots recorded at sites I, 2, and 3 in panel B. In contrast to the signals recorded during longitudinal
propagation at the same locations (panel C), the signals recorded during transverse propagation exhibit multiple deflections with lower ampli-
tudes. The two deflections in electrode 2 (DI and D2) both meet criteria for activation, i.e., both have values of ¥ greater than the test threshold
(7¢ = 0.093). This suggests asynchronous activation in adjacent muscle bundles (50). By convention, the isochrone maps were drawn according
to the deflection with the greatest value of . Altering the choice of the deflection representing local activation would alter the location of the
densely spaced isochrones; e.g., if D3 of electrode 2 in panel D had been chosen to represent local activation, the group of dense isochrones would
switch from between electrodes 1 and 2 to between electrodes 2 and 3. This effect has been illustrated previously by Dillon et al. (61), but, as

they have discussed, switching the deflection designated as local activation does not alter the finding of disturbed transverse propagation.

multiple activation times. However, the large transitions in ac-
tivation times and the severity of the conduction disturbances
are not affected.

Effects of premature stimulation on activation sequence.
The effects of premature beats on activation sequence are of
interest because spontaneous premature beats may initiate ar-
rhythmias by altering myocardial propagation (43, 61, 62).
Eight ventricular stimuli were delivered at a cycle length of 400
or 500 ms followed by up to three premature stimuli with cou-
pling intervals within 10 ms of the refractory period of the
preceding beat. In the four control subjects in whom this proto-

col was performed, slight changes in activation patterns were
sometimes observed (Fig. 10), but at most sites the activation
times did not change by more than a few milliseconds, and
longitudinal and transverse conduction velocities changed only
slightly. Also, the total activation time (TAT), defined as the
latest activation time minus the earliest activation time,
changed little with premature stimuli. This suggests that with
the stimulus strength used (twice diastolic threshold current)
the premature beats could not be delivered early enough in the
cell cycle to severely limit sodium channel current. The re-
sponses of 6,; and TAT to premature stimuli are plotted for
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Figure 7. Electrical activation maps from a 35-yr-old woman with IDC. The format is the same as in Fig. 2 except that the interval between
contours is 4 ms. The stippled regions include electrode locations at which no deflection met criteria for local activation. (A4) Activation sequence
during stimulation from the upper edge (.5). The presence of activation was based on the test threshold 7 = 0.093. Electrograms from sites 4,

B, C, and D are shown in Fig. 4, 4, B, C, and D, respectively. Electrograms from sites E, F, G, and H are shown in Fig. 8, E, F, G, and H, re-
spectively. (B) Map based on the same electrograms as the map in panel 4 but with presence of local activation defined by = = 0.070. (C)
Activation sequence during stimulation from the right edge (.S). The presence of activation was based on the test threshold r¢ = 0.093. Electro-
grams from sites 4, B, C, and D are shown in Fig. 9, 4, B, C, and D, respectively. (D) Map based on the same electrograms as the map in panel

C but with presence of local activation defined by 7 = 0.070.

individual patients in Fig. 11. There was a consistent tendency
for reduction of 8,; in the patients with IDC with ¥V, and V,
although V; tended to result in less depression of 8,; . These
findings .were not changed when method B was used to esti-
mate 6, . For reasons discussed earlier, 61 could not be reliably
estimated in many of the patients with IDC. TAT could be
compared in all patients in whom premature stimuli were ad-
ministered including two patients with IDC in whom activa-
tion was too distorted to determine 6, . There was a clear in-
crease in TAT in some patients with IDC, again suggesting
heterogeneity in the response to premature stimulation in pa-
tients with this disorder.
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Although the average effects of premature stimulation were
not dramatic in the patients with IDC as a group, striking
changes were noted in some individuals. The maps in Fig. 12
were obtained with a train of eight stimuli (S, ) at a cycle length
of 500 ms followed by three premature stimuli (S,, S;, S,) at
intervals of 260, 230, and 210 ms. S, did not capture the ventri-
cles but was followed by two ectopic beats (¥, and ¥5). The
clearest indication of this is the reversal of activation order at
sites 4, B, and C in Fig. 12 (the electrograms recorded at these
sites are shown in Fig. 13). Although site of origin of the ec-
topic beats cannot be precisely identified, two features suggest
it was relatively close to the tissue in contact with the electrode
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Figure 8. Electrograms obtained from the electrode sites labeled E, F, G, and H in Fig. 7, A and B. Same format as Fig. 4. (E) Activation at this
site occurs early (D1 at 25 msec) but deflections due to distant activity are apparent at 60 and 73 msec. (F) Two deflections (DI and D2) meet
criteria for activation with marginal values of . This suggests that the electrode straddles two or more poorly coupled myocardial cell bundles. (G
and H) The deflections meeting activation criteria occur relatively late in these leads demonstrating a progression of activation times across the

