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Background: The aims of the Langendorff-perfused rabbit
heart study were to evaluate the arrhythmogenic consequences
of myocardial contusion and to determine the mechanism of
arrhythmia.

Methods: Six hearts were in the control group, and 24 hearts
(intact heart protocol) were submitted to one of four different
contusion kinetic energies (75, 100, 150, or 200 millijoules [mJ];
n = 6). Occurrence of arrhythmia, of an electrically silent area
(i.e., area with no electrical activity), and of line of fixed con-
duction block were reported before and for 1 h after contusion.
In 16 hearts (frozen hearts) submitied to cryoprocedure and
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contusion impact of 100 or 200 mJ, ventricular conduction
velocities, anisotropic ratio, wavelengths, ventricular effective
refractory period, and its dispersion were measured before and
for 1 h after contusion. Using high-resolution mapping, ar-
rhythmias were recorded and analyzed.

Results: The intact heart study showed that the number and
seriousness of contusion-induced arrhythmias increased with
increasing contusion kinetic energy, as did the number of elec-
trically silent areas (five of six ventricular fibrillations and five
of six electrically silent areas at 200 mJ). In the frozen heart
study, immediately after contusion ventricular effective refrac-
tory periods were shortened and dispersed, and wavelengths
were also shortened. The arrhythmia analysis showed that all
ventricular tachycardias but one were based on reentry devel-
oped around an electrically silent area or a line of fixed con-
duction block.

Conclusions: Myocardial contusion has direct arrhythmo-
genic effects, and the seriousness of arrhythmia increases with
the level of contusion kinetic energy. The mechanism of ar-
rhythmia was mainly based on reentrant circuit around a fixed
obstacle. (Key words: Heart tranuma; reentry; isolated heart.)

BLUNT chest.trauma can be responsible for cardiac in-
jury," arrhythmia, and sudden death. The arrhythmias
may be facilitated by metabolic or hemodynamic alter-
ations caused by associated injuries or consequent to
acute heart failure."™® Myocardial contusion with struc-
tural myocardial damage may induce serious arrhythmias
or conduction defects.®~¢ However, sudden death and
arrhythmia also occur in blunt chest trauma patients
who have no clinical evidence of cardiac injury or no
cardiac structural damage.'™>’ Maron et al. reported 25
sudden deaths in young sport players after blunt impact,
but no cardiac structural abnormalities were detected
during autopsy.” In a model of commotio cordis in anes-
thetized pigs, Link et al. showed that low-energy chest
wall impact induces ventricular fibrillation (VF) only
when the impact happens within a window of 15-30 ms
before the peak of the T-wave of the electrocardiogram.®
This impact occurring at this precise period could only
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cause immediate arrhythmia. In contrast, myocardial
contusion could cause immediate but also delayed ar-
thythmia.>”~'" The aims of the present study were to
evaluate the arrhythmogenic effects of impact with
graded kinetic energy on the left ventricle of isolated
rabbit heart and to analyze the initiation mechanisms of
arrhythmia induced by myocardial contusion using high-
resolution ventricular mapping.

Materials and Methods

Heart Preparation

Surgical Preparation. The principles for the care and
treatment of experimental animals complied with the
national guidelines of the French Ministry of Agriculture.
Forty-six New Zealand rabbits weighing a mean of 3.6 =
0.6 kg (= SD) were anesthetized with ketamine (50
mg/kg intramuscular), the trachea was intubated, and
the lungs were mechanically ventilated with 100% O,
(Logic 07, ATM, Maurepas, France). The surgical exci-
sion of the heart was performed as previously de-
scribed.'>'? The heart was connected to a Langendorff
perfusion system using Tyrode’s solution at 37°C. The
coronary arteries were perfused with a constant flow of
40-50 ml/min (Watson-Marlow 101U pump, Falmouth
Cornwall, UK), resulting in a perfusion pressure of 70 *
10 mmHg (Gould P23 Transducer, Oxnard, CA; CGR
monitor, St-Cloud, France). The composition of Tyrode’s
solution was NaCl 130 mm, NaHCO; 20.1 mm, KCl 4.0
mu, CaCl, 2.2 mm, MgCl, 0.6 mm, NaH,PO, 1.2 mm, and
glucose 12 mm. The solution was saturated with a mix-
ture of 95% O, and 5% CO,, and pH was adjusted to
7.40 = 0.02.

Mechanism of Injury. Forty hearts were submitted
to a localized injury. The heart was placed horizontally,
and a metal stem was introduced into the left ventricle
through the left atrium to hold the heart during contu-
sion. Myocardial impact was produced by a ball decreas-
ing from a predefined height within a hollowed cylinder
that was placed just above the left ventricle and inflicted
a precise blow nearly on the center of the left ventricle.
The height was determined to deliver four different
contusion kinetic energies: 75, 100, 150, and 200 milli-
joules (m]). The ball weight was 12 g for contusions of
75, 100, and 150 mJ and 21.7 g for a contusion of 200 mJ.

