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Baseball has one of the highest impact injury rates of all sports. These injuriesAbstract
are primarily attributed to impact by a ball after it has been hit, pitched or thrown.
This paper will review the incidence and causal factors for impact injuries in
baseball. Attention is given to the design and material properties of bats, in light of
evidence suggesting balls hit into the infield from metal bats can reach velocities
potentially lethal to defensive players. The distribution of bat mass along the long
axis of the implement appears a major factor in the greater performance potential
of metal bats over wooden bats of equal length and mass. The dynamic behaviour
of baseballs has also been implicated in the severity of head and chest injuries
experienced by players. Balls of greatly reduced stiffness have been introduced
for junior play, but debate still remains over their performance and impact
characteristics. The behaviour of the ball during high-speed impact with the bat
has been the subject of relatively limited research, and the effect of manipulating
baseball material properties to decrease batted-ball velocity is unclear. The value
of batting helmets is evident in the observed reduction of head injuries in baseball,
but the use of protective vests to decrease the incidence and severity of cardi-
o-thoracic trauma appears to be contraindicated.
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It was very unfortunate… I hit the ball extremely catastrophic injuries (including eight fatalities)
hard and he had no chance to get out of the way. among approximately 7.6 million high-school base-

ball players. This equates to a fatal direct injury rate– Chicago White Sox hitter Frank Thomas after
of 0.1 per 100 000 participants, compared with 0.46hospitalising Cleveland pitcher Steve Woodard on
for lacrosse and 0.18 for track-and-field athletics,April 4, 2001.
two other major high-school spring sports in the US.Baseball (and softball) cause more injuries re-
Non-fatal and serious injury rates were also lowquiring emergency room attention in the US than
(0.2). Eight direct catastrophic injuries were record-any other sport.[1,2] The majority of catastrophic
ed for 400 000 collegiate players, including threeinjuries and fatalities in the game involve ball im-
fatalities, a fatal injury rate of 0.71 per 100 000pact to the player’s head or chest. Reduction in the
participants.[5]incidence and severity of impact-related injuries

Ball-player impacts account for 52–62% of base-requires understanding of the biomechanical mech-
ball-related injuries.[2,7] Of these injuries, 68% occuranisms underlying trauma. Rigorous quantification
to defensive (fielding) players.[6,7] Most catastrophicof equipment performance is also necessary to es-
injuries in baseball involve ball impact to the head ortablish risk and tolerance criteria. This article pro-
chest. The US Consumer Protection and Safetyvides a review of the current body of research on the
Commission reported 14 fatalities in children fromeffects of impact loading and efficacy of protective
impact by a baseball to the head or chest betweenequipment in baseball. Prevention strategies to in-
April 1994 and April 1995.[8] Of the 88 deathscrease a player’s time for evasive action are also
reported in 1973–95, 77% were ascribed to impactdiscussed, with particular emphasis on the rebound
from the batted, pitched or thrown ball. Thirty in-characteristics of bats and balls.
volved impact to the head and 38 to the chest.
Thirteen deaths resulted from the player being1. Incidence and Morbidity of Impact
struck by the bat.[6]Injuries in Baseball

Approximately one-third of injuries in Little
In the US, 19 million people participate in or- League baseball involve impact to batters by the

ganised baseball every year, including 5 million pitched ball (20%) or to fielders by the thrown ball
children aged under 14 years,[3] 400 000 high-school (13%). Impact by the batted ball accounts for 20%
players and 20 000 collegiate athletes.[4,5] The US of injuries in Little League baseball, including 50%
Consumer Protection and Safety Commission docu- of injuries to infielders and 77% to outfielders,[2] and
mented more than 2.6 million injuries presenting at about 3% of injuries in collegiate baseball.[9] As the
US emergency rooms as a result of participation in closest infielder to the hitter, the pitcher is at greatest
baseball or softball between 1983 and 1989.[3] Muel- risk of being struck by the batted ball. The incidence
ler et al.[2] identified 29 038 injuries in Little League of pitchers being struck in the head and chest are
baseball from compensated insurance claims in approximately equal,[10] and these injuries were re-
1987–96. The extent of non-hospitalisation injuries sponsible for eight of 23 baseball fatalities docu-
and those occurring to players in recreational play is mented between 1973 and 1983.[10] The risk may be
unknown. increased in junior and collegiate leagues when hit-