region of dense isochrones present in Fig. 7 4.

array. The first is that during the ectopic beats, sites depicted in
the upper right corner and center of the map were activated
early compared to sites in the lower half and the left upper
corner which were activated much later. If the site of origin
were distant from the plaque array, a pattern closer to that
observed during sinus rhythm (Fig. 12 F) would be expected,
that is, a pattern with much less dispersion of activation times.
In fact during the sinus beat, where activation of the tissue
beneath the plaque presumably spread from the endocardium,
central sites were activated later than peripheral sites. Second,
it has been shown that a short time interval between the onset
of the root mean square (RMS) voltage curve and the site of
earliest activation (5 ms for V, and V) indicates proximity of
the origin of electrical activity and the site of earliest recorded
activation (63). In contrast, earliest recorded activation oc-
curred 44 ms after the onset of the RMS voltage for a sinus beat
(Fig. 12 F).

Of additional interest is the marked conduction delay that
developed with premature beats. During a sinus beat, the re-
gion in the left upper corner of the maps in Fig. 12 is activated
early compared to most recorded sites (Fig. 12 F). During V,

activation in the left upper corner is relatively late, e.g., 47 ms
at site F (Fig. 12 A). With each successive premature beat the
activation time of this region increases, e.g., at site F 74 ms
during V,, 119 ms during V3, 166 ms during V,, and 176 ms
during V5. Although ¥V, and V are ectopic beats, activation of
the central sites occurs early, and only about 10 ms of the delay
observed at site F could be attributed to the change in activa-
tion sequence associated with the ectopic beats.

Of further possible significance is the finding that large gra-
dients of activation time occurred over very short distances.
Fig. 12 E shows, for instance, a difference in activation times of
164 ms between sites D and E, which were only 2.8 mm apart.
The electrograms upon which these activation times were
based are shown in Fig. 14. In particular, the electrograms from
site E (Fig. 14 E) demonstrate progressive activation delays
between primary deflections (those with the highest values of
¥) and secondary deflections (those which meet activation cri-
teria but have lesser values of ). Again, the presence of multi-
ple deflections which meet activation criteria suggests that the
recording site straddled multiple muscle bundles. If true, these
observations indicate that large activation delays can occur be-
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Figure 9. Electrograms obtained from the electrode sites labeled 4, B, C, and D in Fig. 7, C and D. Same format as Fig. 4. (4) The deflection
labeled DI has a value of y well above threshold for activation and a prominent bipolar signal. Later deflections are present at 80 and 125
msec, but do not attain activation criteria and do not produce a discernable bipolar deflection indicating that D2 and D3 are probably due to
distant activity. (B) This electrogram recorded from site B in Fig. 7 C includes a deflection that meets activation criteria that occurs remarkably
late compared to the activation of the neighboring site A. (C) None of the deflections meet criteria for activation in this electrogram with the
threshold = = 0.093. Lack of activation at this site suggests poor conduction and could indicate an insulating effect for the tissue responsible for
the very late activation time at site B. (D) The deflection meeting activation criteria (D2) occurs much later than activation at site 4, but is earlier
than that at site B despite its more distal location from the stimulation site. This indicates delayed conduction between sites D and B and the

relatively protected status of viable tissue at site B.

tween bundles of myocardial fibers muscle bundles < 1 mm
apart. It is noteworthy that these conduction delays were pro-
duced by premature beats with coupling intervals similar to
those which had minimal effects on conduction velocities and
activation patterns in controls and IDC patients with uniform
anisotropic properties. Finally, the association between ectopic
beats induced by ventricular extrastimuli and the development
of large activation delays raises the possibility that the induced
ectopic beats resulted from reentrant excitation.

