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What Can a Jump Tell Us About Elbow
Injuries in Professional Baseball Pitchers?

John Mayberry,*t PhD, Scott Mullen,* MD, and Scott Murayama$
Investigation performed at University of the Pacific, Stockton, California, USA

Background: The incidence rate of elbow injuries has been rising in recent years among professional baseball pitchers. Deter-
mining valid screening procedures that allow practitioners to identify pitchers at an increased risk of such injuries is therefore of
critical importance.

Purpose: To validate the use of countermovement jump (CMJ) tests as a diagnostic tool for pitcher conditioning.
Study Design: Case-control study; Level of evidence, 3.

Methods: More than 500 pitchers at a single professional baseball organization performed preseason CMJ assessments on
a force plate before the 2013 to 2018 seasons. Three measurements were extracted from ground-reaction force data during
the test: eccentric rate of force development (ERFD), average vertical concentric force (AVCF), and concentric vertical impulse
(CVI). Athletic trainers at the organization collected detailed information on elbow and shoulder injury rates as well as workload
(pitch count) throughout the rest of the season. Poisson regression models were fit to investigate the dependency of injury rates
on CMJ test performance.

Results: ERFD, CVI, and AVCF were all significant predictors of elbow injury risk after accounting for pitcher age, weight, and
workload. The analysis identified 3 specific indicators of heightened risk based on the results of a CMJ scan: low ERFD, a com-
bination of low AVCF and high CVI, and a combination of high AVCF and low CVI. In contrast, shoulder injury risk was roughly
independent of all 3 CMJ test measurements.

Conclusion: This study supports the hypothesis of the entire kinetic chain’s involvement in pitching by establishing a link between
CMJ test performance and elbow injury risk in professional baseball pitchers. CMJ assessment may be a powerful addition to
injury risk alert and prevention protocols. Pitchers in high-risk groups can be prescribed specific exercise plans to improve move-

ment imbalances.
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Professional baseball pitchers have experienced a signifi-
cant rise in elbow injury rates over the past 3 decades.'®
The increase in ulnar collateral ligament (UCL) injuries
has been particularly alarming, with only 33 pitchers
requiring UCL reconstruction in the 1990s, compared
with 101 UCL reconstructions between 2000 and 2009.34
Despite considerable research efforts to identify modifiable
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risk factors for UCL injuries,2* injury rates have contin-
ued to increase since 2010, and the situation has been
described as a UCL injury “epidemic.”*3* UCL injuries
are most common in pitchers,?? occurring with repetitive
high valgus torque across the elbow joint during throwing
motions. The majority of this stress is concentrated on the
anterior band of the UCL.!!

Previous studies have shown that high one-time or long
term pitch volumes,2® pitch speed,® and fatigue'® may
increase the risk of UCL injury. One posited explanation
for these results is that repetitive pitching motions cause
an accumulation of microtraumas to the elbow and shoul-
der, leading to an increased risk of ligament injuries.!
The microtraumas occur because the UCL approaches or
exceeds cadaveric failure loads with certain arm positions
common to throwing motions in baseball. 124

Unfortunately, workload can be difficult to control for
professional pitchers under the demands of competitive
regular season schedules. Ideally, one would like to
develop preventive measures that target throwing
mechanics in addition to managing workload. Efficient
operation of the kinetic chain, which transfers force toward
the distal segments of the body in throwing movements,?
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may reduce injury risk by decreasing valgus forces placed
on the UCL.® Previous research has demonstrated an asso-
ciation between deficiency in full activation of the kinetic
chain and elbow injury risk? and points out the important
role played by other physiological structures in stress sta-
bilization during repetitive throwing.'2 For example, inter-
nal rotation of the shoulder results in a protective varus
force against the valgus force at the elbow. Thus, deficien-
cies in internal rotation of the shoulder can increase elbow
injury risk as well.31*

