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ABSTRACT

Background The syndrome of sudden death due
to low-energy trauma to the chest wall (commotio
cordis) has been described in young sports partici-
pants, but the mechanism is unknown.

Methods We developed a swine model of commo-
tio cordis in which a low-energy impact to the chest
wall was produced by a wooden object the size and
weight of a regulation baseball. This projectile was
thrust at a velocity of 30 miles (48 km) per hour and
was timed to the cardiac cycle.

Results We first studied 18 young pigs, 6 subject-
ed to multiple chest impacts and 12 to single im-
pacts. Of the 10 impacts occurring within the win-
dow from 30 to 15 msec before the peak of the
T wave on the electrocardiogram, 9 produced ven-
tricular fibrillation. Ventricular fibrillation was not
produced by impacts at any other time during the
cardiac cycle. Of the 10 impacts sustained during the
QRS complex, 4 resulted in transient complete heart
block.

We also studied whether the use of safety base-
balls, which are softer than standard ones, would re-
duce the risk of arrhythmia. A total of 48 additional
animals sustained up to three impacts during the
T-wave window of vulnerability to ventricular fibril-
lation with a regulation baseball and safety base-
balls of three degrees of hardness. We found that the
likelihood of ventricular fibrillation was proportional
to the hardness of the ball, with the softest balls as-
sociated with the lowest risk (two instances of ven-
tricular fibrillation after 26 impacts, as compared with
eight instances after 23 impacts with regulation base-
balls).

Conclusions This experimental model of commo-
tio cordis closely resembles the clinical profile of this
catastrophic event. Whether ventricular fibrillation oc-
curred depended on the precise timing of the impact.
Safety baseballs, as compared with regulation balls,
may reduce the risk of commotio cordis. (N Engl J
Med 1998;338:1805-11.)
©1998, Massachusetts Medical Society.

UDDEN death may occur in young sports
participants when a baseball or other projec-
tile strikes the victim in the precordium. This
phenomenon is termed commotio cordis and
predominantly affects children and adolescents 5 to
15 years of age without preexisting heart disease.!
Characteristically, there is no structural damage to
the chest wall, thoracic cavity, or heart. In 1996 the
Consumer Product Safety Commission described 38

deaths from baseball blows to the chest between
1973 and 1995.2 In addition, commotio cordis has
been reported in ice hockey, lacrosse, softball, and
as a consequence of fistfights!3-6 and may, indeed, be
more common than was initially believed.”

In most cases of commotio cordis the victim does
not survive. In the few cases in which a cardiac
rhythm was documented after collapse, the most
common rhythm was ventricular fibrillation.1.3-6:8
Complete heart block? and idioventricular rhythm?®
have also been described. Among the few reported
survivors, marked precordial ST-segment elevation
has been seen.+8:10

Previous efforts to replicate commotio cordis ex-
perimentally have been limited by the considerable
chest-wall trauma inflicted, which caused severe car-
diac and thoracic injuries.!'13 Our goal was to devel-
op an animal model of low-energy impact to the
chest that replicated the clinical presentation of com-
motio cordis. With this model we then evaluated
softer-than-standard (safety) baseballs to assess the
relative risk of their producing sudden cardiac death
with nonpenetrating chest-wall impact.

METHODS

Laboratory Animals

Young domesticated pigs, four to eight weeks old and weighing
8 to 12 kg, were used in this study. Pigs were chosen because
their anatomy is similar to that of humans and because the previ-
ous work on chest-wall trauma also used pigs.!>'* The research
protocol was approved by the Animal Research Committee of the
New England Medical Center and conducted in accordance with
the regulations of the Association for Assessment and Accredita-
tion of Laboratory Animal Care.

In the development of the model, a total of 22 animals were
studied. One group of six animals sustained a total of 20 impacts
(range, 1 to 6) at various times throughout the cardiac cycle. Sub-
sequently, 12 animals were subjected to only a single impact, de-
livered during either the QRS complex or the T wave. Four other
animals that underwent all the experimental procedures except
the chest-wall impact served as controls.