Epicardial Mapping Study. High-resolution mapping
of epicardial excitation was performed by applying to
the epicardial surface a spoon-shaped electrode contain-
ing 256 unipolar electrodes at a regular distance of 2.25
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Fig. 1. The location of the spoon-shaped electrode on the left
ventricle (LV). Unipolar electrograms were recorded from the
mapping array {(dotted area). The central circle indicates the
main pacing site for the measurement of conduction velocities
and ventricular effective refractory periods (VERP). Boxed areas
on the left ventricle show the four other sites at which VERP
was measured. FW = ventricular free wall; LAD = left anterior
descending coronary artery.

mm (fig. 1). A computerized mapping system allowed
simultaneous recording, storage, and automatic analysis
of all 256 electrograms and on-line presentation of color-
coded activation maps (Maptech System; Maastricht, The
Netherlands). "

Protocols

Thirty hearts were used to study arrhythmogenic ef-
fects of myocardial contusion (intact hearts), and 16
hearts were submitted to an endocardial cryoprocedure
to analyze the initiation mechanisms of arrhythmia (fro-
zen hearts).

Intact Heart Protocol. The 30 hearts in the intact
heart protocol were divided in five groups of six hearts
each. In one group, no contusion energy was applied,
but these six hearts were placed on the contusion appa-
ratus to serve as a control group. In the other four
groups, a contusion with kinetic energy of 75, 100, 150
or 200 mJ was produced. Variables were recorded be-
fore contusion (T—1), immediately after contusion (T0),
and 5 min (TS), 15 min (T15), 30 min (T30), 45 min
(T45), and 60 min (T60) after contusion. At the end of
each experiment, the heart was removed from the per-
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fusion system and fixed in formaldehyde 10% for his-
topathologic study.

Electropbysiologic Study. The number, nature, and
time of occurrence of arrhythmias were studied. More-
over, we noticed in preliminary experiments that the
impact might induce an electrically silent area or a line of
fixed block. The electrically silent area was defined as an
area with no significant electrical activity and where no
pacing with twice the threshold intensity was possible.
The occurrence of electrically silent area, the time for its
disappearance, and line of fixed block occurrence were
also reported.

Creatine Kinase Release. During the experiment,
effluent samples of about 3 ml were collected in tubes
for creatine kinase (CK) measurement and stored at
—20°C until biochemical assays were performed. The
concentration of CK was measured using the immunoin-
hibition method at 25°C by means of the N-acetylcysteine
activated test on a Cobas Bio (Roche, Diagnostic GmbH,
Mannheim, Germany).'> CK concentrations were ex-
pressed in International Units per liter (1U/D. The com-
parison of CK release between control and contusion
groups was performed using the difference value be-
tween the concentrations just after the contusion (T0)
and before the contusion (T—1) for each group.

Histopathologic Study. Hearts were dehydrated us-
ing graded ethanol, embedded in paraffin (Histocentre,
Shandon, Runcorn, England), and cut into 5-um-thick
rings using a microtome (Reichert-Yung, Nusshloch,
Germany). Horizontal sections were mounted on glass
slides with albumin (0.1% m/vol, BioLyon, Lyon, France).
Three pieces of each heart were stained with hematein-
cosin-safran for optical microscopic examination. These
three pieces were removed from the bottom, center and
tip of the impact area, as perceived macroscopically. The
depth and extent of tissue disruption and tissue disorga-
nization were noted for each specimen. The pathologist
was blinded according to the control group and the
different kinetic energy levels used.

Frozen Heart Protocol.

Cryoprocedure and Pacing Protocol. In 16 hearts,
a previously described endocardial cryoprocedure
121617 was used to avoid epicardial breakthrough of
longitudinal wavefronts from deeper layers and to allow
complete mapping of electrical activation in two dimen-
sions.'*'* As a result of this procedure, only a thin
(==1-mm-thick) epicardial layer of the left ventricle free
wall survived; the rest of myocardium was completely
destroyed."'® It was previously demonstrated that in this
thin surviving layer, refractoriness and conduction veloc-
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ities were not affected by the procedure and remained
stable for many hours, suggesting that the circulatory
condition was adequate.'>'®'7 At the end of the exper-
iment, hearts were dissected to verify the efficacy of the
cryoprocedure. When the freezing was not adequate,
the heart was excluded from the study.

Programmed electrical stimulation was performed us-
ing a programmable constant current stimulator, which
delivered square pulses of 2 ms duration at twice the
diastolic threshold for both regular stimulation and in-
duction of premature beats (Maptech System). Induction
of ventricular arrhythmia was performed using a bipolar
stimulation protocol in all frozen hearts and consisted of
application of one, two, and three premature stimuli (52,
S3, and S84, respectively) delivered with decreasing cou-
pling intervals after 10 basic stimuli (§1-81) at 300-ms
intervals, and application of a train of 10 stimuli at a
regular cycle length that was progressively decreased in
increments of 10-ms until one-to-one capture of the ven-
tricle failed (Fmax).