The neuromuscular system functions to ensure proper
activation, coordination, and transfer of forces through
the kinetic chain. Consequently, assessing neuromuscular
performance may help diagnose injury risk. Garrison
et al'® established a link between lower extremity balance
performance and elbow injuries with a Y balance test,
showing that participants with a UCL tear demonstrated
decreased performance in their lower extremity balance
test as compared with an uninjured control group. Alterna-
tively, a countermovement jump (CMJ) test is among the
most reliable and valid forms of jump tests for predicting
athletic performance,?"?3 lifting ability,® and strength.?®
The meta-analysis by Claudino et al” further highlighted
the utility of the CMJ test as a tool for monitoring neuro-
muscular status. The authors surveyed the efficacy of 63
CMJ performance variables from 151 studies and found
that several kinematic and kinetic variables exhibited
moderate sensitivity to detect supercompensation effects,
while average jump height was also moderately sensitive
to fatigue levels.

These meta-analyses and the studies therein suggest
that simple lower body assessments such as the Y balance
and CMJ test are valid procedures for monitoring athlete
wellness. Several companies have started to take advan-
tage of this relationship to design diagnostic and prescrip-
tive tools for injury prevention. This article focuses on
analyzing the validity of 1 specific tool, the “best 3 of 6”
CMdJ scan employed by Sparta Science. This scan consists
of a sequence of 6 CMJ trials. Three measurements are
extracted from each jump’s ground-reaction force data:
the eccentric rate of force development (ERFD), the aver-
age vertical concentric force (AVCF), and the concentric
vertical impulse (CVI). At the end of a scan, ERFD,
AVCF, and CVI scores are assigned to the athlete based
on their average values over the 3 jumps of maximum
height. Nibali et al®® established the reliability of scores
obtained during this scanning procedure. The aim of this
work is to investigate their validity as a tool for determin-
ing injury risk in professional baseball pitchers.

METHODS

Experimental Approaches to the Problem

This study retroactively examined 5 seasons (2013-2018) of
CMJ scans and injury data from pitchers in a single profes-
sional baseball organization (both major and minor
leagues). Athletes in the organization performed preseason
CMJ scans on a force plate with the results recorded and
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TABLE 1
Number of Elbow and Shoulder Injuries in the Sample
With Counts in Terms of Player-Seasons®

Shoulder
Elbow 0 1 2 3
0 426 48 5 1
1 35 3 0 0
2 5 0 0 0
3 1 0 0 0

“For example, there were 426 player-seasons with no shoulder
or elbow injuries, 35 player-seasons with 1 elbow and no shoulder
injuries, 48 player-seasons with no elbow and 1 shoulder injury,
and so on.

stored in a force acquisition software (Sparta software).
Athletic trainers and coaches at the organization provided
injury data throughout this 5-year period with injury loca-
tions classified based on the Orchard Sports Injury Classi-
fication System (OSICS-10). This included all injuries
assessed by athletic trainers or coaches throughout this
time. Randomly generated athlete identification numbers
de-identified athlete information from both force plate tri-
als and injury data. Counts of elbow and shoulder injuries
for each player-season in the data set were used as
response variables in Poisson regression models with inter-
actions between the 3 CMJ measurements of ERFD,
AVCF, and CVI as explanatory variables. Pitcher age
and weight at the start of the season were included as
covariates in the model, while pitch count was used as an
offset to standardize for workload.

Participants

The participants for this study consisted of professional
baseball pitchers from a single Major League Baseball
organization. Overall, the analysis included 524 player-
seasons of data from 274 different pitchers. Table 1 sum-
marizes the sample sizes for all injury groups considered
in the study. Athletes completed the CMJ testing as
a part of their routine preseason training and were free
of injuries at the time of their CMJ testing. The study
did not record previous years of pitching experience or
injury history. All participants were over the age of 18
years with a mean age of 24.40 + 3.59 years and provided
consent before testing, data collection, and the publication
of results as part of their agreement with their team. In
addition, the institutional review board at the correspond-
ing author’s university approved the use of CMdJ and injury
data for research purposes.