Softball and baseball are responsible for the high- ters use metal bats as higher ball exit velocity (BEV)
est rate of sporting fatalities in 5- to 14-year-old has been measured from these bats than from tradi-
children in the US,[4] with 88 deaths recorded be- tional wooden bats.[11-13]

tween 1973–95.[6] However, the prevalence of cata-
strophic injury and death among high-school and 2. Equipment Performance
collegiate baseball participants is much lower. For
the period 1983–2001, the National Center for Cata- The aetiology of impact injuries in baseball is
strophic Sports Injury Research recorded 38 direct multifactorial, with equipment design, playing tech-
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nique, and the size and strength of players all con- with a range of 44.8–47.3 m/sec across the five
tributing factors. This section outlines the likelihood models. Mean BEV for 17 high-school, collegiate
and severity of impact injury in baseball as related to and professional Australian hitters using metal bats
the properties of bats and balls used by the players. was quantified by Nicholls et al.[13] at 44.0 m/sec,
The speed with which a ball can be hit toward a with a mean for wooden bats of 40.8 m/sec. This
defensive player is a product of the material beha- study was the only one that restricted wooden and
viour of both bat and ball,[12,13] and likewise, the metal bats to those of identical length and mass,
extent of injury caused to a player hit by the ball is a enabling direct comparisons in bat performance.
function of the ball mass, stiffness and viscoelastic In an unpublished thesis, Cassidy and Burton
properties.[14-19]

estimated 400ms is required for a pitcher to com-
plete a protective movement such as lifting the hand

2.1 Baseball Bats to the face. This corresponds to a ‘safe’ velocity of
about 42 m/sec. Although individual variation in a

The rate of deaths from chest impact in baseball
pitcher’s follow-through technique was not account-

increased from 2.1 per year in 1973–80 to 3.3 in
ed for in this study, BEV values reported in the

1986–90.[20] While this may reflect increased partic-
literature suggest a high potential for impact injuries

ipation, higher BEV from increasingly lightweight
from balls hit by metal bats. Skull fracture has been

and high-performance metal bats may also be a
shown to occur at impact speeds of 26 m/sec in

contributing factor. Wooden bats have been used in
cadaver heads,[16] highlighting the potentially cata-

baseball since the nineteenth century and are still
strophic nature of injuries faced by pitchers.exclusively used by professional players. More du-

The source of difference in BEV between wood-rable aluminium alloy bats were introduced into
en and metal bats has been previously proposed tobaseball in 1972, and are now in world-wide use in
depend on bat material and vibrational proper-most college and youth baseball leagues.
ties.[21,22] However, during a high-speed impact atSeventy-five percent of ball-related injuries
the bat centre of percussion or at a vibrational node,(49% of all injuries) to Little League baseball pitch-
where no vibrational response is generated in the baters[2] are due to impact from the batted ball. The
and maximum energy is retained by the ball,[11,22]prevalence of such injuries in high-school and col-
the baseball is in contact with the bat surface for justlegiate play is not known, although in 1998, 375
1–2ms[1,12,22] and the flexure and vibrational proper-National Collegiate Athletic Association (NCAA)
ties of the bat materials exert little effect on theDivision I collegiate pitchers were struck by the
energy returned to it. Therefore, the linear velocitybatted ball, with 11% requiring medical treatment.[9]