Protocol and Electrophbysiologic Measurements.
Forty-five min after freezing, two groups of hearts were
administered a contusion with kinetic energy of 100 m]J
(n = 8) or 200 m] (n = 8). The contusion procedure was
similar to that in the intact heart protocol. Parameters
were determined before contusion (T—1), immediately
after contusion (T0), and 20 min (T20), 40 min (T40),
and 60 min (T60) after contusion. The following electro-
physiologic parameters were studied: Ventricular effec-
tive refractory period (VERP, in milliseconds) at five
sites, longitudinal ventricular conduction velocity (6L, in
meters/second), transverse ventricular conduction ve-
locity (0T, in meters/second), anisotropic ratio (6L/67T),
longitudinal and transverse wavelength (AL and AT, re-
spectively, in millimeters), index of VERP dispersion (DI)
and maximum VERP dispersion (Dmax, in milliseconds).

Conduction velocity was defined as the distance trav-
eled by the wavefront per time unit. In cach experiment,
both longitudinal and transverse conduction velocities
and anisotropic ratio were measured after 10 basic stim-
uli (§1-S1) at 300-ms intervals. VERP was defined as the
shortest S1-S2 interval still resulting in a propagated
premature impulse during regular pacing with a S1-§1
interval of 300 ms. VERP was determined by decreasing
the coupling interval of premature stimulus in 1-ms in-
crements. Measurement of VERP was performed at the
same five sites throughout the experiment (fig. 1). Wave-
length was defined as the product of longitudinal (AL) or
transverse (AT) ventricular conduction velocity, and the
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Table 1. Arrhythmia and Electrical Disturbances Induced by Contusion in Intact Hearts

Arrhythmia Electrically Silent Area Line of Fixed Block
Contusion Energy Nature Time of Occurrence Number Time of Disappearance Number Time of Occurrence
Control 0 — 0 — 0] —
75 md 1VF T5 1 T60 2 1T0, 1 T60

1 NSVT T0
100 mdJ 5 PVC 17T5,2T15,1 T30, 1 T40 4 17T5,1T15,1 T30, 1 T60 4 2 T0,1T30,1T60
150 mJ 1 NSVT 1T0 3 2 T15, 1 lasting after T60 1 1T15
2 VF 17T0,1 T30

200 mJ 5VF 5T0 5 2 T30, 3 lasting after T60 1 1 T30

n = 6 for each group.

VF = ventricular fibrillation; NSVT = nonsustained ventricular tachycardia; PVC = premature ventricular contraction.

VERP was measured at the center site. VERP dispersion
was quantified by DI, defined as the quotient of SD and
mean of VERPs for each heart, and Dmax, calculated by
the difference between the maximum and the minimum
values of VERP for each heart.

Definition of Ventricular Arrbythmia

We defined ventricular arrhythmia as VF with sus-
tained or nonsustained ventricular tachycardia (SVT and
NSVT, respectively). NSVT was defined as a ventricular
tachycardia (VT) lasting more than three successive
beats but less than 30 s before spontaneous termination.
SVT was defined as a VT that lasted more than 30 s.
Finally, a separation into monomorphic and polymot-
phic ventricular tachycardia (MVT and PVT, respec-
tively) was made. The term MVT implies a uniform
beat-to-beat QRS morphology. The term PVT was de-
fined as the occurrence of continuous change in QRS
configuration. When several types of arrhythmia oc-
curred during a given experimental step, the worst ar-
rhythmia was used.

Statistical Analysis

Except for the difference value between CK at TO and
CK at T—1, which was expressed in median and percen-
tiles (5% and 95%), all parameters were expressed as
mean * SD. The Kruskall-Wallis test and Bonferroni
correction were used for the comparison of the CK
release difference between intact heart groups. To show
an arrhythmogenic and gradual effect of different contu-
sion kinetic energies, Fisher exact test followed by a test
of linear trend were performed. Two-way analysis of
variance for repeated measures, followed by a contrast
method, Neumann-Keuls test, and Bonferroni correction
were used to list time or group effect on other parameters.
P < 0.05 was considered to be statistically significant.
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Results

Intact Heart

Arrhythmogenic Effect of Contusion. In the con-
trol group, no arrhythmias, no electrically silent areas,
and no lines of fixed block were observed. All contusion
groups showed arrhythmias (VF, VT, premature ventric-
ular contraction), electrically silent areas, lines of fixed
block, or a combination of these (table 1). In 13 of 24
hearts, electrically silent areas occurred after contusion:
Four lasted more than 60 min, four others completely
disappeared, and five were replaced by a line of fixed
block. Lines of fixed block occurred in 8 of 24 hearts,
either immediately (n = 3) or after occurrence of an
electrically silent area (n = 5). All lines of fixed block
lasted after 60 min. Numbers of arrhythmias (P = 0.03)
and electrically silent areas (P = 0.02) increased with
increasing kinetic energy of contusion.