To evaluate the safety baseballs, we subjected 48 additional an-
imals to as many as three impacts with one of four balls. These
impacts were sustained on the upslope of the T wave, at a time
in the cardiac cycle when we had demonstrated that the first 22
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animals were vulnerable to the induction of ventricular fibrilla-
tion. The four balls differed with respect to hardness and consist-
ed of a very soft safety ball (Reduced Injury Factor [RIF] I
Worth, Tullahoma, Tenn.), marketed for use by children 5 to
7 years old; a medium-soft ball (RIF 5), for use by children 8 to
10 years old; a least-soft ball (RIF 10), for use by children 11 and
older; and a standard regulation Little League baseball (Rawlings
Little League LLB-1, Rawlings Sporting Goods, St. Louis). All
the balls had the same mass (150 g) and were propelled at the
same velocity (30 miles [48 km] per hour).

Chest-Wall Impact

In the first 18 animals, the impact to the chest wall was caused
by striking them with a wooden object, similar in size, shape
(convex), and weight (150 g) to a regulation baseball. The re-
maining animals sustained impacts with one of four baseballs of
various degrees of hardness. The wooden object and the baseballs
were mounted on the end of a light-weight aluminum shaft. They
were designed to strike the animal perpendicularly to the chest
wall, directly over the left ventricle, at a speed of 30 miles per
hour, measured by a chronograph (Oehler Research, Austin, Tex.)
modified for low velocity. The release of the object was timed to
the cardiac cycle with the use of a commercially available cardiac
stimulator (EP-2, EP Medical, Budd Lake, N.J.) triggered by sur-
face electrocardiographic R waves from the pigs. There was a
known and consistent delay of 130 msec between the release of
the object and the subsequent impact. Thus, the chest impact
could be timed throughout the cardiac cycle with an accuracy of
*+5 msec.

Experimental Protocol

The animals were sedated with 12 mg of intramuscular keta-
mine per kilogram of body weight and with inhaled isoflurane and
then intubated. Anesthesia was maintained with 1.0 to 2.0 percent
isoflurane mixed with oxygen and nitrous oxide. Six-lead coronal
clectrocardiograms were monitored continuously. Pigtail catheters
were placed in the left ventricular apex and the ascending aortic
arch. A base-line myocardial perfusion scan was performed with
the injection of 2 to 3 mCi of technetium-99m sestamibi. Twenty
minutes later, base-line nuclear images were obtained with planar
images in the anterior, left anterior oblique, and left lateral projec-
tions. All the pigs were then placed prone in a sling. Base-line left
ventriculography, coronary angiography (with an aortic-root flush),
and echocardiography were then performed.

The blows to the chest were delivered at various times during
the cardiac cycle. If ventricular fibrillation occurred, the animals
were electrically defibrillated into sinus rhythm. Within 60 sec-
onds of defibrillation, 7 to 9 mCi of technetium-99m sestamibi
was injected, and aortic-root injection and left ventriculography
were performed. Once the animals had ventricular fibrillation,
they were not struck again. If ST elevations or heart block oc-
curred, technetium-99m sestamibi was injected immediately and
coronary angiograms were obtained. After each impact, echocar-
diography was performed after angiography. All the animals were
euthanized with an intravenous potassium chloride solution. An-
other set of angiograms obtained with technetium-99m sestami-
bi, matched with the preimpact views, was taken. Because of the
theoretical concern that the left ventricular and aortic-arch cath-
eters could induce arrhythmias, the last five animals in the group
that sustained a single chest impact did not have catheters placed.

Once the period of vulnerability to ventricular fibrillation had
been determined, 48 additional animals were exposed to as many
as three impacts during this period with one of the three safety
baseballs or the regulation baseball. If ventricular fibrillation was
produced, the animals were exposed to no further impacts.