NAI The NAI is measure of the spatial heterogeneity of
activation times, and has been used to quantify the degree of
nonuniformity of activation (56). The patients with IDC had
significantly greater NAIs (9.1+6.1 ms/mm) than the control
patients (5.5+1.4 ms/mm, P = 0.025). The degree of distur-
bance of the activation patterns corresponded with the NAls:
group I had a mean NAI of 6.0+1.3 ms/mm, group Il had a
mean NAI of 9.6+2.2 ms/mm, and group III had a mean NAI
of 13.8+10.7 ms/mm.

Histology. Myocardial tissue from beneath the recording
plaque was examined in 13 of the 15 patients with IDC. The
mean percentage of fibrous tissue was 13.5+15.8% which is
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similar to that reported previously (10, 15, 18, 19, 20, 23).
Patients in group I had minimal fibrosis with a mean fraction
of only 4.6+5.6% (Fig. 15, top), group II patients had interme-
diate amounts of fibrosis: 9.5+7.8% (Fig. 15, middle), and pa-
tients in group III had very prominent fibrosis: 28.3+21% (Fig.
15, bottom). There was a significant correlation between the
NAI and the fraction of fibrosis (r = 0.57, P < 0.05). More-
over, the pattern of fibrosis in the groups with mild and moder-
ate disturbances of activation patterns was interstitial, that is,
primarily linear accumulations of collagen separating bundles
of myocytes with little alteration in the alignment of myocytes
or bundles. In contrast, replacement fibrosis and microscopic
scars were prominent in group III patients which often was
accompanied by deviation or interruption of the parallel ar-
rangement of epicardial muscle fibers and bundles (16).
Relation between electrophysiologic findings and spontane-
ous arrhythmias. 12 of the control patients underwent at least
24 h of electrocardiographic monitoring (mean = 63+33 h);
no ventricular arrhythmias were detected in nine of these pa-
tients. In two of the control patients rare pairs of premature
ventricular contractions (PVCs) were recorded. Only one con-
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Figure 10. Effects of premature stimulation in a 35-yr-old male control subject. (4) An electrogram from the recording site in the upper left
corner of the array shows the last two beats in the eight beat train (¥,), and the first (V,), second (V3), and third (V,) premature stimuli. The
cycle length of the train of stimuli was 500 msec, and the coupling intervals of V,, ¥; and V, were 250, 210, and 210 msec, respectively. (B) Map
of V,. The format is the same as in Fig. 2. Stimulation is performed from the left edge (S). the interval between isochrones is 2 msec. The
arrows indicate the directions of longitudinal (L) and transverse ( T') propagation. The electrode sites indicated by the heads and tails of the
arrows were used to estimate longitudinal and transverse conduction velocities by method A (6, . 0,1 ) The electrode sites indicated were used
to estimate longitudinal (e ) and transverse (m) conduction velocities by method B (65, , 01 ). In this example, 6,; = 65, = 0.83 m/sec and 8,1

= 0gr = 0.25 m/sec. The TAT is 49 msec. (C) Map of V,: 6, = 0.90 m/sec, 05, = 0.80 m/sec, 8,1 = 851 = 0.22 m/sec, TAT = 45 msec. (D)
Map of V;3: 6, = 0.90 m/sec, fg;. = 0.87 m/sec, 8,1 = 0.27 m/sec, fgr = 0.25 m/sec, TAT = 49 msec. (E) Map of V,: 6, = 0.90 m/sec, 05

= 0.86 m/sec, 8,1+ = 0.26 m/sec Ogr = 0.25 m/sec, TAT = 47 msec.

trol subject had frequent ventricular arrhythmias (265 PVCs/
h, 0.1 pairs/h). Interestingly, this was one of two control pa-
tients with moderately altered activation. 10 of the 15 patients
with IDC underwent 24-h Holter monitoring, five in group I,
four in group II, and one in group III. Because of the small
numbers, groups II and III were combined. The PVC fre-
quency in the combined group was 478+678 PVCs/h (median
= 121 PVCs/h) compared with group I patients who had a
mean of 1234240 PVCs/h (median: 21 PVCs/h) (P = 0.1).
The frequency of PVC pairs in the combined group was 25
pairs/h (median = 2 pairs/h) compared to 16+25 pairs/h (me-
dian = 0.3 pairs/h) (P = 0.26). The frequency of unsustained
ventricular tachycardia (VT) in the combined group was
8+11/h (median = 6.2/h) compared to only 0.8+1.7/h (me-
dian = 0) in the group I patients (P = 0.17). In addition, all of
the patients in the combined group had PVC frequencies > 30/
h and all but one had unsustained VT during the 24-h Holter
recording, whereas only one of the group I patients had > 30