of the bat at impact is of major importance to theThe risk of impact injury to pitchers may be greater
momentum transferred to the ball.[12,13] The velocitywhen hitters use metal bats. BEV for balls hit with
with which a bat can be swung is dependent on themetal bats has been demonstrated as higher than that
bat design, particularly the distribution of massfrom wooden bats.[11-13] Bryant et al.,[11] quantified
along the long axis of the implement (moment ofmean BEV from wooden bats at 39.4 m/sec, and
inertia [I]). For hitting implements, I is most com-41.1 m/sec from metal bats (n = 6 collegiate hitters).
monly reported about an axis perpendicular to theNo details were given as to bat length, mass or
proximal (grip) end of the bat.[13] As aluminium ismoment of inertia. Substantially higher mean values
four times as dense as wood, metal bats are fash-were obtained by Greenwald et al.[12] (n = 19 high-
ioned as hollow shells to remain comparable inschool, collegiate and minor league players). Five
mass. Wooden bats are solid and the bat weight ismetal and two wooden bats of varying length and
distributed through the implement, with a narrowermass were employed, and mean BEV from the top
but relatively heavier barrel. Mass distribution has a10% of hits from wooden bats was measured at 43.8

m/sec, while that from metal bats was 45.8 m/sec, quadratic effect on resistance to angular accelera-
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tion: the relative extra weight in the barrel of a
wooden bat increases the torque required to acceler-
ate the bat, and the corresponding reduction in linear
bat velocity results in lower BEV.[12,13]

2.2 Baseballs

The material properties of the baseball are impor-
tant in two instances with respect to injury. First,
ball response to high-speed loading affects the dy-
namics of the bat-ball interaction, and thereby both
BEV and time available for evasive action. Second-
ly, in the event of the player being hit, the material
properties of the ball also determine the severity of
the injury.

Baseballs are made from a cork or rubber core
wound in grey and white wools, covered in two
hourglass-shaped pieces of cowhide. Regulation
baseballs have a circumference of 22.8–23.5cm and
a mass of 155–163g. The sole performance indicator
used to establish regulations on baseballs is the
coefficient of restitution (COR), which is deter-

Fig. 1. Finite element analysis enables detailed investigation of
transient high-speed events such as the impact of a baseball with a
bat, which occurs over a period often less than 1ms. Nicholls et
al.[23] used this method to investigate the deformation and recovery
patterns of different types of baseballs with wood and metal bats. X
denotes the horizontal axis (directed into the infield), Y is vertical
and Z is the cross-product of the two (directed out of the page). mined by firing the baseballs at 26.8 m/sec (60

miles/hour) against a flat wall, and is reported as the
shown no relationship to ball stiffness or mass,[14,17]ratio of outbound to inbound velocity. Baseballs are
but is, as shown by Nicholls et al.,[23] a function ofrequired to have a COR of 0.543–0.555 (NCAA,
the time-dependent properties of the soft polymers2000 regulations).
used in ball construction.

2.2.1 Baseball Properties and Ball Exit Velocity
Reduction in the velocity of balls hit into the 3. Head and Chest Injuries

infield is required to reduce both the incidence and
severity of impact injuries to defensive players. The biomechanical response during ball-player
During impact with the bat, the baseball is com- impact is affected by the ball velocity, mass and
pressed to 22% of its original diameter in less than material properties, and the properties of the target.
1ms,[23] using finite element analysis (figure 1). Both baseball stiffness[3,9,14,16,25] and mass[1,14] have
Most previous investigations of ball material beha- been identified as important to the magnitude and
viour during compression have been limited to severity of head and chest injury.
mechanical compression tests to 10% of original
ball diameter,[14-17,24] in which range ball behaviour 3.1 Head, Ocular and Dental Injuries
is presumed linear elastic. Nicholls et al.[23] showed
baseball behaviour is non-linear (hyperelastic) Head injuries are commonly classified as either
during unconfined compression to up to 25% of ball damage to the soft tissues or scalp, bony fracture or
diameter (figure 2). Similarly, the data of Hendee et brain contusion.[18] 170 000 head injuries occur in
al.[17] show the dynamic behaviour (COR) of the baseball each year,[26] constituting 86% of impact
baseball is strongly velocity-dependent, or visco- injuries in Little League baseball.[2] Eighty percent
elastic, with COR decreasing with increasing impact of head and facial injuries are experienced by field-
velocity. This may explain why COR has previously ing players,[7] probably due to the use of helmets by