Data Analysis

Perfusion images obtained with technetium-99m sestamibi, left
ventricular angiograms, and coronary arteriograms were inter-
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preted by one observer who was unaware of which animals were
controls and which were subjected to impact. Echocardiograms
were analyzed by another observer who was likewise blinded to
the study protocol. Echocardiograms were assessed for the pres-
ence, location, and severity of regional wall-motion abnormalities
according to the 16-segment scoring system of the American So-
ciety of Echocardiography.'s

Gross pathological evaluation of the chest wall, heart, pericar-
dium, and great vessels was performed after the animals were eu-
thanized. The hearts were preserved in a solution of 10 percent
formalin. Histologic examination was performed on specimens of
myocardium from the anterior and posterior walls of the left and
right ventricles of 18 animals. More specialized pathological eval-
uation was performed by a third observer, also blinded to the ex-
perimental design. In six animals (two with ventricular fibril-
lation, two with heart block and ST elevations, one with ST
elevations, and one control), specialized histologic analysis of the
conduction system was performed and compared with previous
observations in pigs.!¢ This assessment included serial-section ex-
aminations of the sinus node and its approaches, the atrioventric-
ular node and its approaches, the atrioventricular bundle, and the
bundle branches. The sections were stained alternately by hema-
toxylin and eosin and Weigert—van Gieson stains.

The statistical significance of the differences between groups
was analyzed with a two-sided Fisher’s exact test and a chi-square
test for trend.

RESULTS
Electrophysiologic Consequences of Chest-Wall Impact

Chest-wall impact during the T wave produced
nine episodes of ventricular fibrillation with 17 im-
pacts (six episodes with the first chest impact and
one each with the second, third, and sixth impacts).
Ventricular fibrillation occurred immediately on im-
pact, commencing on the next heartbeat (Fig. 1).
Each of the nine impacts that produced ventricular
fibrillation occurred from 30 to 15 msec (mean,
22+5) before the peak of the T wave (Table 1). Of
a total of 10 blows during this 15-msec window,
9 produced ventricular fibrillation. The occurrence
of ventricular fibrillation due to chest-wall impact
during this period of vulnerability on the T-wave up-
stroke (9 of 10 impacts) was statistically significant
as compared with the occurrence of ventricular fi-
brillation induced by impact at other times during
the cardiac cycle (0 of 22 impacts) (P<<0.001). Sev-
en impacts during the T wave but outside the 30-
to-15-msec window failed to produce ventricular
fibrillation; however, brief bursts of polymorphic
ventricular tachycardia occurred with two blows at
13 msec (four beats) and 33 msec (five beats) before
the T-wave peak.

Of the 10 impacts during the QRS complex,
4 were followed by transient and instantaneous com-
plete heart block (Fig. 2 and Table 1), which persist-
ed for up to seven sinus beats. When sinus rhythm
returned, ST-segment elevation and left bundle-
branch block were present and persisted for up to
120 seconds. The occurrence of heart block with
impacts during the QRS complex (4 of 10 impacts)
was significant as compared with the occurrence of
heart block with impacts during other portions of
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Figure 1. Six-Lead Electrocardiogram Showing the Electrophysiologic and Hemodynamic Consequences of an Impact to the Chest
by a Wooden Object at 30 Miles per Hour, Timed to Occur 16 msec before the Peak of the T Wave in a 9-kg Pig.

Ventricular fibrillation began immediately (within one cardiac cycle) after the chest impact, which was associated with instant loss

of effective left ventricular (LV) pressure.

the cardiac cycle (0 of 22) (P=0.006). The six im-
pacts during the QRS complex that did not produce
complete heart block elicited immediate ST-segment
clevation and left bundle-branch block. With the 10
QRS impacts, ST-segment elevation occurred inferi-
orly in 4, anterolaterally in 4, and diftusely in 2 and
was most marked on the first conducted beat follow-
ing impact, gradually decreasing over the subse-
quent 30 to 120 seconds (Fig. 2).

Impacts during the ST segment (five impacts)
caused left bundle-branch block and associated ST-
segment elevation twice and isolated ST-segment el-
evation twice.