PVCs/h, and only two had an episode of unsustained VT.
Thus, patients in groups II and III tended to have greater fre-
quencies of each category of arrhythmia, but none of the differ-
ences attained statistical significance. On the other hand, it
should be recognized that there were relatively few patients in
each group, the variances were high, and there was no data
from three of the four group III patients who might have been
expected to have the most severe ventricular arrhythmias. Only
one of the seven group I patients had a history of sustained
ventricular tachycardia (lasting at least 1 min or requiring car-
dioversion), which occurred during an infusion of dopexa-
mine, a B-adrenergic and dopaminergic receptor agonist. In
contrast, three of the eight patients in groups II or III had a
history of sustained VT.

Discussion

Propagation in patients with IDC. In seven (47%) of the pa-
tients with IDC (group I) the pattern of activation and the
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Figure 11. Effects of premature stimulation. Top panel: Longitudinal
conduction velocity determined by method A (8, ) is plotted for the
last beat in the eight beat train of stimuli (V) and for the first (V,),
second (V3), and third (V,) premature beats in control subjects
(Control) and in patients with idiopathic dilated cardiomyopathy
(IDC). The results for individual patients are plotted as small filled
circles (o). Mean values are indicated by filled squares (m) connected
by thick dashed lines. Not all patients received three extrastimuli, so
the mean values were obtained from different numbers of patients.
The mean cycle length of the train (V,-¥;) was 475 msec in controls
and 440 msec in patients with IDC. The mean values of V,, V3, and
V, were 253, 235, and 230 msec, respectively, in control subjects, and
260, 236, and 220 msec, respectively, in patients with IDC. Bottom
panel: TAT is plotted for each premature beat in each patient. The
format is the same as in the top panel. The TAT of V; for one patient
is beyond the scale of the plot and is indicated by a broken line and
the TAT at that point given is provided.

longitudinal and transverse propagation velocities could not be
distinguished from those obtained in patients without evidence
of myocardial dysfunction. This does not prove, of course, that
factors such as sodium conductance, membrane resistance, ca-
pacitance, and others discussed in connection with the mathe-
matical model of propagation were not severely affected in this
group. It is possible that a change in a factor which reduced 6
was accompanied by alterations which increased 8. However, it
seems unlikely. that the “compensating” factors would have
corrected 6 so precisely. It should be emphasized that the elec-
trical recordings were made from a small region of myocar-
dium so it is quite possible that abnormal propagation was
present elsewhere in the hearts of this group of patients. Never-
theless, it seems improbable that contractility would be normal
in the particular patch of left ventricular myocardium we chose
to record. These findings suggest, therefore, that the functional
and structural changes associated with severe contractile dys-
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function in patients with IDC are not sufficient to alter myo-
cardial propagation in some patients with this disorder.

The four patients in group II had moderate disturbances in
propagation which included disturbed transverse propagation
associated with multiphasic electrograms and preserved longi-
tudinal propagation. The observed activation sequences were
not consistent with patterns A, B, C, or D described in the
methods section, and have not been reproduced by interven-
tions which alter resting membrane potential (39, 44, 50), so-
dium conductance (37-42), intracellular calcium (28), or uni-
form changes in gap junction resistance (47, 48). Instead, the
findings indicate nonuniform anisotropic properties as defined
by Spach et al. (35, 49), who put forth the explanation that
such behavior results from reduced side-to-side electrical con-
nections between muscle bundles. Although this must involve
abnormal gap junction function, it differs from the changes
resulting in pattern D in that only gap junctions responsible for
side-to-side propagation are assumed to be affected. The multi-
phasic nature of the electrograms during transverse propaga-
tion are explained by “bursts” of electrical activity arising from
synchronous firing of adjacent well coupled myocytes within
individual bundles, while intervals between bursts result from
the additional time required to cross or circumvent the insulat-
ing boundaries between muscle groups. End-to-end connec-
tions between myocytes are presumed to be intact so that dur-
ing longitudinal propagation adjacent bundles (even if poorly
coupled side-to-side) are activated nearly simultaneously pro-
ducing smooth extracellular waveforms (35, 49).