Effect on the release of Creatine Kinase. The re-
lease of CK for each group is reported in figure 2. No
change occurred in the control group. In contusion
groups, concentration of CK increased transiently, with
a maximum at TO. The median value (TO-T—1; 5% and
95%) was 14 TU/1 (1, 80), 10 TU/1 (5, 129), 87 TU/1 (7 4,
129), and 103.75 TU/1 (21.4, 245) for 75, 100, 150, and
200 mJ, respectively. All differences (TO-T—1) between
control and contusion groups were statistically signifi-
cant (P = 0.02); however, the differences between dif-
ferent contusion groups were not significant.

Histopathologic Study. The optical microscopic
study of pieces of heart showed that all hearts that
underwent contusion had cellular damage. In the impact
area, myocardial fibers were disrupted on the surface.
Vacuoles and nucleus pyknosis were observed in fiber
cytoplasm. In the impact area, the fiber diameter was
reduced, fibers were made round, and the extracellular
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Fig. 2. Effect of four different contusion energies on creatine
kinase release. Data are expressed as the median. ll = control
group; A = 75-mJ group; ¥ = 100-mJ group; ¢ = 150-mJ group;
@ = 200-m]J group.

medium was enlarged. The damage depth was signifi-
cantly increased according to the kinetic energy impact:
45 * 81, 325 * 157, 517 * 147, 600 = 77, and 767 *
225 um for control, 75, 100, 150, and 200 mJ, respec-
tively (P = 0.009).

Frozen Heart

Two of eight hearts were excluded for inadequate
freezing in the 100-mJ group. Data are therefore given
for six hearts in this group.

Electrophysiologic Effects of Contusion. Ventricu-
lar conduction velocities were not significantly modified
by contusion whatever the kinetic energy (fig. 3A). How-
ever, longitudinal conduction velocity was slightly
slowed just after contusion (P = 0.09). Anisotropic ratio
was not significantly modified; it changed from 2.01 *
0.20at T—1 to 1.87 £ 0.16 at 'TO in the 100-mJ group and
from 2.09 * 0.24 at T—1 to 1.98 * 0.43 at TO for the
200-mJ group (P = 0.368). In contrast, VERPs were
immediately shortened after contusion (P = 0.0004) and
progressively lengthened in time (P = 0.004) over the
two groups (fig. 3B). Longitudinal and transverse wave-
lengths for each group were shortened immediately after
contusion (P = 0.026 for AL, and P = 0.012 for AT; fig.
3C). Both AL and AT recovered their baseline values at
T20. Parameters evaluating the dispersion of VERPs were
modified in the same manner in the two groups of
hearts. DI and Dmax were increased at TO (P = 0.0008
and P = 0.0052, respectively) and returned progres-
sively to their baseline values at TGO (figs. 4A and 4B).
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Fig. 3. Effect of contusion (100 mJ and 200 mJ) on (4) longitu-
dinal and transverse conduction velocities (0L and 0T, respec-
tively), (B) ventricular effective refractory period, and (C) lon-
gitudinal and transverse wavelengths (AL and AT, respectively).
Data are expressed as the mean = SD. Closed symbols corre-
spond to longitudinal parameters (velocities and wavelength),
and open symbols correspond to transverse parameters.
Squares are used for 100-mJ group, and triangles are used for
200-mJ group. *P < 0.05, +P < 0.01, £P < 0.001; P depicted a
significant time effect; no group effect was significant.

Arrhythmogenic Effects. Contusion-induced ar-
rhythmias are reported in table 2. Both contusions with
kinetic energy of 100 mJ and 200 mJ caused arrhythmias,
electrically silent areas, or lines of fixed block. These
arrhythmias were mainly monomorphic, and they were
induced for the majority within the first 15 min after
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Fig. 4. Contusion effect on ventricular effective refractory pe-
riod dispersion parameters: (4) dispersion index (DI), (B) max-
imal difference (Dmax). Data are expressed as mean = SD. ll =
100-mJ group; A = 200-mJ group. P < 0.001; P depicted a
significant time effect; no group effect was significant.

contusion. Analysis of the arrhythmias showed that all
but one were based on a reentrant mechanism. Only one
nonsustained arrhythmia in the 200-mJ group was the
result of ectopic activity. This initiation mechanism was
illustrated in four maps (fig. 5). Map SA represents the
epicardial activation before contusion. The pacing site
was at the center, and the impulse propagated in two
directions (longitudinal and transverse; 6L = 0.75 m/s,
0T = 0.38 m/s, OL/6T = 1.97) in an ellipsoidal manner.
The next map (5B) was the epicardial depolarization
after contusion and during the regular pacing cycle at
300 ms. An electrically silent area was observed at the
center of the map. Thus, the impulse had to travel
around it to depolarize epicardium behind the electri-
cally silent area. Map 5C was obtained with an extra-
stimulus pacing (52 = 153 ms); the propagation of elec-
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trical impulse occurred as in the previous mapping. The
wavefront moved around the unexcitable area using two
directions on each border of electrically silent area. The
collision point of the two waves was 115 ms. On map
5D, spontaneous activity was illustrated. The ectopic site
was located at the border of contusion impact area, and
the propagation occurred surrounding the electrically
silent area in the two directions.