Myocardial Perfusion and Wall-Motion Abnormalities

Coronary angiography performed immediately at-
ter impact in 13 pigs subjected to impact and in the
4 controls showed no epicardial abnormalities of the
coronary artery, such as spasm, dissection, or steno-
sis. Myocardial-perfusion imaging with technetium-
99m sestamibi was performed after impact in 12 an-
imals as well as in the 4 controls. Only 3 of the 12
animals that sustained chest impact had new myo-

cardial-perfusion defects (including 2 of 5 animals
resuscitated from ventricular fibrillation and 1 of 7 an-
imals with ST-segment elevation). The perfusion de-
fects were small, apical, and mild. No control animal
had a perfusion defect.

Left ventriculograms and echocardiograms re-
vealed apical or distal septal hypokinesis in nine an-
imals after impact (4 of 9 impacts with ventricular
fibrillation and 5 of 10 impacts during the QRS
complex that produced ST elevations). No control
animal had a wall-motion abnormality.

Pathological Findings

No animal had rib fractures, hemothorax, hemo-
pericardium, or evidence of myocardial contusion.
Mild hyperemia of the myocardium was observed in
all the animals, including the controls. Of the 18
hearts (including those of 4 controls) in which we
performed histologic examination of the left and
right ventricles, 3 showed a moderate degree of
hemorrhage in the anterior left ventricle (1 with in-
duced ventricular fibrillation, 1 with ST elevation,
and 1 from a control).
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TABLE 1. TIMES OF IMPACT AND ELECTROPHYSIOLOGIC RESULTS OF IMPACTS DELIVERED
AT 30 MILES PER HOUR.*

AnivAL No. T-WAVE IMPACTS
30 To 15 msec DURING OTHER PARTS
BEFORE PEAK OF T WAVE

no. of impacts:
1 1: ST elevation 1
2 1: VF 2:
3 1: VF
4 1: VF 1: BBB, ST clevation 1:
5 1: VF 1: No electrocardio-

graphic effects
6 3: PMVT for 4 beats
after 1 impact

7 1: VF
8
9 1: VE
10 1: ST elevation
11 1: VF
12
13
14 1: PMVT for 2 beats
15 1: VF
16
17 1: VF
18
Total 10 total impacts: 7 total impacts: 2 brief
9 episodes episodes of PMVT,
of VF 1 episode of BBB,

and 2 of ST elevation

1:

—

—

—

1:

10 total impacts: 4 episodes of

: CHB for 3 beats, BBB, ST

QRS IvracTs ST-SEGMENT IMPACTS

electrophysiologic result

1: ST elevation
clevation

: BBB, ST elevation after both

3: ST elevation after 2 im-
pacts, BBB after 1 impact

BBB, ST clevation

BBB, ST eclevation 1: BBB, ST elevation

: CHB for 4 beats, BBB, ST

elevation

: BBB, ST clevation
: BBB, ST elevation

: CHB for 7 beats, BBB, ST

elevation

CHB for 2 beats, BBB, ST

elevation

5 total impacts: 2 episodes
of BBB and 4 of
ST elevation

combined CHB, BBB, and
ST elevation; BBB and ST
elevation in 6 others

*CHB denotes complete heart block, BBB bundle-branch block, VF ventricular fibrillation, and PMVT polymorphic

ventricular tachycardia.

In 6 of these 18 animals, specialized examination
of the conduction system was undertaken. In one of
the two pigs with heart block induced by impact
during the QRS complex, marked hemorrhage of
the atrioventricular bundle and bundle branches was
present. In each of the animals with ventricular fi-
brillation, mild hemorrhage was present in the ap-
proaches to the sinus node; one of these animals also
had mild hemorrhage in the periphery of the left
bundle branch.