© 2004 Adis Data Information BV. All rights reserved. Sports Med 2004; 34 (1)
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Fig. 2. The nonlinear force-displacement response of a baseball during compression to 25% of its original diameter is evident in (a). This
large deformation is typical of compression reached during bat-ball impact. Previous studies of baseball material behaviour have been
confined to compression to 10% of original diameter, in which force-displacement response is largely linear (b) [reproduced from Nicholls et
al.,[23] with permission].

batters. The US Consumer Protection and Safety impact site and tensile pressure at the opposite loca-
Commission proposed softer baseballs could pre- tion), and shear strain maxima occur in the vicinity
vent or reduce the severity of 47 900 head, neck and of the impact load, indicating additional potential
facial injuries per year.[27] Softer balls have cores for tearing or cavitation to the soft tissues within the
that compress over a larger area and for a longer skull.[18] Head injury risk is often quantified using
time, thereby increasing ball deformation and im-

the Head Injury Criterion (HIC), derived from mea-
pact time, and reducing peak impact force. Increased

sures of head acceleration. Decreasing the ballpeak force, highly localised impact, and shorter
modulus has been shown to reduce impact force anddwell time have been linked to higher stress trans-
peak head acceleration up to 72%,[3,14] and decreasemitted to bone and increased severity of head inju-
the risk of head injury from 52% to 14%.[3] Healdry.[3,14,15,17,18]

and Pass[16] indicated injury risk (HIC) balls forThe biomechanics of head injury are complex
lateral head impacts at 28.6 m/sec, was only 1% forand involve a combination of translational and rota-
‘soft’ baseballs – those with a compression strengthtional motion, structural vibration and inertial res-
of 175 N/cm or less, compared with a professionalponse transmitted through the cervical spine. A

pressure gradient (compressive pressure near the standard baseball (700 N/cm or more).

© 2004 Adis Data Information BV. All rights reserved. Sports Med 2004; 34 (1)
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Crisco et al.[14] demonstrated a theoretical rela- Protection and Safety Commission attributed 41%
tionship between ball mass and head injury, in of the 51 deaths reported in 1973–85 to chest impact
which decreased ball mass reduced peak impact by the ball. Such injuries comprised 35% of 23
force and peak acceleration 41% at velocities to 40.2 deaths among pitchers between 1973–83.[10]

m/sec. However, simplifications of material proper- Giacobbe et al.[15] proposed that thoracic injury
ties of head and baseballs (each of which were may result if the internal soft tissues are excited into
assumed linear elastic isotropic) and neglect of neck resonance by the impact. Excitation depends on the
compliance, which contributes up to 29% of total dynamic hardness of the ball (a measure of the
force for forehead impacts,[3] may explain the large frequency of the energy transferred to an impacted
discrepancies between reported absolute values for object).[15] If dynamic hardness is below the natural
peak head accelerations and those of experimental chest wall frequency, the majority of impact energy
studies.[3,16]

will be transferred into vibration of the internal
Dental injuries constitute 10% of injuries to Little organs. The dynamic hardness of standard baseballs

League baseball players, although this may be as was quantified as 400Hz, and that of modified balls
high as 18% for outfielders.[2] The effect of ball as 78Hz. The natural frequency of the chest wall is
mass, stiffness and viscoelastic behaviour on dental 50–100Hz and the heart 20–30Hz, indicating the
injury is unknown. Baseball is the leading cause of lower dynamic hardness of the modified ball may be
sports-related eye injuries in 5- to 14-year-old chil- undesirable since most of the impact energy can be
dren in the US, accounting for 55% of baseball- passed beyond the chest wall. However, dynamic
related injuries treated in hospital emergency hardness was measured in that study at 2.2 m/sec
rooms.[27] Zagelbaum et al.[26] documented 24 eye and the data may not be representative of a high-
injuries occurring to professional players in the in-

speed impact.[15]

field or on the sidelines. These injuries included
Commotio cordis (death from blunt thoracic trau-malar fractures, ocular tearing, corneal abrasion and