All other VTs were based on a reentrant mechanism,
but two different fixed obstacles were observed. In the
two groups, two reentrant tachycardias were developed
around the electrically silent area induced by the ball
impact. One other VT in each group was due to a
reentrant circuit around a line of fixed block that re-
placed the electrically silent area. An example of each
reentrant mechanism is shown in figures 6 and 7. Figure
6 illustrates a sustained monomorphic ventricular tachy-
cardia around an electrically silent area that was induced
by a contusion of 100 mJ with a programmed pacing of
three extrastimuli 13 min after contusion. However,
analysis showed that this tachycardia was initiated after
the second extrastimulus (S3). Map 6A shows an epicar-
dial depolarization after contusion with regular pacing
(81-S1 = 300 ms). At the map center is the electrically
silent area that was produced by the impact. The im-
pulse had to move around this region to depolarize other
epicardial areas. Slowed conduction was observed close
to the left anterior descending coronary artery; thus, the
collision point of clockwise and counterclockwise
waves was 54 ms, and this point was located above the
clectrically silent area. The activation of the epicardium
after the second extrastimulus (S3) is represented on
map 6B. The propagation occurred only in the counter-
clockwise direction around the electrically silent area
because of the appearance of a functional conduction
block in the left anterior descending coronary artery
corridor close to the pacing site. Thus, the epicardium
previously activated by pacing (34 ms) could be depo-
larized again at 127 ms. Therefore, the reentrant circuit
was initiated and propagated in an counterclockwise
movement around the electrically silent area (6C). Panel
6D shows electrograms at some sites around the contu-
sion area, and these allow observation of the advance-
ment of the tachycardia.

The second reentrant mechanism is illustrated in figure
7. Rapid pacing induced a sustained monomorphic ven-
tricular tachycardia (Fmax, S1-S1 = 145 ms, but the
tachycardia was induced before the last pacing [S1]) 16
min after a contusion impact with a kinetic energy of
100 m]. Map 7A was the impulse propagation during the
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Table 2. Arrhythmia and Electrical Disturbances Induced by Programmed Electrical Stmulation after Contusion in Frozen Hearts

Electrically Silent Area

Contusion Energy Arrhythmia Number Recovery
100 mJ 2 SMVT, 1 3/6 T20
NSMVT
200 mJ 2 SMVT, 2 NSVT* 8/8 2 T20, 1 T40, 5 lasting after T60

* One monomorphic, one polymorphic.

SMVT = sustained monomorphic ventricular tachycardia; NSMVT = nonsustained monomorphic ventricular tachycardia; NSVT = nonsustained ventricular

tachycardia.

regular pacing cycle (§1-S1 = 300 ms) immediately after
contusion. On this mapping, an electrically silent area
was observed; therefore, the impulse had to encircle this
area to depolarize the epicardium. Thereafter (16 min
after contusion), the electrically silent area disappeared
and was replaced by a wide line of block (Ze., line of

ECTOPIC ACTIVITY

fixed block + functional conduction block that is lo-
cated at the low part of block; 7B). The response of the
epicardium to the last pacing is shown on map 7B. The
wide line of conduction block delimited a zone near the
left anterior descending coronary artery that was acti-
vated later. Thus, the area in front of the block, which

Fig. 5. Initiation of a nonsustained ven-
tricular tachycardia induced after a
200-mJ contusion in left frozen ventricu-
lar epicardium. Electrogram recorded

63| 24 76\80

during induction of ventricular tachycar-
dia using one extrastimulus (S2). Num-
bers above the recorded electrogram in-
dicate time interval (in milliseconds)
between two ventricular activations. Four
consecutive activation maps are given
and show the spread of depolarization.
Numbers indicate local activation times
in milliseconds. Isochrones are drawn at
10-ms intervals. Arrows indicate the di-
rection of activation. The closed circle
represents the pacing site. Surrounded
activations time indicate the sites be-
tween which longitudinal (6L) and trans-
verse (0T) conduction velocities were
measured. The hatched area corresponds
to the impact contusion zone with no
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electrical activity. (4) Shows activation of
epicardium after the last stimulus (S1)
before contusion (T — 1). (B) Depicts the
activation of the epicardium after the last
stimulus (S1) just after contusion (10).
(C) The depolarization of the epicardium
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REENTRY AROUND AN ELECTRICALLY SILENT AREA

