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Background: Pitching-related elbow injuries remain prevalent across all levels of baseball. Elbow valgus torque has been
identified as a modifiable risk factor of injuries to the ulnar collateral ligament in skeletally mature pitchers.

Purpose: To examine how segmental energy flow (power) influences elbow valgus torque and ball speed in professional versus
high school baseball pitchers.

Study Design: Descriptive laboratory study.

Methods: A total of 16 professional pitchers (mean age, 21.9 ± 3.6 years) and 15 high school pitchers (mean age, 15.5 ± 1.1 years)
participated in marker-based motion analysis of baseball pitching. Ball speed, maximum elbow valgus torque (MEV), temporal
parameters, and mechanical power of the trunk, upper arm, and forearm were collected and compared using parametric sta-
tistical methods.

Results: Professional pitchers threw with a higher ball speed (36.3 ± 2.9 m/s) compared with high school pitchers (30.4 ± 3.5 m/s)
(P¼ .001), and MEV was greater in professional pitchers (71.3 ± 20.0 N�m) than in high school pitchers (50.7 ± 14.6 N�m) (P¼ .003).
No significant difference in normalized MEV was found between groups (P¼ .497). Trunk rotation time, trunk power, and upper arm
power combined to predict MEV (r ¼ 0.823, P < .001), while trunk rotation time and trunk power were the only predictors of ball
speed (r ¼ 0.731, P < .001). There were significant differences between the professional and high school groups in the timing of
maximum pelvis rotation velocity (42.9 ± 9.7% of the pitching cycle [%PC] vs 27.9 ± 23.4 %PC, respectively; P < .025), maximum
trunk rotation (33 ± 16 %PC vs 2 ± 23 %PC, respectively; P ¼ .001), and maximum shoulder internal rotation velocity (102.4 ± 8.9
%PC vs 93.0 ± 11.7 %PC, respectively; P ¼ .017).

Conclusion: The power of trunk motion plays a critical role in the development of elbow valgus torque and ball speed. Professional
and high school pitchers do not differ in elbow torque relative to their respective size but appear to adopt different patterns of
segmental motion.

Clinical Relevance: Because trunk rotation supplies the power associated with MEV and ball speed, training methods aimed
at core stabilization and flexibility may benefit professional and high school pitchers in reducing the injury risk and improving
pitching performance.

Keywords: biomechanics; kinetics; mechanical energy; segmental motion

With the risk of pitching-related injuries reportedly linked
to improper pitching mechanics, an examination of the
kinematics and kinetics of segmental body motion during
pitching is critical to understanding the cause and preven-
tion of these injuries.7,17 The elbow joint, in particular, is
exposed to tremendous valgus torque that has been shown

to lead to injuries to the ulnar collateral ligament, flexor
pronator mass, ulnar nerve, and other structures in the
medial elbow in professional pitchers9 as well as injuries
to the lateral side in younger players.26,30 Emerging
research into modifiable risk factors has demonstrated that
there are specific biomechanical patterns related to seg-
mental motion that can predispose baseball players to these
pitching-related injuries.2,4,6,22,23,54,55 Thus, achieving seg-
mental body motion that can optimize pitching perfor-
mance and minimize the injury risk provides the basis on
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which efficient pitching mechanics are defined. From this
perspective, pitching performance and injury risk are com-
patible aspects of throwing that can be determined by how
well a pitcher can maximize ball velocity while minimizing
the energy from higher torques at the throwing shoulder
and elbow.1,2,34 Efficient throwing mechanics are, there-
fore, predicated on the flow of mechanical energy through
the kinetic chain via the motion of body segments that ide-
ally follows a sequence governed by the “summation of
speed principle,” which states that a segment will initiate
its rotation when the segment proximal to it reaches its
peak velocity.8,13,42

Because of its segmental mass, the trunk segment could
be the primary contributor to total angular momentum for
the pitch, with the proper timing of trunk rotation ensuring
optimal contribution to and minimizing the work of the
throwing arm.1,35,40 In a previous study, it was found that
pitchers who rotated their upper torsos before front foot
contact exhibited significantly greater valgus torque at the
elbow than those who rotated afterward.2 This finding sug-
gests that pitchers tend to generate more internal rotation
torque at the throwing arm to compensate for the loss of
rotational energy as a result of poor sequential body
motion.1,2,34 However, the specific mechanisms by which
the flow of mechanical energy (power) across moving body
segments influences elbow valgus loading during pitching
remain unclear.