ma in the absence of cardiac abnormality) accountssubconjunctival haemorrhage. The eye is a visco-
for 2–4 deaths in baseball per annum.[1] Vincent andelastic tissue whose response to loading depends on
McPeak[20] documented 76 occurrences of commo-the rate of force application, hence the use of softer
tio cordis in sport, of which 40 were baseball-relat-baseballs may decrease the severity of both ocular
ed. Death was instantaneous in about half of thesoft tissue and associated bony structures. Impact at
cases, while in the others there was a brief period of24.6 m/sec with a traditional ball has been shown to
consciousness before collapse.[20] The rate of suc-cause ocular rupture, with almost total extrusion of
cessful resuscitation is only 10%.[10] A primary fea-the intraocular contents, whereas a modified ball
ture of deaths from commotio cordis is the absencecaused only posterior translation of the eye at speeds
of clinically significant cardiac injury atup to 33.5 m/sec. While an extremely soft baseball
autopsy.[8,10,20] The aetiology of commotio cordis(10% of professional stiffness) may actually intrude
has been proposed as a direct concussive effect frominto the orbit, ocular impact force is reduced for
the abrupt deceleration of the heart as it strikes themost modified balls.[19]

sternum or spine.[1] The result may be functional
disruption of electrical conduction leading to fatal3.2 Chest Injuries
arrhythmias such as atrial or ventricular fibrillation,
T-wave depression or inversion, ventricular tachy-More deaths in 5- to 14-year-old baseball players
cardia or complete heart block. Link et al.[28] pro-result from impact to the chest than to the head. The
posed the risk and type of arrhythmia dependeduse of batting helmets has reduced the incidence and
upon when the impact occurred during the cardiacseverity of head injuries.[2,3,6,27] However, protective
electrical cycle (figure 3). Impacts occurringdevices for the thorax are not used by any players
15–30ms before the T-wave peak (the time of great-with the exception of the catcher. The US Consumer
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pared with 69% with standard baseballs.[29] It was
concluded that wider use of modified baseballs may
reduce (but not eliminate) the risk of commotio
cordis.

A theoretical lumped-element viscoelastic model
of the chest in which both ball mass and modulus
could be varied, showed peak impact force de-
creased by 80% when both variables were de-
creased.[14] The results of this analysis were not
presented as functions of momentum, an important
contributor to chest response.[30] Viano and Lau[31]

proposed the viscous criterion as a predictor of
commotio cordis. Viscous criterion is an index of
the magnitude of chest wall deflection and the ve-
locity of deformation, normalised for chest thick-

Time (sec)

A trial
depolarisation

Ventricular
depolarisation

Ventricular
depolarisation

0.2 0.4 0.6

P

R

Q

S

T

Fig. 3. Schematic of an electrocardiogram tracing showing the dis-
tinguishable deflection waves of the cardiac cycle.

ness; the higher the viscous criterion, the greater the
energy absorbed by the tissue and the risk of inju-est heterogeneity of repolarisation) produced imme-
ry.[20,31,32] Reduction in viscous criterion is achieveddiate ventricular fibrillation in 90% of impacts in a
by reducing the velocity of deformation and/or ex-swine model.
tent of compression of the chest during impact. In a

Van Amerongen et al.[8] contended children may review of 88 700 impact injuries, Kyle et al.[27]

be particularly vulnerable to thoracic injury because reported that softer balls reduce the frequency and
of the elasticity of their rib cage. In addition, the severity of chest injuries in youth baseball. Al-
narrower antero-posterior diameter of the thorax though softer balls may produce lower viscous crite-
provides less protection to the underlying organs, rions than regulation baseballs, results vary widely
and slower reflexes and lower awareness of risk may across ball models.
contribute to the higher incidence of commotio cor-
dis among youth players as reported by Van Amer- 4. Protective Devices
ongen et al.[8] and Vincent and McPeak.[20] How-
ever, Mueller et al.[2] indicated that only 1.4% of Batting helmets are now compulsory in baseball.
ball-related injuries in Little League baseball oc- Most batting helmets are open-faced and protect the
curred to the chest, of which none were fatal. majority of the supero-lateral skull but not the jaw or