Fig. 6. Initiation of a sustained reentrant
ventricular tachycardia after a 100-mJ
contusion with two premature paced ex-
trasystoles in frozen left ventricular epi-
cardium. Three consecutive activation
maps are given and show the spread of
depolarization. Numbers indicate local
activation times in milliseconds. Iso-
chrones are drawn at 10-ms intervals.
The thick isochrones indicate local con-
duction blocks. Arrows indicate direction
of activation. Double bars indicate the
stop of propagation in the direction con-
sidered. The closed circle represents the
pacing site. The hatched area corre-
sponds to the impact contusion zone
with no electrical activity. (4) Shows ac-

136 133 130[29 127 127 128 127 143 125
135 133 132130829 127 129 124 124 124 124 124

tivation of epicardium after the last stim-
ulus (S1) after contusion (T0). (B) Depicts
the activation of the epicardium after
contusion (T0) during the last premature
pacing (S3). The first beat of the sus-
tained ventricular tachycardia (first VIB)
is shown in C. All maps present the same
frontal view of the heart. (D) Consists of
seven different electrograms recorded
from surrounding electrodes in the right
upper panel. FW = ventricular free wall;
LAD = left anterior descending coronary
artery. (See text for further descriptions.)

I1st VTB

6C 6D

5 246
48 24as

240 247 247 243282

346 243 245 244 245 240

was blocked at 28 ms, could be depolarized again at 144
ms by the influx coming from the area behind. The first
VT beat was initiated in an counterclockwise movement
around a fixed conduction block and propagated from
apex to base (7C). The second VT beat was illustrated in
panel 7D.

Discussion

The current study shows that direct impact to the left
ventricle can induce arrhythmias. The contusion-in-
duced proarrhythmogenic effect increases with increas-
ing impact energy. Because we used isolated and per-
fused hearts, the occurrence of ventricular arrhythmia
was independent of hemodynamic or metabolic alter-
ations induced by blunt trauma. The frozen heart study
shows that the main mechanism of archythmia induced
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by contusion is based on reentry. Reentry is based on
two mechanisms induced by the impact: A fixed block
(electrically silent area or line of block) and a unidirec-
tional conduction block facilitated by the shortening of
wavelength and the refractoriness dispersion.

Contusion Model

Our model differs from those previously employed in
other experimental investigations of myocardial contu-
sion. First, because of our mapping methods, we studied
the electrophysiologic effect of impact solely on the left
ventricle and not on the right ventricle. Second, we used
the impact of a ball descending directly on the heart and
not the impact of a ball on the chest with a defined
velocity."®'® A ballistic study showed that the impact of
a ball with a velocity of 13 m/s delivers a kinetic energy
of 33 J to the chest and leads to transient arrhythmia,
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REENTRY AROUND A LINE OF CONDUCTION BLOCK

Fig. 7. Initiation of a reentrant ventricular
tachycardia after a 100-mJ contusion in
the left ventricular epicardium. (Top)
Electrogram recorded during induction

S1
16 min after
contusion

of ventricular tachycardia using rapid
pacing (S1). Numbers above the re-
corded electrogram indicate time inter-
val (in milliseconds) between two ven-
tricular activations. Four consecutive
activation maps are given and show the
spread of depolarization. Numbers indi-
cate local activation times in millisec-
onds. Isochrones are drawn at 10-ms
intervals. The thick isochrones indicate
local conduction blocks. Arrows indicate
direction of activation. Double bars indi-
cate the stop of influx propagation in the
direction considered. The closed circle
represents the pacing site. The hatched
area corresponds to the impact contu-
sion zone with no electrical activity.
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(4, B) Correspond to the epicardial depo-
larization after the regular pacing cycle
(S1-S1 = 145 ms). A was recorded imme-
diately after contusion (T0), B was re-
corded 16 min after contusion impact.
The first beat of the sustained ventricular
tachycardia (first VIB) is shown in C. The
pattern of the depolarization during sus-
tained monomorphic ventricular tachy-
cardia (second VIB) is shown in D. All
maps present the same frontal view of
the heart. FW = ventricular free wall
LAD = left anterior descending coronary
artery. (See text for further descriptions.)

whereas an impact with a velocity of 24 m/s, which
corresponds to a kinetic energy of 108 J, results in VF.2°
In a model of isolated rat heart, Baxter et al.’ applied a
direct contusion on the heart with impacts of 78 mJ/g
and 87 mJ/g. These kinetic energies were chosen to
generate a 25% and 50% decrease in ventricular function,
respectively. In rabbit heart, other direct kinetic ener-
gies (from 358.2 to 432 mJ) were used to induce a 40%
decrease in the maximum rate of left ventricular pres-
sure change (dP/dtmax).?' In these studies, the chosen
contusion kinetic energy criterion was hemodynamic
depression. The current study used kinetic energy levels
4 to 10 times less than those used by Baxter et al’;
(delivered energies in our study were 9.4 mj/g, 12.5 mJ/g,
18.8 mj/g, and 25 mj/g in the 75-mJ, 100-m]J, 150-mJ, and
200-m] group, respectively, if we consider that a rabbit
heart weighs about 8 g). However, the aim of the study
was to evaluate the ability of an impact to impair ¢lec-
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trophysiologic parameters and to analyze the occurrence
of arrhythmias. All contusion kinetic energies produced
a release of CK and cell damage. The histopathologic
study confirmed that hearts were injured and that impact
kinetic energy was sufficient to produce gradual cell dam-
age and myocardial contusion. The current study shows
that the number and the seriousness of the arrhythmias
were greater with increasing power of the injury.