While the relationship between intersegmental dynam-
ics and elbow valgus loading during baseball pitching has
been well examined using traditional inverse dynamics and
statistical approaches,2,41,55 only a few investigators have
attempted to partition the causal components of segmental
motion in relation to acceleration induced at the throwing
arm.19,20,35,36 Induced acceleration analysis, however, does
not directly address the flow of energy between segments in
the system. Consequently, previous investigators have
attempted to define the energy transfer mechanisms using
segmental power analysis, which examines the flow of
energy through the kinetic chain during such sports-
related movements as the tennis serve31 and table tennis
backhand.24 The mechanical power of segmental motion
could serve as a basis on which pitching efficiency is further
delineated, as exhibited in other human movement analy-
ses.25,33,57 However, to date, the patterns of energy flow
through the kinetic chain during pitching have not been
compared between different levels of baseball pitchers.

The purpose of this study was therefore to conduct seg-
mental power analysis to examine the energetic contribu-
tions of net torques across body segments to elbow valgus
torque and ball velocity during baseball pitching in profes-
sional and high school pitchers. It was hypothesized that

mechanical power of the trunk and shoulder would signif-
icantly predict elbow valgus torque and ball velocity. Fur-
thermore, we hypothesized that professional and high
school baseball pitchers would differ in the timing of trunk
rotation, trunk power, shoulder power, elbow valgus tor-
que, and ball velocity during pitching based on previous
studies that have shown significant differences in trunk
kinematics and joint kinetics between these 2 groups.1,16

METHODS

Participants

The pitching motions of 16 professional and 15 high school
baseball players were included in this analysis. Based on a
statistical power analysis performed with a freely available
stand-alone program (G*Power 3.1),12 a total of 21 partici-
pants was computed as the minimum sample size for
detecting a significant relationship between independent
and dependent variables at a power of 0.80 and an effect
size of 0.70, which was calculated from previously reported
regression data.2 The professional pitchers who partici-
pated in this study were members of Minor League Base-
ball and Major League Baseball clubs and were in
off-season strength and conditioning programs at the time
of testing. The high school pitchers were recruited from
local high school teams. All players as well as the parents
of high school players provided written informed consent to
participate in this study, the protocol of which was
approved by the university’s institutional review board.
The mean age, height, weight, and body mass index (BMI)
of the professional participants were 21.9 ± 3.6 years, 1.89 ±
0.05 m, 89.4 ± 10.0 kg, and 25.0 ± 2.3 kg/m2, respectively;
the respective values for the high school participants
were 15.5 ± 1.1 years, 1.78 ± 0.09 m, 72.2 ± 14.9 kg, and
22.7 ± 4.1 kg/m2. All pitchers were actively playing
organized baseball in their respective leagues and were
considered healthy, with no significant injuries that would
disqualify them from participating in practices or games.

Protocol and Testing

A set of 38 reflective markers (1.4 cm diameter) were placed
on the skin overlying specific anatomic landmarks accord-
ing to the link segment rigid-body model described by Agui-
naldo and Chambers.2 The marker set allowed for the
estimation of 3-dimensional joint motion during throwing
using an automated motion capture system of 8 near-
infrared cameras (Raptor-4S; Motion Analysis) at a sam-
pling rate of 300 Hz. The motion capture cameras were
specifically positioned around an outdoor bullpen mound
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to allow the optimized capture of pitching motion.1 Ball
speed was monitored using a speed radar gun (Bushnell).

After a preparation routine of marker acclimation and
warm-up throwing, each pitcher threw 15 fastballs off the
bullpen mound to a netted strike zone 18.4 m away from the
pitching rubber, while 3-dimensional marker data were cap-
tured. Three of the fastest pitches that hit the strike zone
were analyzed for each participant, and the fastest of the 3
pitches was ultimately selected for further analysis, in
agreement with previous studies that have employed similar
methods.2,32 Marker tracks were processed using marker
identification techniques and digital signal processing that
incorporated a fourth-order zero-lag Butterworth filter at a
cutoff frequency of 18 Hz using commercially available
motion capture software (Cortex 7.1; Motion Analysis).