The spread of activation was severely disturbed in patients
in group III. Marked fractionation of the electrograms and im-
paired transverse propagation was noted in this group, but un-
like group II, longitudinal propagation was also abnormal. Lon-
gitudinally oriented insulating boundaries account for the mul-
tiphasic signals and reduced transverse conduction, but do not
explain the changes in longitudinal activation. Although we
cannot exclude abnormal membrane or cellular electrophysio-
logic properties, a more reasonable explanation might be a pro-
gression of the processes that caused the changes in group II.
Large amounts of interstitial collagen, replacement fibrosis,
and microscopic scars could have created obstacles to propaga-
tion. In addition, loss of the normal parallel arrangement proba-
bly contributed to the loss of a single discernable direction of
longitudinal propagation in the activation maps (51).

Implications of abnormal propagation. An association be-
tween abnormal propagation and fibrosis has been described in
atrial tissue (26, 64, 65) and in animal models of myocardial
infarction (50, 51), but not in patients or animal with cardio-
myopathy. Nevertheless, the spectrum of histologic changes we
observed is consistent with numerous previous studies of pa-
tients with IDC (20, 21, 23), so there is reason to suspect that
nonuniform anisotropic electrical properties are prevalent in
this disorder.

Although disturbed propagation may contribute to the de-
velopment of malignant ventricular tachyarrhythmias in pa-
tients with IDC, we know of no previous studies that have
addressed this issue directly. There have been reports in various
animal models of cardiomyopathies of associations between
conduction abnormalities or fibrosis and ventricular arrhyth-
mias or sudden death (9, 66-69) but none have examined
myocardial propagation per se. A possible link between the
observed changes in propagation and arrhythmogenesis was
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Figure 12. Activation patterns resulting from premature stimulation in a patient with IDC. Same format as in Fig. 7. The interval between
isochrone contours is 4 ms. Isochrones were drawn at 20-ms intervals in areas where the gradient of activation times exceeded the capacity of
the printer to generate distinct contours. The stimulation program consisted of a train of eight stimuli at a cycle length of 500 ms followed by
three premature stimuli with coupling intervals of 260, 230, and 210 ms. (A4) Activation map of the beat initiated by the last stimulus of the
fixed-cycle length train (V,). (B) Activation map of the beat initiated by the first premature stimulus (¥,). (C) Activation map of the beat initi-
ated by the second premature stimulus (V). (D) Activation map of the first ventricular beat following the third premature stimulus (¥,), but
probably not initiated by it. (E) Activation map of the second ventricular beat following the third premature stimulus (V5). (F) Activation map
of a sinus beat. Activation times were referenced to the stimulus artifact for the stimulated beats (V,, V5, and V3) and to the onset of the QRS
complex derived from the RMS of the recorded voltages for the nonstimulated beats (V,, Vs, and sinus). See text for discussion.

provided by Spach et al. (62) who demonstrated microreentry
in dilated human atrial tissue characterized by nonuniform
anisotropic properties but otherwise normal action potentials.
Nonuniform anisotropy has also been reported in patients with
VT (4), and is associated with reentry in the subacute and
healed phases of myocardial infarction (61, 70). It is not
known what degree of nonuniformity is required to alter vulner-
ability to arrhythmias (71). However, the speed of activation
around a region of slow conduction or block is a determinant
of reentry (43, 61). Therefore, the large gradients in activation
times we observed may predispose to reentrant arrhythmias. In
one case, premature stimulation associated with progressive
conduction delays resulted in nonstimulated beats which ap-
peared to arise close to the site of stimulation, a pattern consis-
tent with, but not proof of, reentry (62). In any case, activation
patterns and histologic findings in some patients with IDC are
similar to those of the border zone of myocardial infarction
which may indicate common elements between arrhythmias

which occur after myocardial infarction and arrhythmias
which occur in patients with IDC (51, 61).