Procedures

Participants performed a preseason scan consisting of 6
CMdJs on a commercially available piezoelectric force plate
with a sampling frequency of 1000 Hz (9260AA6; Kistler
Instruments). Each participant stood on the force plate
before waiting for an auditory cue, indicating a 2-second
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TABLE 2
Estimated Coefficients, SEs, and Wald z Test
P Values for Elbow Injury Poisson Regression Model®

Term Estimated Coefficient SE P Value
Intercept -9.516 0.178 <.001
Age 0.039 0.133 .769
Weight 0.151 0.169 .373
ERFD —0.604 0.191 .002
AVCF 0.144 0.205 .483
CVI -0.020 0.180 913
AVCF:CVI -0.215 0.082 .009

“AVCEF, average vertical concentric force; CVI, concentric verti-
cal impulse; ERFD, eccentric rate of force development, SE, stan-
dard error.

stabilization of body weight, at which time the participant
performed a CMJ (a vertical jump for height with arm
swing; see the online Video Supplement for this technique).
Three force-time variables (ERFD, AVCF, and CVI) were
extracted from ground-reaction force data via numerical
integration.'® These force variables are commonly used
measures of CMdJ performance; additional details of defini-
tions and variable computations can be found in Nibali
et al.?? Participants were allotted 30 seconds between suc-
cessive jumps. At the end of the 6 jumps, ERFD measure-
ments from the 3 jumps of maximal height were averaged
to obtain an overall ERFD score for the pitcher’s scan.
AVCF and CVI scores were obtained in the same manner.
Nibali et al showed that this method of averaging across
the “best 3 of 6” trials results in reliable measurements
for all 3 scan variables.

Athletic trainers from the professional organization col-
lected elbow and shoulder injury data throughout the
2013 to 2018 baseball seasons. All injuries to pitchers that
caused disruption in either playing time or training ability
were included in the study and classified based on the cor-
responding OSICS-10 code. Data on pitcher age, weight,
pitch count, and preseason CMdJ scans were merged with
the injury data, and the resulting data set was de-identified
using unique athlete identification numbers.

Statistical Analysis

The analyses considered 2 response variables, NELBOW
and NSHLDR, the number of elbow and shoulder injuries,
respectively, in a given year of play. A Poisson regression
model with log-link functions was fit to each response vari-
able. Predictor variables included normalized versions of
the 3 CMJ test variables (ERFD, AVCF, and CVI) as well
as all 2-way interactions to account for the possibility
that imbalances may be important for predicting injury
risk. Pitcher AGE and WEIGHT were included as covari-
ates. To standardize results based on workload (a variable
previously linked to injury risk?®), each model also
included PITCH.COUNT as an offset variable. Deviance
tests were employed to compare models with scan variables
to baseline models that included only the covariates, while
individual variable significance was assessed by Wald
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Figure 1. Empirical elbow injury rates for athletes in the
lower and upper thirds of observations based on ERFD
(left) and AVCF:CVI (right). AVCF, average vertical concentric
force; CVI, concentric vertical impulse; ERFD. eccentric rate
of force development.

z tests for nonzero coefficients (significance level = .05).
All statistical analysis was performed using R,3° with mod-
els trained using the caret package.'®

RESULTS

Overall, there were 51 elbow injuries and 64 shoulder inju-
ries that occurred during the study period. The inclusion of
CMJ test variables significantly improved elbow injury
prediction compared with the baseline model (deviance,
19.861; P = .003), while no significant gain was found for
predicting shoulder injuries (deviance, 3.875; P = .694).
Two of the interaction terms from the elbow prediction
model (ERFD:AVCF and ERFD:CVI) were insignificant
and dropped from the final model. The 2 significant terms
were ERFD (coefficient, —0.604; P = .002) and the
AVCF:CVI interaction (coefficient, —0.215; P = .009). Table
2 summarizes all coefficients from the model.

The negative coefficient of ERFD implies that players
with high rates of force development during the eccentric
phase of their jump tend to incur fewer elbow injuries. In par-
ticular, the model predicts that the average number of elbow
injuries per year decreases by 100*(1 — exp(—0.604))~45%
for every increase of 1 z score in ERFD. The left panel of Fig-
ure 1 shows that the elbow injury rate for players in the
lower third of ERFD scores (probability of elbow injury,
0.143) was more than twice as high as the injury rate for
players in the upper third (probability, 0.067).