Data Extraction

The joint kinematics and kinetics of each participant’s
throwing motion were estimated based on the previously
described link segment model,1,2 which was scaled to each
participant by the global locations of the motion-captured
markers. For the purposes of this study, only the kinemat-
ics of the pelvis, trunk, shoulder, and elbow joints were
extracted. While the forces and torques of all the segments
in the inverse dynamics model were estimated, valgus
torque at the throwing elbow was the primary kinetic var-
iable of interest, which was defined as the bending moment
about the elbow joint that would cause an increase in ten-
sile force on the medial structures and an increase in com-
pressive force on the lateral side.2,55 The flow of mechanical
energy (power) between the pelvis, trunk, upper arm, and
forearm segments was calculated as the time rate of change
in kinetic energy delivered into or out of each segment dur-
ing pitching using previously described methods.3,45 All
pitching-related kinematic and kinetic computations were
performed with a specialized biomechanics software appli-
cation (PitchTrak; Motion Analysis).

To assess the proximal-to-distal sequence in segmental
body motion during the pitch, we collected the time points
at which the maximum values of pelvis rotation velocity,
trunk rotation, trunk rotation velocity, elbow valgus torque
(MEV), shoulder external rotation (MER), and shoulder
internal rotation velocity (MIRV) of the throwing shoulder
occurred during the pitching cycle (PC), normalized from
front foot contact to ball release.

Statistical Analysis

Measurements of MEV, ball speed, maximum trunk rota-
tion time, and mechanical power of the pelvis, trunk, upper
arm, and forearm were extracted from each processed trial
for subsequent statistical analysis. In addition, normalized
MEV was computed by dividing the extracted MEV by body
weight (N) and height (m). The mean differences in these
variables between the professional and high school groups
were compared using independent t tests at a Bonferroni-
corrected significance level of .008. The extracted measure-
ments along with MER were entered as independent
variables into a multiple stepwise regression analysis to

determine the linear model that best predicts MEV. Ball
speed was also evaluated to determine its relationship with
these predictor variables using linear regression.

Regression analyses were performed on the entire sam-
ple of pitchers as well as separately on each group of pro-
fessional and high school pitchers. In all multiple
regression analyses, the assumptions of multicollinearity
and normality were assessed using tolerance and
Shapiro-Wilk tests, respectively. The differences in the tim-
ing of the maximum kinematic and kinetic events between
groups (professional vs high school) and across the PC were
examined using 6 � 2 repeated-measures analysis of vari-
ance. As such, the Mauchly test was used to determine
whether the assumption of sphericity was tenable, and the
degrees of freedom were adjusted using the Greenhouse-
Geisser correction when this assumption was violated. Lin-
ear regression analyses and repeated-measures analysis of
variance were performed at an a priori significance level of
.05 using commercially available statistical software (SPSS
Statistics v 21; IBM).

RESULTS

Demographic data revealed significant differences between
the professional and high school pitchers in mean age
(21.9 ± 3.6 vs 15.5 ± 1.1 years, respectively; P< .001), height
(1.89 ± 0.06 vs 1.78 ± 0.09 m, respectively; P < .001), and
weight (89.4 ± 10.0 vs 72.2 ± 14.9 kg, respectively; P< .001).
The mean BMI was not statistically different between pro-
fessional pitchers (25.0 ± 2.3 kg/m2) and high school pitch-
ers (22.7 ± 4.1 kg/m2) (P ¼ .058).

Table 1 lists the mean values for absolute MEV, normal-
ized MEV, ball speed, trunk rotation time, trunk power,
upper arm power, and forearm power for the professional
and high school groups. The mean difference in MEV
between professional pitchers (71.3 ± 20.0 N�m) and high
school pitchers (50.7 ± 14.6 N�m) was statistically signifi-
cant (P ¼ .003). MEV and the peak mechanical powers of

TABLE 1
Comparison of Maximum Values of
Kinematic and Kinetic Parametersa

Professional
(n ¼ 16)

High School
(n ¼ 15) P

Absolute MEV, N�m 71.3 ± 20.0 50.7 ± 14.6 .003b

Normalized MEVc 0.04 ± 0.01 0.04 ± 0.01 .497
Ball speed, m/s 36.3 ± 2.9 30.4 ± 3.5 .001b