The presence of moderately disturbed propagation in two
of the control patients is intriguing. Neither had evidence of
systolic or diastolic dysfunction by history, physical examina-
tion or echocardiography, and neither had incessant supraven-
tricular arrhythmias which could alter ventricular function.
One of these patients had relatively frequent single PVCs, but
this is sometimes seen among healthy subjects. While nonuni-
form anisotropy is known to occur in normal myocardium (49,
56), it has not been previously reported in this region of the
heart and we have never observed it in this position of the
canine left ventricle (37, 42). A relation between nonuniform
properties and age has been noted (49). Although these two
subjects (34 and 45 yr) were older than the average control
subject, several patients with IDC and normal activation pat-
terns were even older, including the oldest person in the study
(61 yr). Also, we found no correlation between age and the
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Figure 13. Unipolar electro-
grams (¢) and first derivative
(¢) plots from recordings ob-
tained at sites 4, B, and C
(panels A4, B, and C, respec-
tively) in Fig. 12. The re-
cordings are aligned in time
and include the stimulus ar-
tifacts (S,, S, S3, and S;)
and extracellular waveforms
of the last beat of the fixed-
cycle length train (V;), the
first and second stimulated
beats (V,, V;) and the two
ventricular beats which fol-
lowed the last stimulus (V,,
Vs). S, does not appear to
initiate activation. Prominent
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where x is the electrode site,
yis the number of the asso-
ciated beat (1 = V,,2 = V,,
etc.), and z is the number of
the deflection, thus, Dy,
refers to the second deflection
associated with ¥, recorded
at site A. The first number in
parentheses below each de-
flection label is the time of
the deflection (msec); the
second number is the value
of Y. Primary deflections, i.e.,
the deflection during a given
beat which had the greatest
value of ¥ and which met
criteria for activation (Y

> 0.093) are indicated by an
asterisk (*). Secondary de-
flections, i.e., deflections with
smaller values of y but which
still met criteria for activation
are indicated by a dagger (1).
For V,, V,, and V; the refer-
ence (time = 0 msec) was
the stimulus artifact that im-
mediately precedes the beat.
For V, and ¥ the reference-
was the onset of the QRS de-
rived from the root-mean-
square voltage curve. The in-
tervals are S,-S, = 260 msec,
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S-S5 = 230 msec, S;-S, = 210 msec, S;-V, RMS curve = 230 msec, V,-V; RMS curve = 283 msec. The activation order for V; is C(D¢,,) =
B(Dg,,) = A(D,,,); the same order applies to V5, and V;. In contrast, the activation order for V, is reversed, i.e., A(Daq) = B(Dpy) =

C(Dc4;), and ¥ has a similar pattern.

degree of nonuniform activation (NAI), and previous studies
have noted no correlation between myocardial fibrosis and age
in patients with IDC (18). Therefore, it is not clear if the dis-
turbed activation patterns detected in the two control subjects
should be considered normal variants or abnormalities due to
some undetermined cardiac disorder. Nevertheless, this find-
ing demonstrates that nonuniform anisotropic properties can
occur in the absence of demonstrable cardiac dysfunction. It
seems possible that this abnormality might underlie ventricular
tachyarrhythmias in some patients with “no structural heart
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disease.” Because collagen infiltration is associated with non-
uniform anisotropic propagation, the finding of interstitial fi-
brosis in a large percentage of patients with serious ventricular
arrhythmias and no other evidence of cardiac disease may be
relevant (72).

Limitations. There were a number of potential sources for
error in this investigation. The model of myocardial propaga-
tion is relatively simple and is unlikely to simulate all the possi-
ble changes that could simultaneously occur in myopathic
states, and it is not likely to reliably predict the impact of
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Figure 15. Photomicrographs of subepicardial myocardial tissue ob-
tained from the region immediately beneath the plaque electrode
array in patients with IDC. The sections were stained with Mallory’s
trichrome stain and magnified X200. Top Panel: Section from a 22-
yr-old man with IDC and minimal disturbance in activation sequence
(group 1). Middle panel: Section from a 35-yr-old man with IDC
and moderately disturbed electrical activation (group II). Bottom
panel: Section from 35-yr-old woman with IDC and severely dis-
turbed activation sequence (group III).