facial area. The US Consumer Protection and SafetyThe likelihood of commotio cordis was initially
Commission indicated helmets fitted with facebelieved to be proportional to both the speed and
shields may prevent or reduce severity of 3900force of the impact and the size of the contact
facial injuries to children each year,[27] but there is aarea.[11] Link et al.[28] indicated that a relationship
lack of rigorous data to support such a claim.exists between baseball hardness and the likelihood

of ventricular fibrillation in a swine model. At 13.2 Aside from the catcher, defensive players wear
m/sec – a relatively slow velocity in baseball terms, no special gear to protect against impact injury. The
but reflective of the slow speeds at which commotio use of polycarbonate safety glasses for infielders
cordis has been documented to occur[1] – the softest have been encouraged by organisations including
baseballs produced ventricular fibrillation in only the American Academy of Pediatrics,[33] but not
two of 26 impacts, compared with eight instances widely adopted due to a lack of supporting research.
after 23 impacts with regulation baseballs. In a Most studies have focussed on the efficacy of equip-
follow-up study, tests at 18 m/sec triggered ventric- ment developed to reduce thoracic injury in field-
ular fibrillation in less than 22% of instances com- ers.[1,27,30,32] Increasing the effective mass of the

© 2004 Adis Data Information BV. All rights reserved. Sports Med 2004; 34 (1)
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chest using a padded vest may reduce the velocity of ry.[1,10,14-17,24,27] The reason for variance in impact
impact, viscous criterion and momentum transferred severity amongst softer balls is unclear, although it
to the body.[32] Sternal acceleration was reduced by has been shown modifying the time-dependent
use of closed-cell foam vests for high-speed impacts properties of ball material can reduce BEV.[23]

in swine and dummy models,[30,32] but only minor The behaviour of the ball during high-speed im-
reductions in the incidence of cardiac arrhythmia pact with the bat must also be quantified in order to
and viscous response were noted. In some vests, regulate BEV to safe levels for infielders. The re-
following impact with both standard and softer base-

bound characteristics of baseballs are currently only
balls, peak force and momentum transferred to the

quantified at one velocity (60 miles/hour) before
chest were increased,[32] indicating debatable protec-

commercial sale, which is unrepresentative of bat-tive effect, which has forestalled the introduction of
ball impact velocities and gives no informationsuch products into the game.
about the effect of rate of energy loss. The use of the
finite element method has given more detailed infor-5. Conclusion
mation about the impact properties of the baseball
(Nicholls et al., unpublished data).The incidence and severity of impact injuries in

baseball, particularly those to junior players, can be Reduction in bat linear velocity (swing speed)
considered a substantial problem in sports medicine. reduces momentum transferred to the ball and there-
However, the exact mechanisms of trauma, partic- by BEV, giving fielding players extra time for eva-
ularly in commotio cordis and role of stress and sive action. The moment of inertia of metal bats has
acceleration in head injury, remain unclear. The use been identified as a critical factor in BEV.[11-13,24]

of simplified models of ball and head[14] and the Introduction of standards for non-wooden bats so
variety of experimental methods for chest im- the implement becomes “comparable to wood bats
pacts[1,28,30] may have contributed to varying conclu- in weight variance” was first proposed by the
sions to a highly complex problem, in which the NCAA in 1996[34] and supported by Fleisig et al.[24]

involved biological tissues are acknowledged as in- However, optimal values will be difficult to identify
homogeneous, anisotropic and nonlinear, and the as the effect of the size and strength of hitters is
material behaviour of playing equipment are simi- unknown, and the recommendations are yet to be
larly complex.

adopted.
While it has been suggested having external auto-

Impact tests using swine models[1,28,30,32] and test-matic defibrillators and medical personnel present at
dummies[1,3] indicate closed-cell foam chest protec-youth games to treat impact injuries,[20] it is only by
tors may not reduce, and indeed may increase, theanticipating these injuries and trying to prevent them
peak force and momentum transferred to the chest.that they can be diminished in frequency and severi-
Test protocols with standardised boundary condi-ty. Protective and modified equipment have been
tions, constraints and test velocities, are recommen-developed to protect players from the likelihood of,
ded to match ongoing improvement in the biofideli-and severity of, impact injuries. Decreasing BEV is
ty of surrogate models, and increase the validity ofnecessary to increase reaction time for defensive
further independent testing, evaluation and certifica-players and thereby reduce the incidence of batted-
tion programmes. Current injury data are largelyball impact injuries. However, in order to develop
collected from emergency rooms[6,27] and insuranceeffective standards for equipment, the effect of bat
claims,[2] with no provision for non-hospitalisationand ball design on BEV, and impact dynamics with