Trunk rotation time, %PC 33 ± 16 2 ± 23 .001b

Elbow flexion at MEV, deg 73 ± 10 76 ± 13 .923
Pelvis power, W/kg 20 ± 9 21 ± 9 .883
Trunk power, W/kg 34 ± 14 40 ± 11 .179
Upper arm power, W/kg –15 ± 9 –14 ± 5 .708
Forearm power, W/kg –24 ± 10 –17 ± 7 .034

aData are shown as mean ± SD. PC, pitching cycle.
bSignificant between-group difference at P < .008.
cNormalized MEV ¼ absolute MEV/(body weight [N] �

height [m]).
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the trunk, upper arm, and forearm segments all occurred
during the arm-cocking phase for both professional and
high school pitchers as exhibited in the representative data
plotted in Figures 1 and 2, respectively. However, when
normalized by body weight (bw) and height (h), the mean
MEV for both professional and high school players was sta-
tistically equivalent (0.04 ± 0.01 bw-h; P ¼ .497). Moreover,
professional pitchers threw at a faster ball speed
(36.3 ± 2.9 m/s) versus high school pitchers (30.4 ± 3.5 m/s)
(P ¼ .001), who threw with an earlier onset of maximum
trunk rotation (2 ± 23 %PC) compared with professional
players (33 ± 16 %PC) (P¼ .001). The mean maximum values
of trunk power for professional and high school pitchers were
34 ± 14 W/kg and 40 ± 11 W/kg, respectively, the difference
between which was not statistically significant (P ¼ .179).
The mean maximum values of upper arm power for
professional and high school pitchers were –15 ± 9 W/kg and

–14 ± 5 W/kg, respectively, the difference between which was
also not statistically significant (P ¼ .708). Likewise, the
mean maximum values of forearm power for professional
pitchers (–24 ± 10 W/kg) and high school pitchers
(–17 ± 7 W/kg) were not significantly different (P¼ .034). The
power generated at the trunk and absorbed at the upper arm
and forearm peaked during the arm-cocking phase, defined
between front foot contact and MER, for both professional
pitchers (Figure 1) and high school pitchers (Figure 2).

The multiple regression analyses showed that MEV was
significantly influenced by a linear combination of trunk
power, upper arm power, and trunk rotation time (r ¼
0.823, P < .001), which accounted for 67.7% of the variance
in MEV. When analyzed by competitive level, only trunk
power and MER explained 78.4% (r ¼ 0.886, P < .001) and
69.8% (r ¼ 0.835, P < .001) of the variance in MEV in pro-
fessional and high school pitchers, respectively. A total of

Figure 1. Elbow valgus torque (top) and mechanical power (bottom) of the trunk, upper arm, and forearm during the pitching cycle,
defined from front foot contact (FC) to ball release (BR), for a representative professional pitcher in the study. MER, maximum
shoulder external rotation; MEV, maximum elbow valgus torque.
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53.4% of the variance in ball speed could be attributed to a
combination of trunk power and trunk rotation time
(r ¼ 0.731, P < .001). Among professional pitchers, only
trunk power was determined to be responsible for 88.3%

(r ¼ 0.916, P < .001) of the variance in ball speed. Trunk
power accounted for 37.5% (r ¼ 0.612, P ¼ .015) of the
variance in ball speed among high school pitchers. All other
factors entered into the regression analyses were found not
to be significant predictors of MEV or ball speed. Regres-
sion coefficients for the MEV and ball speed prediction mod-
els are listed in Tables 2 and 3, respectively.

The relationship between professional/high school groups
and the timing of maximum kinematic and kinetic events was
significant (P ¼ .016) (Figure 3). The timing of maximum
pelvis rotation velocity, maximum trunk rotation, maximum
trunk rotation velocity, MEV, MER, and MIRV was

significantly different (P < .001 for all). Among all pitchers,
the timing of maximum pelvis rotation velocity and maxi-
mum trunk rotation did not significantly differ (P ¼ .194).
However, for high school pitchers, maximum trunk rotation
appeared significantly earlier than maximum pelvis rotation
velocity (P< .001) (Figure 3). Maximum pelvis rotation veloc-
ity also appeared significantly earlier in high school pitchers
(27.9 ± 23.4 %PC) than in professional pitchers (42.9 ± 9.7
%PC) (P¼ .025). MER, which is the point at which the throw-
ing shoulder begins its acceleration in internal rotation,
occurred significantly later than maximum trunk rotation
velocity (P < .001) (Figure 3). The timing of MEV and MER
was not significantly different (P ¼ .999). MIRV occurred at
99.9 ± 1.9 %PC for all pitchers but appeared significantly
earlier in high school pitchers (93.0 ± 11.7 %PC) than in pro-
fessional pitchers (102.4 ± 8.9 %PC) (P ¼ .017) (Figure 3).