Evaluation of Regulation and Safety Baseballs

Significant differences in the occurrence of ventric-
ular fibrillation were observed among the baseballs
tested (P for trend <0.001) (Fig. 3). In addition,
there were significant differences in the induction of
ventricular fibrillation between the softest safety ball
and the regulation ball (P=0.03) and between the
wooden object and cach of the baseballs (P<<0.01
for all comparisons). No significant differences were
evident between the regulation baseball and the me-
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dium-soft and the least-soft safety baseballs. With
the softest ball, ventricular fibrillation was produced
twice in 26 impacts (8 percent) in 12 animals (Fig.
3). With the medium-soft ball, 27 impacts produced
six episodes of ventricular fibrillation (22 percent) in
12 animals. Twenty-one chest impacts with the least-
soft safety ball resulted in six episodes of ventricular
fibrillation (29 percent) in 12 other animals. In the
remaining 12 animals, 23 impacts with a regulation
baseball resulted in eight episodes of ventricular fi-
brillation (35 percent).

DISCUSSION

This report describes an animal model of commo-
tio cordis that mimics the syndrome of sudden death
due to low-energy impact to the chest wall that has
been described in young sports participants.! With
this experimental model, we were able to induce
ventricular fibrillation, complete heart block, and
ST-segment elevation reproducibly with low-energy
blows to the chest wall. Our model for chest-wall
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Figure 2. Six-Lead Electrocardiogram Showing the Electrophysiologic and Hemodynamic Consequences of an Impact to the Chest
by a Wooden Object at 30 Miles per Hour during the QRS Complex in an 8-kg Pig.

Complete heart block began immediately and persisted for seven beats, after which atrioventricular conduction resumed in asso-
ciation with marked ST-segment elevation and left bundle-branch block. A tracing of the left ventricular (LV) catheter pressure
shows the immediate loss of effective intraventricular pressure on impact.

impact differs from previous models!!!? not only be-
cause the force used was markedly less, but also be-
cause the impact was timed to various points in the
cardiac cycle.

We found that the electrophysiologic consequenc-
es of chest-wall impacts were critically dependent on
the precise timing of the impact during the cardiac
cycle. When the impact occurred in a narrow 15-
msec window during cardiac repolarization (just be-
fore the peak of the T wave), ventricular fibrillation
was consistently produced. In this circumstance,
ventricular fibrillation was induced instantaneously
and was not preceded by premature ventricular con-
tractions, ischemic ST-segment changes, or heart
block.

In contrast, chest-wall impact during ventricular
depolarization (the QRS complex) did not produce
ventricular fibrillation but, rather, transient complete
heart block followed by ST-segment elevation and,
in some pigs, left bundle-branch block. It is possible
that blunt chest-wall impact in such animals pro-
duced trauma to critical areas of the conduction sys-

tem directly. The observed ST-segment elevation
was marked and immediate, occurring on the first
conducted beat after impact. We did not, however,
find evidence on perfusion imaging and coronary ar-
teriography to support the presence of myocardial
ischemia in these animals. Previous investigators have
shown that ST-segment elevation following acute
epicardial coronary occlusion does not occur imme-
diately but only after one to three minutes of ische-
mia.l” Thus, it is unlikely that the ST-segment ele-
vation observed in our model is due to epicardial
coronary-artery spasm, dissection, or thrombosis.
The profound electrophysiologic findings report-
ed in this animal model are similar to those reported
in victims of commotio cordis.}*689 The cardiac
rhythms initially identified in these victims were pre-
dominantly ventricular fibrillation,!3-68 but complete
heart block!? and idioventricular rhythm® have also
been reported. Moreover, ST-segment elevation,
sometimes associated with segmental wall-motion
abnormalities, has been described in a few survivors
of commotio cordis.#310 The energy and location of
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Figure 3. Differences in the Frequency with Which Ventricular Fibrillation Resulted from Chest-Wall Impact at 30 Miles
per Hour during the Period of the Cardiac Cycle Vulnerable to Induction of Ventricular Fibrillation (from 30 to 15 msec

before the T-Wave Peak).