The right panel of Figure 1 presents a different break-
down of injury rates based on the product of AVCF and
CVI. The significantly negative coefficient of AVCF:CVI
suggests that players with more imbalanced profiles
(high CVI/low AVCF or low CVIl/high AVCF) are more
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Figure 2. Heat map showing the predicted mean number of
elbow injuries per year (injury risk) based on the Poisson
regression model. The x and y axes cover the middle 95%
of average vertical concentric force (AVCF) and concentric
vertical impulse (CVI) scores in the sample.

susceptible to elbow injuries compared with players with
more balanced profiles. Athletes in the lower third of
AVCF:CVI values were almost twice as likely to sustain
elbow injuries compared with athletes in the upper third
(probability of injury for upper third, 0.057 vs lower third,
0.108).

Figure 2 presents a more detailed illustration of the
AVCF:CVlI interaction by showing how predicted injury rates
vary with AVCF and CVI for a pitcher with average values of
age, weight, pitch count, and ERFD. Note that there is
a sharp increase in injury risk for athletes in the upper left
and lower right corners of the heat map. Pitchers in these
corners represent those with low AVCF/high CVI and those
with high AVCF/low CVI, respectively. The risk for the latter
group appears to increase more rapidly compared with the
risk for the former. Figure 3 illustrates jump profiles of the
4 pitchers with the highest injury risk based on their presea-
son scans. Three of the 4 pitchers at highest risk had low
ERFD/low AVCF/high CVI profiles. This was the most com-
mon high-risk profile in the sample, occurring in 45% of the
top quartile of predicted high-risk scans. The fourth (low
ERFD/high AVCF/low CVI) profile from Figure 3 was the
second most common, occurring in 19% of high-risk scans.
The other 2 most commonly occurring high-risk profiles
were (high ERFD/high AVCF/low CVI) (12% of high-risk
scans) and (low ERFD/low AVCF/low CVI) (11%).

DISCUSSION

This study examined the effectiveness of CMJ testing as
a tool for assessing elbow injury risk in professional base-
ball pitchers. A detailed analysis of CMdJ scan variables
identified 3 key indicators of high injury risk:
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Figure 3. Sample profiles of the 4 pitchers in the study with
the highest predicted elbow injury risk. The pitchers in
elbows 1 to 3 all have below-average ERFD/AVCF with
above-average CVI, while the pitcher in elbow 4 has below-
average ERFD/CVI with above-average AVCF. AVCF, aver-
age vertical concentric force; CVI, concentric vertical
impulse; ERFD, eccentric rate of force development.

e Low rates of force development during the eccentric
phase of the jump (ERFD)

e High impulse momentum (CVI) coupled with low force
production (AVCF) during the concentric phase of the
jump

e Low impulse momentum (CVI) coupled with high force pro-
duction (AVCF) during the concentric phase of the jump

In contrast, there were no significant relationships
between shoulder injury rates and CMJ test variables.

Theories as to why certain types of CMJ scan profiles
predict higher elbow injury risks are multifold. As forces
are transferred up the kinetic chain during a pitch, the
sequencing or timing and magnitude of these forces influ-
ences how they are expressed through more distal seg-
ments of the upper body.>! The upper body is required to
transfer and direct these forces from proximal to distal seg-
ments and ultimately to the baseball.?! These extreme
forces must also dissipate through different joint struc-
tures (multiple ligaments and muscles) to improve joint
control and decrease the likelihood of injury.