Figure 2. Elbow valgus torque (top) and mechanical power (bottom) of the trunk, upper arm, and forearm during the pitching cycle,
defined from front foot contact (FC) to ball release (BR), for a representative high school pitcher in the study. MER, maximum
shoulder external rotation; MEV, maximum elbow valgus torque.
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DISCUSSION

This study aimed to understand the flow of mechanical
energy through the kinetic chain and the energetic contri-
butions of net torques across body segments to elbow valgus
torque and ball velocity during baseball pitching in profes-
sional and high school pitchers. The energy generated by
the net torques at the trunk and shoulder, along with the
timing of trunk rotation, was found to significantly contrib-
ute to elbow valgus torque, while ball speed was most
affected by the timing and power of trunk rotation. This
finding suggests that trunk motion is critical to the devel-
opment of valgus torque at the elbow and ball speed. These
findings have implications for both the risk of
elbow injuries and pitching performance, and they agree
with previous studies that demonstrated the influence of
trunk motion on throwing arm kinetics1,2,7,40 and ball
speed.43,53,56 In the current study, MEV occurred when the
shoulder reached MER, which was found to be a significant
predictor of MEV in both professional and high school

pitchers. This analysis supports the general belief that
shoulder external rotation has a substantial effect on the
generation of elbow valgus torque.2,37,47,55 As the power
absorbed by the upper arm was found to be a significant
predictor of MEV in all pitchers, it is plausible that this
power absorption represents the storage and release of
elastic energy that subsequently powers the rapid internal
rotation of the shoulder during the acceleration phase.14,44

The current results also suggest that trunk rotational
torque acts as the primary source of power production for
the development of both ball velocity and elbow valgus
torque. Hence, a change in trunk movement during the act
of pitching will consequently influence this energy transfer
mechanism and ultimately affect throwing arm kinetics
and pitching performance.39,43 However, the mechanism
by which changes in trunk motion affect elbow valgus
torque is not fully explained. In a previous study,1 it was
shown that high school pitchers exhibited earlier trunk
rotation time and significantly higher normalized rota-
tional torque at the shoulder compared with professional
pitchers. The results of the current analysis are not com-
pletely consistent with this directional relationship, as high
school pitchers in this study also rotated their trunks ear-
lier in the PC (at front foot contact) than professional pitch-
ers did, but both groups of pitchers threw with the same
level of normalized elbow valgus torque.

The reason for this inconsistency is unclear, but one pos-
sible explanation is the difference in somatotypes.
Although BMI was not significantly different between pro-
fessional and high school pitchers, it has previously been
shown that body composition and segmental mass have a
significant effect on throwing kinetics, particularly in youn-
ger pitchers.11,18 As expected, absolute MEV and ball speed
were significantly higher in the professional pitchers than
in the high school pitchers in our study, which agrees with
the analysis by Fleisig and colleagues,16 who reported that
throwing kinetics increased significantly with age. Thus,
the difference in absolute MEV was offset by the differences
in height and weight, both of which were significantly dif-
ferent between professional and high school pitchers, and
resulted in similar loads at the elbow relative to their
respective body size. Conversely, in a recent study,27 high
school pitchers exhibited higher normalized elbow valgus
torque at MER than did professional pitchers. However,
elbow valgus torque at MER was a different value than
MEV, which was defined as the peak elbow valgus torque
during the arm-cocking phase in their analysis.27 In the
present study, MEV did in fact occur at MER, and there-
fore, it was the only elbow valgus torque extracted for anal-
ysis, which when normalized was also found to be similar
between professional (0.04 ± 0.01 bw-h) and high school
pitchers (0.04 ± 0.01 bw-h). Therefore, the exposure of
elbow valgus torque relative to body size appears to be com-
parable between professional and high school pitchers.
However, other factors such as pitch counts, playing time,
and skeletal maturity determine the difference in the level
of risk of elbow injuries between these 2 groups.28,38,49

The absolute MEVs were significantly different between
professional pitchers (71.3 ± 20.0 N�m) and high school
pitchers (50.7 ± 14.6 N�m) in this study, which agrees with