Safety baseballs of different hardnesses (Reduced Injury Factor 1, 5, and 10) were compared with a regulation Little
League baseball and the wooden object used to simulate a baseball in this model. Shown above each bar is the number
of impacts that resulted in ventricular fibrillation with respect to the total number of impacts during the period of vul-
nerability to the induction of ventricular fibrillation. Significant differences in the occurrence of ventricular fibrillation
were observed among the baseballs tested (P for trend <0.001 by the chi-square test). The asterisk denotes P<0.03 for
the differences between the regulation baseball and the very soft baseball. The dagger denotes P<0.01 for the differ-
ences between the wooden object and each type of baseball.

the precordial impact in our model also appear to be
similar to the clinical profile of commotio cordis. Ma-
ron ct al.! found that precordial blows by baseballs
were responsible for death in 19 of 25 victims. Esti-
mates of the impact velocity of these baseballs ranged
from 20 to 50 miles (32 to 80 km) per hour (average,
30 miles [48 km] per hour), the rate used in our ex-
periment. In the series of Maron et al.,! there were
no pathological abnormalities more severe than skin
contusions (seen in 12 of 22 victims) and minor my-
ocardial and pulmonary contusions (seen in 11 of 22
victims), nor were any observed in our pigs.

The use of safety baseballs has been recommended
by the Consumer Product Safety Commission as a
way to decrease the incidence of injuries in youth
baseball.!® Nevertheless, there has been substantial
controversy about whether softer baseballs truly de-
crease the risk of commotio cordis.’® Some investi-
gators have even suggested that the risk of commo-
tio cordis may be increased by a softer baseball as
compared with a regulation ball.' However, using
our model of commotio cordis, we found a relation
between the hardness of the baseball and the likeli-
hood of ventricular fibrillation. Impact with the soft-
est baseball was associated with the lowest risk of
producing ventricular fibrillation. The medium-soft
baseballs and the least-soft baseballs had lower inci-
dences of ventricular fibrillation than the regulation
baseball, but these differences did not achieve statis-
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tical significance. Although the suitability of the soft-
est safety ball for competitive play by older youths is
limited because of its pliability, its use in T-ball or
recreational play may be feasible. The medium-soft
and least-soft balls may be suitable for play in the
older age groups; however, further research is need-
ed to determine whether these balls will reduce the
risk of commotio cordis in actual play.

Our animal model, although it closely resembles
the clinical syndrome of commotio cordis, has some
potential limitations. For example, it is possible that
the general anesthesia we used may have lowered the
threshold for induced arrhythmias. The young pigs
used in this model were smaller than the children
and adolescents who have experienced commotio
cordis in the community. Thus, the force of the
chest-wall impacts may have been relatively greater
in the pigs than in humans. Also, because the geom-
etry of the chest of pigs differs from that of humans,
the transmission of energy from the chest wall to the
heart may be different. Because of concern about
the potential proarrhythmic effects of the left ven-
tricular catheter, we studied the last five animals
without catheters placed. Nevertheless, in these pigs,
two of three impacts during the T wave produced
ventricular fibrillation, and one of two impacts dur-
ing the QRS complex caused complete heart block.

We have described an experimental model of
commotio cordis that closely simulates the clinical
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profile of that catastrophic event. With our swine
model we have shown that a precisely timed low-
energy impact can have devastating and immediate
clectrophysiologic sequelae, even when induced by
only modest force. Ventricular fibrillation was repro-
ducibly and instantaneously initiated with impacts
during a narrow window on the upstroke of the
T wave. Impacts during the QRS complex immedi-
ately and reproducibly induced complete heart block
as well as associated ST-segment elevation and left
bundle-branch block. Furthermore, in this model,
the use of safety baseballs decreased the incidence of
ventricular fibrillation, suggesting that their use in
the community may reduce the risk of commotio
cordis. Ultimately, this model could be used to eval-
uate devices for chest-wall protection and resuscita-
tive measures that could lead to a decreased risk of
sudden death due to chest-wall impact among young
athletes.
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