Electropbysiologic Effects of Myocardial Contusion

In the frozen heart study, VERPs were significantly and
transiently shortened by contusion. Additionally, a slight
trapnsient slowing of longitudinal ventricular conduction
velocity was observed just after contusion. Consequent
to the shortening of VERP and the slight slowing of con-
duction velocities, wavelengths were significantly short-
ened. Therefore, as it is well-established, the shorter the
wavelength, the easier the reentry initiation.**
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The second electrophysiologic consequence of contu-
sion was an accentuated dispersion of VERPs. Both of
the two parameters used to evaluate epicardial hetero-
geneity were significantly raised after contusion. The
increase in refractoriness dispersion and in the maximal
difference between the longest and the shortest refrac-
tory periods were reported to be associated with the
creatjon of epicardial functional block and the occurrence
of reentrant arrhythmias (dispersion-based reentry).>-2¢
Therefore, all of these electrophysiologic alterations could
enhance contusion-induced reentrant arrhythmia.

Arrbythmogenic Effect

The intact heart study confirms that myocardial contu-
sion can induce lethal arrhythmias. Whatever the kinetic
energy level used, rhythmic disturbances were observed,
however, the occurrence and seriousness of arrhythmias
increased with increasing kinetic energy. The impact
area usually showed a transient electrically silent area,
and the recovery time of electrical activity was longer
when higher contusion kinetic energies were used. In
some cases, the electrically silent area was replaced by a
line of fixed block. One VF occurred with a contusion
energy of 75 mJ, whereas none was observed at 100 m]J;
however, five of six hearts presented premature ventric-
ular contractions at 100 mJ, and none did so in the 75-m]J
group. Moreover, the electrically silent area and the line
of fixed block numbers are greater in the 100-mJ group
than in the 75-m] group, and we showed that these fixed
blocks and areas could be responsible for arrhythmia
initiation.

In the frozen heart study, two different mechanisms of
arrhythmia initiation were analyzed. The first was an
ectopic activity that initiated one NSVT after extrastimuli
(fig. 5). The real mechanism of this spontaneous activity
cannot be determined because our techuaique did not
allow us to distinguish abnormal automatism from trig-
gered activity. Therefore, we can only speculate that, as
in acute myocardial infarction, the border area of the
contusion could facilitate the occurrence of abnormal
automatism >’

The frozen heart study clearly shows that the main
mechanism of arrhythmia due to myocardial contusion is
based on reentry developed around a fixed obstacle.
Two kinds of fixed obstacles were observed: An electri-
cally silent area and a line of fixed block. Although the
partial (i.e., area becomes line) or complete excitability
recovery of the electrically silent area remains unclear,
the initiation of reentrant arritythmias does not seem to
differ from the model used by Brugada et al”® Using
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high-resolution epicardial mapping in rabbit left ventric-
ular epicardium, these authors studied reentrant tachy-
cardia initiated around a fixed obstacle.*®*® In their
model, the impulse used a circuit around a fixed obstacle
leading to travel parallel, oblique, and transverse to the
fiber direction; therefore, conduction velocities varied in
the circuit according to the direction considered. Bru-
gada et al.”® observed that unidirectional block typically
occurred in the longitudinal direction because of the
lower safety factor in the longitudinal direction than in
the transverse.>® In our study, the unidirectional conduc-
tion block could therefore be due to the anisotropy of
conduction around the fixed obstacle; however, the dis-
persion of refractoriness and shortened wavelengths
were also observed. Spach et al.*' showed, in dog atria,
that functional conduction block could result from a
combination of repolarization heterogeneity and aniso-
tropic propagation. We can therefore postulate that all
these factors are simultaneously involved in the facilita-
tion of reentrant arrhythmias induced by myocardial
contusion.

In a recent study using a similar cryotechnique, Haberl
and Allessie®® showed that a high concentration of po-
tassium could terminate VT, whereas heptanol, which
induced a similar depressed conduction, could reset
arrhythmia. These different effects are explained by the
fact that during potassium concentration increase the
number of available sodium channels is reduced; thus,
conduction block occurred and stopped VT. In our
study, cellular lysis leads to a release of potassium in the
extracellular medium. This increase in potassium level
could explain the occurrence of functional conduction
block, the slight slowing of longitudinal conduction ve-
locity, or the transient electrically silent area and fixed
block. However, in our Langendorff model, adequate
perfusion of heart was maintained during the contusion
experiment, inducing a quick wash-out of potassium and
other substances released during cellular lysis. Further
studies are necessary to determine the mechanism of
block initiation and influx slowing.