TABLE 2
Variables Included in MEV Multiple Regression Analysesa

B b P

All pitchers (N ¼ 31)
Intercept 13.495
Trunk rotation time 0.264 0.360 .006
Trunk power 0.011 0.545 .004
Upper arm power –0.009 –0.292 .099

Professional pitchers (n ¼ 16)
Intercept –7.940
MER 0.256 0.295 .040
Trunk power 0.013 0.806 <.001

High school pitchers (n ¼ 15)
Intercept 70.769
MER –0.430 –0.602 .007
Trunk power 0.014 0.694 .003

ab, standardized regression coefficient; B, unstandardized
regression coefficient; MER, maximum shoulder external rotation;
MEV, maximum elbow valgus torque.

TABLE 3
Variables Included in Ball Speed
Multiple Regression Analysesa

B b P

All pitchers (N ¼ 31)
Intercept 53.260
Trunk rotation time 0.156 0.439 .002
Trunk power 0.006 0.672 <.001

Professional pitchers (n ¼ 16)
Intercept 30.042
Trunk power 0.007 0.883 <.001

High school pitchers (n ¼ 15)
Intercept 48.927
Trunk power 0.007 0.612 .015

ab, standardized regression coefficient; B, unstandardized
regression coefficient.
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the findings of previous studies that reported MEV as being
significantly higher in professional pitchers than in high
school pitchers.16,27 However, in the study by Fleisig
et al,16 no significant differences in temporal parameters
between professional and high school pitchers were
reported, while the current study findings showed that
maximum pelvis rotation velocity, maximum trunk rota-
tion, and MIRV all occurred significantly earlier in the
PC in high school pitchers compared with professional
pitchers. It is unclear how these differences in temporal
patterns influence the injury risk (ie, elbow joint kinetics),
as normalized MEV did not differ between professional and
high school players. Nonetheless, trunk power and the tim-
ing of maximum trunk rotation were found to be significant
predictors of MEV as well as ball speed, which was signif-
icantly lower in high school pitchers. Hence, it is plausible
that high school pitchers adopt a throwing pattern in which
early trunk rotation leads to an energy flow through the
kinetic chain, which subsequently powers comparable
levels of relative MEV with professional pitchers but with
a lower pitching output (ie, ball speed). This less efficient
pitching pattern could be partly responsible for the increase
in incidence rates of ulnar collateral ligament injuries
recorded in high school pitchers in the past 2 decades.5,10,15

Limitations

This study adds valuable information to the limited body of
research on the flow of mechanical energy during pitch-
ing,34,43,50 however it is not without its limitations.
Although the segmental power analysis employed in this
study has been used by previous investigators to examine
the energy flow in other human movements,24,31,51 this

approach is limited by the assumption that the mechanical
power of a segment is generated (or absorbed) by torques
about joints adjacent to this segment and does not take into
account the power of anatomically distant segments to
which these torques are not applied.45,46 Baseball pitching
is frequently referred to as a “whip-like” motion to describe
the kinetic chain through which segmental energy flows,
and the contribution of motion-dependent interactive
torques within this kinetic chain is not decomposed in seg-
mental power analysis.21,37 Hence, this study utilized
regression analyses as a compromise to determine the
power contributions of proximal segmental motion on elbow
valgus torque, similar to the correlational methods used in
gait analysis.48 Future research should examine more pre-
cisely the energy redistribution mechanisms among multi-
ple segments involved in the development of elbow valgus
loading during baseball pitching.

Another limitation is that the model used in this analysis
did not include the lower body segments, which reportedly
contribute to the transfer of energy up the kinetic chain.8,29

However, our study found that the kinetic energy of the
system increased substantially after front foot contact,
which implies that internal work by the trunk muscles dur-
ing the arm-cocking phase contributes greater energy than
the forward push of the legs, as previous researchers have
shown.34,39,52 Last, the cross-sectional design of the study
was a limitation, as this analysis was restricted to profes-
sional and high school pitchers only. Thus, it is unknown
how the energy flow and joint kinetic patterns reported in
this study apply to other competitive levels of baseball
pitching. Given that previous studies have indicated that
youth and collegiate pitchers exhibit differences in joint
velocities and kinetics, it is possible that segmental energy
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Figure 3. The timing of maximum values of pelvis rotation velocity, trunk rotation, trunk rotation velocity, elbow valgus torque
(MEV), shoulder external rotation (MER), and shoulder internal rotation velocity (MIRV) was statistically different across events (P<
.001) and between professional and high school pitchers (P ¼ .008). The timing of a specific event is expressed as a percentage of
the pitching cycle, where 0% and 100% correspond to front foot contact (FC) and ball release (BR), respectively.
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flow differs across various levels and influences the injury
risk and pitching performance in distinct ways. Future
investigations are warranted to test these hypotheses.