the tissues of the body, must be further quantified. injuries and those occurring in unorganised play. A
large database of injury assessment reference values There is debate over the performance character-
will also assist in continuing improvement in modelsistics of modified balls and the relative contribution
of impact response.of ball mass and stiffness to impact inju-

© 2004 Adis Data Information BV. All rights reserved. Sports Med 2004; 34 (1)



Impact Injury and Equipment Performance in Baseball 25

17. Hendee SP, Greenwald RM, Crisco JJ. Static and dynamicAcknowledgements
properties of various baseballs. J Appl Biomech 1998; 14:
390-400The authors have received no financial assistance in the

18. Khalil TB, Viano DC. Critical issues in finite element modelingpreparation of this manuscript and declare no potential con-
of head impact. In: Backaitis SH, editor. Biomechanics of

flicts of interest relevant to the contents therein. impact injury and injury tolerances of the head-neck complex.
Philadelphia (PA): Society of Automotive Engineers, 1993:
1107-22References

19. Vinger PF, Duma SM, Crandall J. Baseball hardness as a risk
1. Janda DH, Viano DC, Andrzejak DV, et al.  An analysis of factor for eye injuries. Arch Ophthalmol 1999; 117 (3): 354-8

preventive methods for baseball-induced chest impact injuries.
20. Vincent GM, McPeak H. Commotio cordis: a deadly conse-Clin J Sport Med 1992; 2: 172-9

quence of chest trauma. Phys Sportsmed 2000; 28 (11): 31-92. Mueller FO, Marshall SW, Kirby DP. Injuries in Little League
21. Ashley S. Wood-composite baseball bats take the field. Mechbaseball from 1987 through 1996: implications for prevention.

Eng 1991; 113 (8): 43-5Phys Sportsmed 2001; 29 (7): 41-9
22. Brody H. Models of baseball bats. Am J Phys 1990; 58 (8):3. Viano DC, McCleary JD, Andrzejak DV, et al.  Analysis and

756-8comparison of head impacts using baseballs of various hard-
ness and a hybrid III dummy. Clin J Sport Med 1993; 3: 217-28 23. Nicholls RL, Miller K, Elliot BC. Constitutive modelling of

4. Rutherford Jr GW, Kennedy J, McGhee L. Hazard analysis: baseball behaviour. In: Milburn P, Walmsley A, editors. Pro-
base and softball related injuries to children 5-14 years of age. ceedings of the XIXth International Society of Biomechanics
Washington, DC: U.S. Consumers Product Safety Commis- Congress; 2003 Jul 6-12; Dunedin. Dunedin: University of
sion, Epidemiology and Health Services, Division of Hazard Otago
Analysis, 1984 24. Fleisig GS, Zheng N, Stodden DF, et al.  Relationship between

5. National Center for Catastrophic Sports Injury Research (NCC- bat mass properties and bat velocity. Sports Eng 2002; 5 (1):
SIR). 19th annual report: Fall 1982-Spring 2001. Chapel Hill 1-8
(NC): University of North Carolina, 2002 25. Chauvin DJ, Carlson LE. A comparative test method for dynam-

6. Adler P, Monticone Jr RC. Injuries and deaths related to base- ic response of baseballs and softballs. In: Hoerner EF, Cos-
ball (children ages 5 to 14). In: Kyle S, editor. Youth baseball grove FA, editors. International symposium on safety in base-
protective equipment: final report. Washington, DC: US Con- ball and softball (ASTM STP 1313). Philadelphia (PA): Amer-
sumer Product Safety Commission, Epidemiology and Health ican Society for Testing Materials, 1997: 38-46
Services, Hazard Analysis Division, 1996: 1-43 26. Zagelbaum BM, Hersh PS, Donnenfeld ED, et al.  Ocular