Kinetic force development is an important component of
pitch initiation as it establishes a base of support for trans-
ferring potential energy through the kinetic chain.® Pitchers
in the first high-risk group (low ERFD) may overcompen-
sate for a slow rate of force development during the windup
and stride phases of their throwing motion, with increased
force generation in the subsequent acceleration and follow-
through phases of the pitch,®® which places extraordinary
demands on the elbow joint.2® The elbow may be incapable
of handling this additional strain. Pitchers record valgus
forces as high as 64 N-m, while the known tensile strength
of the UCL has been reported at 33 N-m,2”*? although it
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should be pointed out that the latter measurement is based
on in vitro testing of an older group of nonathletes who may
exhibit drastically different torques when compared with
younger athletes. Regardless, proper lower body force gen-
eration in early phases can help reduce unnecessary
stresses on elbow joints during later phases of a pitch.

Pitchers from the second identified high-risk group (low
CVl/high AVCF) produced and applied relatively high
amounts of force over a short period during their CMJ test.
If the pitcher mimics this pattern in throwing motions,
then he may experience a sharp peak force in his elbow joint
during the transition from the acceleration to deceleration
phases of a pitch. This sharp whipping motion may increase
the likelihood of acute elbow traumas, cause chronic elbow
soreness, and eventually even lead to ligament tears.!

Pitchers in the third identified high-risk group (high
CVI/low AVCF) may exhibit the opposite problem; they
are producing and applying relatively low amounts of force
over a long period. Such throwing motions potentially over-
utilize impulse momentum to compensate for force defi-
ciencies. Prolonged force application requires an
increased duration of motor control for the individual on
every throw, which could wear down the stabilizing struc-
tures of joints over time, again increasing the likelihood of
both acute and chronic injuries.

Pitchers with balanced ground-reaction profiles from
a CMJ may be more efficient at generating forces and
absorbing the stresses of repetitive throwing motions by
distributing them across different neuromuscular mecha-
nisms instead of relying too heavily on elbow joints and
muscles. This theory supports previous studies on the rela-
tionships between deficiencies in the full utilization of the
kinetic chain, force generation, and elbow injury risks.!!

Several issues limit the scope of the conclusions herein.
First, this study does not take into account changes in CMJ
profiles that may result from in-season workloads by each
player, particularly the number of pitches thrown and/or
the average pitch velocity. An interesting follow-up study
would be to test athletes at regular intervals throughout
the season and perform a survival analysis of injury rates
based on CMJJ test results. Unfortunately, this limitation is
a consequence of the challenges of collecting data on pro-
fessional athletes. Performing controlled experimental
studies, or even observational research on this population,
is difficult because of the restrictions placed on athletes by
their organizations to perform at the highest level over the
course of an 8-month preseason/season. Correlating the
results of a preseason CMdJ scan with a practical in-season
assessment such as a Y balance field test provides 1 poten-
tial line of future inquiry into this issue.

A second limitation is that the present study focuses
only on pitchers at the highest level of competitiveness.
Testing against other levels of play, such as college or
high school, is helpful to fully validate the hypothesized
predictive power of CMJ measurements, as well as investi-
gate differences in such findings among younger popula-
tions. Addressing this question will rely on more
organizations adopting CMdJ scans as an evaluation tool.

A third potential limitation is that this study ignored
other injury types, such as core, knee, and ankle injuries,
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which could affect the individual’s risk factors, especially
since this study highlights the importance of the entire
kinetic chain in injury prediction from movement. This study
also did not take into account severity of injuries. Classifying
elbow and shoulder injuries based on time-missed data
could provide further insights into injury prediction and
prevention.

The challenge of “small data” makes injury prediction
a difficult pursuit. Previous studies have shown that
CMJ measurements constitute a reliable set of metrics
for athlete conditioning, and this present study provides
the first evidence of their potential validity as a tool for
injury prediction. Combining CMJ scans with other diag-
nostic tools may provide a powerful battery of tests to
use in identifying pitchers at high risk. By focusing on spe-
cific deficiencies in movement during CMJ testing, one can
also prescribe preventive measures to strengthen athletes
and decrease injury risk. For example, 1 study investigated
the effect of different workout plans on ERFD, AVCF, and
CVI.22 This study found that pitchers with low ERFD, the
first high-risk group identified in this study, show
increased rates of force development after completing
workout plans that emphasize Olympic-style squats. In
contrast, athletes with low CVI/high AVCF can adjust
imbalances through exercises with sustained ground-reac-
tion force production (eg, movements performed on only 1
leg rather than 2 legs, such as split squats), while athletes
with low AVCF and high CVI should emphasize “larger
load” exercises performed with 2 limbs in contact with
the ground (eg, dead lifts). “Resting” a player based on
a test with high false-positive rates could carry heavy con-
sequences at a competitive level of play, but workout
adjustments like those mentioned above provide less risky
prescriptions. Overall, this combined reliability,?® valid-
1718 and action ability?? of CMJ force-time metrics
establishes the test as a powerful tool for tracking athlete
wellness.