CONCLUSION

Using segmental power analysis, the energetic contribu-
tions of segmental motion to the development of MEV and
ball speed were examined and compared between profes-
sional and high school pitchers. In both levels, the timing
and mechanical power of trunk rotation significantly
influenced MEV and ball speed, which lends support to
the notion that trunk motion can play a crucial role in
minimizing the injury risk and improving pitching perfor-
mance. While absolute MEV was significantly higher in
professional pitchers, owing to differences in height and
weight, professional and high school pitchers did not differ
in MEV relative to their respective body size. However,
differences in ball speed and temporal parameters
between both levels were found. Thus, high school pitchers
appear to adopt a unique pattern of segmental motion that
supplies a segmental energy flow and induces valgus tor-
que at the elbow comparable with professional pitchers
but at slower ball velocities.
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25. Jöris HJ, van Muyen AJ, van Ingen Schenau GJ, Kemper HC. Force,

velocity and energy flow during the overarm throw in female handball

players. J Biomech. 1985;18(6):409-414.

26. Kida Y, Morihara T, Kotoura Y, et al. Prevalence and clinical charac-

teristics of osteochondritis dissecans of the humeral capitellum

among adolescent baseball players. Am J Sports Med. 2014;42(8):

1963-1971.

27. Luera MJ, Dowling B, Magrini MA, Muddle TWD, Colquhoun RJ, Jen-

kins NDM. Role of rotational kinematics in minimizing elbow varus

torques for professional versus high school pitchers. Orthop J Sports

Med. 2018;6(3):2325967118760780.

28. 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.

29. MacWilliams BA, Choi T, Perezous MK, Chao EY, McFarland EG.

Characteristic ground-reaction forces in baseball pitching. Am J

Sports Med. 1998;26(1):66-71.

30. Makhni EC, Lee RW, Morrow ZS, Gualtieri AP, Gorroochurn P, Ahmad

CS. Performance, return to competition, and reinjury after Tommy

John surgery in Major League Baseball pitchers: a review of 147

cases. Am J Sports Med. 2014;42(6):1323-1332.

31. Martin C, Bideau B, Bideau N, Nicolas G, Delamarche P, Kulpa R.

Energy flow analysis during the tennis serve: comparison between

injured and noninjured tennis players. Am J Sports Med. 2014;

42(11):2751-2760.

32. Matsuo T, Fleisig GS, Zheng N, Andrews JR. Influence of shoulder

abduction and lateral trunk tilt on peak elbow varus torque for college

8 Aguinaldo and Escamilla The Orthopaedic Journal of Sports Medicine



baseball pitchers during simulated pitching. J Appl Biomech. 2006;

22(2):93-102.

33. Naito K, Fukui Y, Maruyama T. Energy redistribution analysis of

dynamic mechanisms of multi-body, multi-joint kinetic chain move-

ment during soccer instep kicks. Hum Mov Sci. 2012;31(1):161-181.

34. Naito K, Takagi H, Maruyama T. Mechanical work, efficiency and

energy redistribution mechanisms in baseball pitching. Sport Tech-

nol. 2011;4(1-2):37-41.

35. Naito K, Takagi H, Yamada N, Hashimoto S, Maruyama T. Interseg-

mental dynamics of 3D upper arm and forearm longitudinal axis rota-

tions during baseball pitching. Hum Mov Sci. 2014;38:116-132.

36. Naito K, Takagi T, Kubota H, Maruyama T. Multi-body dynamic cou-

pling mechanism for generating throwing arm velocity during baseball

pitching. Hum Mov Sci. 2017;54:363-376.

37. Naito K, Takagi T, Kubota H, Maruyama T. The effect of multiple

segment interaction dynamics on elbow valgus load during baseball

pitching. Proceedings of the Institution of Mechanical Engineers, Part

P: Journal of Sports Engineering and Technology. 2018;232(4):

285-294.