Clinical Implications and Study Limitations

The current experimental study confirms that myocar-
dial contusion per se induces lethal arrhythmias. How-
ever, a distinction must be made between ventricular
arrhythmias induced by commotio cordis and that in-
duced by myocardial contusion. Maron et al.” reported
25 sudden deaths in young athletes after blunt impact.
There were no cardiac structural abnormalities; only
small contusions on the left side of the chest were
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observed in 12 of 22 autopsies. These authors hypothe-
sized that sudden death might be the resuit of apnea,
vasovagal reflex, or ventricular arrhythmia. More re-
cently, Link et al.® demonstrated in a model of commotio
cordis in anesthetized pigs that low-energy chest wall
impact induces VF. VF occurs only when the impact
happens within a window of 15~30 ms before the peak
of the T-wave of the electrocardiogram. Because no
significant cardiac injury was observed during autopsy,
these authors concluded that commotio cordis induced
by low-energy chest trauma (e.g., a baseball) could be
responsible for immediate sudden death due to VF de-
pending on the precise timing of impact on the chest.
Clinical reports of these catastrophic events also de-
scribed immediate sudden death after impact.” Although
an impact sufficient to cause a myocardial contusion
could also induce immediate VF, probably due to the
same mechanism, the fact remains that experimental
clinical studies and the current study also reported de-
layed arrhythmias. In an open-chest dog model, Stein et
al.® observed that fatal arrhythmia did not occur imme-
diately, but appeared within 2 or 3 min after the impact.
Fabian et al.'® reported that the major portion of patients
with myocardial contusion developed significant ar-
rhythmias within 24 h of admission. Baxter et al> ob-
served that patients had arrhythmias and conduction
defects more than 12 h after myocardial injury. In our
study, the main cause of reentry initiation was the im-
pactinduced occurrence of fixed conduction block
(electrically silent area or line) and functional conduc-
tion block. These alterations could last for more than 60
min. Additionally, the current study and another exper-
imental study of myocardial contusion showed that the
occurrence and the seriousness of arrhythmias depend
on the kinetic energy power.>* All of these facts seem to
justify early and postoperative cardiac monitoring, even
in patients suffering from only moderate blunt chest
trauma. Finally, Link et a/® did not study various kinetic
energies because they specifically studied commotio cor-
dis. Our model was a myocardial contusion model, and
the impact was not timed according to the cardiac cycle.
Nevertheless, because the incidence of VF increases with
increasing contusion power, and because the incidence of
arrhythmia seems to depend especially on the appearance
of a fixed obstacle, we can speculate that the more pow-
erful the chest trauma, the more likely the occurrence of
arrhythmia, whatever the cardiac cycle phase at impact.

Care must be taken before extrapolating our results to
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the clinical setting. This study shows that contusion was
responsible for arrhythmia, independent of hemody-
namic or metabolic conditions. It is well-established that
blunt chest trauma can cause hypoxia and a decrease in
cardiac contractility and in output.?"*>3° These hemo-
dynamic conditions could facilitate dysrhythmia. Fur-
thermore, in the current study, hearts were denervated,
and sympathetic nervous system stimulation induced by
trauma is known to enhance the occurrence of cardiac
arrhythmia.*® One could argue that in the intact heart
study, ventricular arrhythmia spontaneously occurred,
whereas in the frozen heart study, VTs were induced by
pacing. We can therefore only speculate that reentry
facilitated by block, wavelength shortening, and repolar-
ization dispersion as the main mechanism of contusion-
induced arrhythmia. One could also argue that in the
intact heart study, VFs were observed, whereas in the
frozen heart study, there were especially MVTs. This
difference may be related to the fact that elimination of
four fifths of the left ventricular wall by the cryoproce-
dure diminished the ventricular mass to such an extent
that multiple reentering wavelets could no longer per-
sist.>” Because the impact was directly applied on the
left ventricle, we cannot directly extrapolate our find-
ings to blunt chest trauma. Finally, we studied only the
left ventricle, yet the right ventricle is also widely in-
volved in myocardial contusion.®?> Nevertheless, the
fact remains that impact on left ventricle can induce
lethal arrhythmias that have been described in blunt
chest trauma patients.

This study, performed in rabbit left ventricular epicar-
dium, shows that myocardial contusion has direct ar-
rhythmogenic effects that are independent from hemo-
dynamic and metabolic conditions. The incidence and
the seriousness of arrhythmias increase with increasing
power of impact kinetic energy. Using a high-resolution
mapping system, the analysis of arrhythmias in frozen
heart shows that VTs are based mainly on reentry. Re-
entry is based on two mechanisms induced by the im-
pact: A fixed block (electrically silent area or line of
block) and a unidirectional conduction block facilitated
by the shortening of the wavelength and an increase in
the dispersion of refractoriness.
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