ACKNOWLEDGMENT

The authors thank the Colorado Rockies organization and
medical staff for their support of this project. The video
demonstration of a CMdJ scan and CMJ test statistics
appear courtesy of Sparta Science (Menlo Park, CA). The
authors extend special thanks to Sarah Cohen, Bryce Pat-
terson, and Dr Phil Wagner of Sparta Science for helping
the authors access relevant data from their system and
providing important feedback on early versions of this
manuscript.

A Video Supplement for this article is available online.

REFERENCES

1. Andrews JR, Fleisig GS. Preventing throwing injuries [abstract].
J Orthop Sports Phys Ther. 1998;27(3):187-188.

2. Ben Kibler W, Sciascia A. Kinetic chain contributions to elbow func-
tion and dysfunction in sports. Clin Sports Med. 2004;23(4):545-552,
Viii.



10.

11.

12.

13.

14.

15.

16.

17.

18.

Mayberry et al

. Bushnell BD, Anz AW, Noonan TJ, Torry MR, Hawkins RJ. Associa-

tion of maximum pitch velocity and elbow injury in professional base-
ball pitchers. Am J Sports Med. 2010;38(4):728-732.

. Cain EL Jr, Andrews JR, Dugas JR, et al. Outcome of ulnar collateral

ligament reconstruction of the elbow in 1281 athletes: results in 743
athletes with minimum 2-year follow-up. Am J Sports Med. 2010;
38(12):2426-2434.

. Calabrese GJ. Pitching mechanics, revisited. Int J Sports Phys Ther.

2013;8(5):652.

. Carlock JM, Smith SL, Hartman MJ, et al. The relationship between

vertical jump power estimates and weightlifting ability: a field-test
approach. J Strength Cond Res. 2004;18(3):534-539.

. Claudino JG, Cronin J, Mezéncio B, et al. The countermovement

jump to monitor neuromuscular status: a meta-analysis. J Sci Med
Sport. 2017;20(4):397-402.

. Dines JS, Frank JB, Akerman M, Yocum LA. Glenohumeral internal

rotation deficits in baseball players with ulnar collateral ligament
insufficiency. Am J Sports Med. 2009;37(3):566-570.

. Erickson BJ, Chalmers PN, Bush-Joseph CA, Romeo AA. Predicting

and preventing injury in Major League Baseball. Am J Orthop (Belle
Mead NJ). 2016;45(3):152-156.

Erickson BJ, Gupta AK, Harris JD, et al. Rate of return to pitching and
performance after Tommy John surgery in Major League Baseball
pitchers. Am J Sports Med. 2014;42(3):536-543.

Fleisig GS, Andrews JR, Dillman CJ, Escamilla RF. Kinetics of base-
ball pitching with implications about injury mechanisms. Am J Sports
Med. 1995;23(2):233-239.

Freehill MT, Safran MR. Diagnosis and management of ulnar collat-
eral ligament injuries in throwers. Curr Sports Med Rep. 2011;10(5):
271-278.

Garrison JC, Arnold A, Macko MJ, Conway JE. Baseball players
diagnosed with ulnar collateral ligament tears demonstrate
decreased balance compared to healthy controls. J Orthop Sports
Phys Ther. 2013;43(10):752-758.