38. Olsen SJ, Fleisig GS, Dun S, Loftice J, Andrews JR. Risk factors for

shoulder and elbow injuries in adolescent baseball pitchers. Am J

Sports Med. 2006;34(6):905-912.

39. Oyama S, Myers JB, Blackburn JT. Effects of Trunk Movement on

Pitching Biomechanics and Performance in High School Baseball

Pitchers [dissertation]. Chapel Hill: University of North Carolina at

Chapel Hill; 2012.

40. Oyama S, Yu B, Blackburn JT, Padua DA, Li L, Myers JB. Improper

trunk rotation sequence is associated with increased maximal shoul-

der external rotation angle and shoulder joint force in high school

baseball pitchers. Am J Sports Med. 2014;42(9):2089-2094.

41. Post EG, Laudner KG, McLoda TA, Wong R, Meister K. Correlation of

shoulder and elbow kinetics with ball velocity in collegiate baseball

pitchers. J Athl Train. 2015;50(6):629-633.

42. Putnam CA. Sequential motions of body segments in striking and

throwing skills: descriptions and explanations. J Biomech. 1993;

26(suppl 1):125-135.

43. Roach NT, Lieberman DE. Upper body contributions to power gener-

ation during rapid, overhand throwing in humans. J Exp Biol. 2014;

217(pt 12):2139-2149.

44. Roach NT, Venkadesan M, Rainbow MJ, Lieberman DE. Elastic

energy storage in the shoulder and the evolution of high-speed throw-

ing in Homo. Nature. 2013;498(7455):483-486.

45. Robertson DG, Winter DA. Mechanical energy generation, absorption

and transfer amongst segments during walking. J Biomech. 1980;

13(10):845-854.

46. Robertson DGE. Energy, work, and power. In: Robertson DGE, Cald-

well GE, Hamill J, Kamen G, Whittlesey SN, eds. Research Methods in

Biomechanics. 2nd ed. Champaign, Illinois: Human Kinetics; 2014:

139-147.

47. Sabick MB, Torry MR, Lawton RL, Hawkins RJ. Valgus torque in youth

baseball pitchers: a biomechanical study. J Shoulder Elbow Surg.

2004;13(3):349-355.

48. Sadeghi H, Sadeghi S, Allard P, Labelle H, Duhaime M. Lower limb

muscle power relationships in bilateral able-bodied gait. Am J Phys

Med Rehabil. 2001;80(11):821-830.

49. Saper MG, Pierpoint LA, Liu W, Comstock RD, Polousky JD,

Andrews JR. Epidemiology of shoulder and elbow injuries

among United States high school baseball players: school years

2005-2006 through 2014-2015. Am J Sports Med. 2018;46(1):

37-43.

50. Shimada K, Ae M, Fujii N, Kawamura T, Takahashi K. The mechanical

energy flows between body segments during baseball pitching. Jap-

anese J Biomech Sport Exerc. 2004;8(C):12-26.

51. Siegel KL, Kepple TM, Stanhope SJ. Joint moment control of

mechanical energy flow during normal gait. Gait Posture. 2004;

19(1):69-75.

52. Stodden DF, Fleisig GS, McLean SP, Lyman SL, Andrews JR. Rela-

tionship of pelvis and upper torso kinematics to pitched baseball

velocity. J Appl Biomech. 2001;17(2):164-172.

53. Urbin MA, Fleisig GS, Abebe A, Andrews JR. Associations between

timing in the baseball pitch and shoulder kinetics, elbow kinetics, and

ball speed. Am J Sports Med. 2013;41(2):336-342.

54. 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.

55. Werner SL, Murray TA, Hawkins RJ, Gill TJ. Relationship between

throwing mechanics and elbow valgus in professional baseball pitch-

ers. J Shoulder Elbow Surg. 2002;11(2):151-155.

56. Werner SL, Suri M, Guido JA, Meister K, Jones DG. Relationships

between ball velocity and throwing mechanics in collegiate baseball

pitchers. J Shoulder Elbow Surg. 2008;17(6):905-908.

57. Zajac FE, Neptune RR, Kautz SA. Biomechanics and muscle coordi-

nation of human walking, part I: introduction to concepts, power

transfer, dynamics and simulations. Gait Posture. 2002;16(3):

215-232.

The Orthopaedic Journal of Sports Medicine Segmental Power Analysis of Pitching 9



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /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 false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /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 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