7. Pasternack JS, Veenema KR, Callahan CM. Baseball injuries: a trauma in major-league baseball players. N Engl J Med 1994;
Little League survey. Pediatrics 1996; 98 (3 Pt 1): 445-8 330 (14): 1021-3

8. van Amerongen R, Rosen M, Winnik G, et al.  Ventricular
27. Kyle SB, Adler P, Monticone RC. Reducing youth baseballfibrillation following blunt chest trauma from a baseball.

injuries with protective equipment. Consumer Product Saf RevPediatr Emerg Care 1997; 13 (2): 107-10
1996; 1 (1): 1-4

9. Dick RW. A discussion of the baseball bat issue related to injury
28. Link MS, Wang PJ, Pandian NG, et al.  An experimental modelfrom a batted ball. NCAA News 1999; Apr 12: 4

of sudden death due to low-energy chest-wall impact (commo-10. Viano DC, Andrzejak DV, King AI. Fatal chest injury by
tio cordis). N Engl J Med 1998; 338 (25): 1805-11baseball impact in children: a brief review. Clin J Sport Med

29. Link MS, Maron BJ, Wang PJ, et al.  Reduced risk of sudden1992; 2: 161-5
death from chest wall blows (commotio cordis) with safety11. Bryant FO, Burkett LN, Chen SS, et al.  Dynamic and perform-
baseballs. Pediatrics 2002; 109 (5): 873-8ance characteristics of baseball bats. Res Q Exerc Sport 1979;

30. Viano DC, Andrzejak DV, Polley TZ, et al.  Mechanism of fatal48: 505-10
chest injury by baseball impact: development of an experimen-12. Greenwald RM, Penna LH, Crisco JJ. Differences in batted-ball
tal model. Clin J Sport Med 1992; 2: 166-71speed with wood and aluminium baseball bats: a batting cage

study. J Appl Biomech 2001; 17 (3): 241-52 31. Viano DC, Lau IV. A viscous tolerance criterion for soft tissue
13. Nicholls RL, Elliott BC, Miller K. Bat design and ball exit injury assessment. J Biomech 1988; 21 (5): 387-99

velocity in baseball: implications for player safety. In: Ackland 32. Viano D, Bir CA, Cheney AK, et al.  Prevention of commotio
T, Goodman C, editors. A sports medicine odyssey: chal- cordis in baseball: an evaluation of chest protectors. J Trauma
lenges, controversies and change. Perth: Australian Confer- 2000; 49 (6): 1023-8
ence of Science and Medicine in Sport, 2001 Oct 33. American Academy of Pediatrics Committee on Sports Medi-

14. Crisco JJ, Hendee SP, Greenwald RM. The influence of baseball cine and Fitness. Risk of injury from baseball and softball in
modulus and mass on head and chest impacts: a theoretical children 5 to 14 years of age. Pediatrics 1994; 93 (4): 690-2
study. Med Sci Sports Exerc 1997; 29 (1): 26-36 34. Baseball committee agrees on standards for nonwood bats.

15. Giacobbe PA, Scarton HA, Lee Y-S. Dynamic hardness (SDH) NCAA News 1996; Jul 22: 10
of baseballs and softballs. In: Hoerner EF, Cosgrove FA,
editors. International Symposium on Safety in Baseball/Soft-
ball (ASTM STP 1313). Philadelphia (PA): American Society Correspondence and offprints: Rochelle L. Nicholls, The
for Testing Materials, 1997: 47-66 University of Western Australia, School of Surgery and

16. Heald JH, Pass DA. Ball standards relevant to risk of head
Pathology (Orthopaedic Unit), Fremantle Hospital, WAinjury. In: Hoerner EF, editor. Head and neck injuries in sports
6160, Australia.(ASTM STP 1229). Philadelphia (PA): American Society for

Testing Materials, 1994: 223-38 E-mail: rochelle@mech.uwa.edu.au

© 2004 Adis Data Information BV. All rights reserved. Sports Med 2004; 34 (1)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