changes in parameters which differ from cell to cell or region to
region. The electrophysiologic data were collected in the anes-
thetized, open-chest state which cannot be considered “nor-
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mal” but neither the drugs used (narcotics and nondepolariz-
ing paralytic agents) nor the physiologic changes are known to
affect propagation in a significant manner. The finding of acti-
vation patterns in most of the control subjects and in a large
proportion of IDC patients similar to those obtained in vivo
(37, 42) and in vitro (36, 39, 47, 54, 59) using a variety of
anesthetic techniques suggests that the abnormal physiologic
state did not have a major impact on the results. The methods
of estimating effective conduction velocity assumed a linear
path of conduction which could not be proved without knowl-
edge of activation in three dimensions. However, deviation
from a direct route is less likely to occur over the short dis-
tances used in this study and can usually be detected by careful
examination of the superficial activation pattern. Moreover,
the conduction velocities we obtained are comparable to those
obtained in dogs (37, 42, 54, 59), pigs (36), rabbits (39), and
sheep (47).

Time limitations restricted the number of interventions
and measurements. The use of excised tissue would have al-
lowed more precise control of the experimental milieu and
more time to perform manipulations, but would not have been
possible for the control subjects. In addition, the collection of
electrophysiologic data in situ avoids several possible sources of
artifacts. The loss of arterial perfusion, for instance, has been
shown to increase extracellular resistance and reduce 6 (73),
while the presence of a tissue bath tends to reduce extracellular
resistance which increases § (31). Furthermore, it is widely
recognized that investigations based on dissected tissue or iso-
lated cells may favor healthier specimens (29). For example,
Gwathmey et al. (74) acknowledged that the need to avoid
tissue samples with dense necrosis or fibrosis could have ac-
counted for the finding of normal isometric tension in human
end-stage heart failure. Also, others have reported difficulty
obtaining intracellular recordings in areas of dense fibrosis
(51). In this regard, experiments performed in situ can com-
plement data obtained in other conditions.

The electrophysiologic findings may not have been repre-
sentative of changes present elsewhere in the heart. Although
systolic dysfunction in patients with IDC is usually diffuse, the
morphologic abnormalities may be heterogeneous (23). Fibro-
sis is reported to be greater in the left ventricular subendocar-
dium and in the right ventricular segments than in the left
ventricular epicardial region where our measurements were
obtained (20). Therefore, if fibrosis is a marker for nonuni-
form anisotropic properties, one could expect even greater dis-
turbances of conduction elsewhere in the heart and the finding
of normal propagation in some of the patients does not exclude
the presence of severe disturbances in other areas.

Clinical implications. The tendency for more frequent and
complex ventricular arrhythmias in the patients with perturbed
activation and increased fibrosis must be interpreted
cautiously, because, as noted above, the patients with normal
appearing propagation in the sampled region could have had
severe abnormalities elsewhere. Furthermore, if conduction
disturbances do play a role in arrhythmogenesis in patients
with IDC, it is unlikely to be exclusive. Nonuniform anisotro-
pic properties probably interact with an array of changes such
as increased dispersion of refractoriness, altered calcium ki-
netics, and increased sympathetic activity to increase the vul-
nerability to malignant ventricular arrhythmias. For instance,
ventricular premature beats triggered by depolarizations result-



ing from abnormal calcium movements could precipitate reen-
try in tissue with nonuniform anisotropic properties. Neverthe-
less, if nonuniform anisotropic propagation and fibrosis are
important elements in the development of arrhythmias in pa-
tients with IDC, then they may also be important in other
disorders characterized by pathological collagen deposition
such as hypertrophic cardiomyopathy, hypertensive cardiovas-
cular disease, and other forms of cardiomyopathy. A relation
between fibrous tissue and arrhythmias also may have thera-
peutic implications. Treatment with angiotensin-converting
enzyme inhibitors and calcium antagonists has been shown to
limit the development of fibrosis in animal models of cardiomy-
opathy (9, 75-77). Therefore, inhibition of collagen infiltra-
tion with failure to develop nonuniform propagation might be
one mechanism by which these agents reduce mortality in ani-
mals with cardiomyopathy (9, 78) and humans with conges-
tive heart failure (79, 80).
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