Garrison JC, Cole MA, Conway JE, Macko MJ, Thigpen C, Shanley E.
Shoulder range of motion deficits in baseball players with an ulnar
collateral ligament tear. Am J Sports Med. 2012;40(11):2597-2603.
Grantham WJ, Byram IR, Meadows MC, Ahmad CS. The impact of
fatigue on the kinematics of collegiate baseball pitchers. Orthop J
Sports Med. 2014;2(6):2325967114537032.

Kuhn M. Building predictive models in R using the caret package.
J Stat Softw. 2008;28(5):1-26.

Laffaye G, Wagner P. Eccentric rate of force development deter-
mines jumping performance. Comput Methods Biomech Biomed
Eng. 2013;16(suppl 1):82-83.

Laffaye G, Wagner P, Tombleson TIl. Countermovement jump height:
gender and sport-specific differences in the force-time variables.
J Strength Cond Res. 2014;28(4):1096-1105.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

The American Journal of Sports Medicine

Linthorne NP. Analysis of standing vertical jumps using a force plat-
form. Am J Phys. 2001;69(11):1198-1204.

Lyman S, Fleisig GS, Andrews JR, Osinski ED. Effect of pitch type,
pitch count, and pitching mechanics on risk of elbow and shoulder
pain in youth baseball pitchers. Am J Sports Med. 2002;30(4):463-
468.

Markovic G, Dizdar D, Jukic I, Cardinale M. Reliability and factorial val-
idity of squat and countermovement jump tests. J Strength Cond Res.
2004;18(3):551-555.

Mayberry JK, Patterson B, Wagner P. Improving vertical jump pro-
files through prescribed movement plans. J Strength Cond Res.
2018;32(6):1619-1626.

Moir G, Button C, Glaister M, Stone MH. Influence of familiarization
on the reliability of vertical jump and acceleration sprinting perfor-
mance in physically active men. J Strength Cond Res. 2004;18(2):
276-280.

Morrey BF, An KN. Articular and ligamentous contributions to the sta-
bility of the elbow joint. Am J Sports Med. 1983;11(5):315-319.
Nibali ML, Tombleson T, Brady PH, Wagner P. Influence of familiar-
ization and competitive level on the reliability of countermovement
vertical jump kinetic and kinematic variables. J Strength Cond Res.
2015;29(10):2827-2835.

Nuzzo JL, McBride JM, Cormie P, McCaulley GO. Relationship
between countermovement jump performance and multijoint isomet-
ric and dynamic tests of strength. J Strength Cond Res. 2008;22(3):
699-707.

O’Holleran JD, Altchek DW. The thrower’s elbow: arthroscopic treat-
ment of valgus extension overload syndrome. HSS J. 2006;2(1):
83-93.

Pappas AM, Zawacki RM, Sullivan TJ. Biomechanics of baseball
pitching: a preliminary report. Am J Sports Med. 1985;13(4):216-222.
Posner M, Cameron KL, Wolf JM, Belmont PJ Jr, Owens BD. Epide-
miology of Major League Baseball injuries. Am J Sports Med.
2011;39(8):1676-1680.

R Development Core Team. R: A Language and Environment for Sta-
tistical Computing. Vienna, Austria: R Foundation for Statistical Com-
puting; 2013.

Weeks KD lll, Dines DM. Ulnar collateral ligament: throwing biome-
chanics. In: Dines J, Altchek D, eds. Elbow Ulnar Collateral Ligament
Injury. Boston, MA: Springer; 2015:11-16.

Werner SL, Fleisig GS, Dillman CJ, Andrews JR. Biomechanics of the
elbow during baseball pitching. J Orthop Sports Phys Ther. 1993;
17(6):274-278.

Whiteley R. Baseball throwing mechanics as they relate to pathology
and performance—a review. J Sports Sci Med. 2007;6(1):1.
Whiteside D, Martini DN, Lepley AS, Zernicke RF, Goulet GC. Predic-
tors of ulnar collateral ligament reconstruction in Major League Base-
ball pitchers. Am J Sports Med. 2016;44(9):2202-2209.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journalsPermissions.nav.



