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Background: It has previously been speculated that baseball pitchers who display excessive forearm pronation at foot contact
(FC) have a higher propensity toward ulnar collateral ligament injury and subsequent surgery.

Purpose: To evaluate the association between degree of forearm pronation/supination at FC and throwing arm kinetics in high
school and professional pitchers, at both the individual (intrapitcher) and the group (interpitcher) level.

Study Design: Descriptive laboratory study.

Methods: High school (n ¼ 41) and professional (n ¼ 196) pitchers threw 8 to 12 fastballs while being assessed with a
3-dimensional motion-capture system (480 Hz). Pitchers at each playing level were divided into a supination or pronation subgroup
depending on degree of forearm pronation at FC. Regression models were built to observe the relationship between forearm
pronation at FC and kinetic and kinematic parameters of interest.

Results: At both the individual and the group level of high school and professional pitchers, there was no significant correlation
between forearm pronation at FC and elbow varus torque (Pmin ¼ .21). For every 10� increase in forearm pronation at FC in the
individual high school pitcher, elbow flexion at FC decreased by 5�, whereas maximum elbow extension velocity was achieved
0.6% later in the pitch. In addition, elbow medial force increased by 4.1 N and elbow varus torque increased by 0.8 N�m for every
10� increase in forearm supination at FC. For every 10� increase in forearm supination in the individual professional pitcher, ball
velocity increased by 0.5 m/s, shoulder external rotation at FC decreased by 11�, and elbow medial force decreased by 5.5 N.

Conclusion: Supination- or pronation-predominant forearm motion during the pitch did not significantly differ between playing
levels. Excessive forearm pronation at FC was not a significant risk factor for increased throwing arm kinetics for high school or
professional pitchers. There was a weak positive association between forearm supination at FC and elbow varus torque in the
individual high school pitcher. Ultimately, coaches and pitchers may be better served by redirecting their focus to other mechanical
aspects of the pitch that may have stronger associations with injury risk implications as well as performance.
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Injury rates have increased steadily over the past 20 years
in professional baseball pitchers.4,28 In Major League Base-
ball (MLB), pitchers bear a disproportionate percentage of
these injuries, accounting for 62.4% of all days spent on the
injured list. Approximately 26.3% of these injuries affect
the throwing elbow, resulting in an average of 74 days of
lost play per year in the MLB.28 In 2015, Conte et al5

observed that 25% of major league and 15% of minor league
pitchers have undergone surgical ulnar collateral ligament
(UCL) reconstruction (colloquially known as “Tommy John”
surgery) each year. Partial UCL tears that can be managed

conservatively still require 3 to 4 months of rehabilitation,
whereas reconstruction rehabilitation can take between 12
and 18 months before return to play.2 A return to presurgi-
cal level of performance is not guaranteed: studies estimate
that 77% to 90% of MLB pitchers do return to play with 80%
returning to a prior level of performance or better.1,2,8,21,23,27

From 2004 to 2014, MLB pitchers who underwent UCL
reconstruction missed an average of 180 days of the regu-
lar season, and cost of recovery amounted to more than
US$2 million per pitcher.21

Given the high incidence, complications, and costs of
UCL tears, injury prevention is a high priority among
players and coaches. Pre-established risk factors for profes-
sional pitchers include a high percentage of fastballs
thrown (above 48%), high peak ball velocity (above 95.7 mph
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[154 kph]), and fewer days between outings.2,3,12 Biome-
chanical researchers have sought to identify full-body kine-
matic and throwing arm kinetic parameters as surrogates
for injury risk using advancements in motion-analysis
technology to potentially identify risk factors.4,11-13

One factor that has been debated in coaching circles is
the degree of forearm pronation at the time of foot contact
(FC) during a pitch. Some coaching staff have suggested
pitchers who display excessive forearm pronation may have
a higher propensity toward increased load of the UCL and
subsequent injury.22 This speculation may originate from
the fact that the common flexor origin of the elbow origi-
nates on the medial epicondyle. With excessive pronation
fatiguing this muscle mass at the medial side of the elbow
with repetitive use, pitchers and coaches may speculate
that this is a risk factor for UCL injury. In addition, FC is
at times referred to as the start of the “power position,”
where pitchers are most receptive to implementation of
changes in the pitching motion11 with potential major
implications for subsequent portions of the pitch. This
extreme forearm pronation in effect causes the baseball to
face second base, away from home plate, during the early
cocking phase. For reference, a less pronated forearm would
result in a baseball facing closer to short-stop for a right-
handed pitcher, as is recommended by USA Baseball.33

One piece of evidence that supports the theory comes from
the relationship between fastball kinematics and UCL recon-
struction. Pitchers throwing a fastball have more forearm
pronation during the cocking phase than those throwing a
curveball.11-13 In addition, pitchers with increased fastball
count have a higher incidence of UCL injury, which poten-
tially could stem from this increased forearm pronation or
from twisting motion. Solomito et al33 found that at FC, the
forearm was pronated 16� on average during a fastball, com-
pared with a 2� supination of the forearm during a curveball.
They also observed that torque about the elbow was signifi-
cantly higher for fastballs compared with curveballs (75.2 vs
70.4 N�m, respectively). Still to date, no group has evaluated
forearm pronation at FC as a potential correlate with throw-
ing arm kinetics. Although Solomito et al observed an associ-
ation between forearm pronation torque at maximum elbow
extension and elbow varus torque in a cohort of collegiate
pitchers, this analysis did not consider the time of FC, which
has traditionally been the moment of question for excessive
forearm pronation. This evaluation in a distinctly collegiate

cohort confined the applicability of its findings to other play-
ing levels, while also limiting its analysis to “between
pitchers” rather than analyzing how an individual pitcher’s
change in forearm pronation angle affects throwing arm
kinetics. Last, this study only evaluated 1 elbow kinetic–-
elbow varus torque–-not considering other directional forces
of strain about the elbow.

Considering the lack of available data, the purpose of the
current study was to compare forearm motion throughout the
pitching motion between high school and professional pitchers
and characterize kinematic and kinetic parameters for sub-
groups of pitchers delineated by degree of forearm pronation
or supination at FC. We also sought to evaluate the associa-
tion between the degree of forearm pronation or supination at
FC with throwing arm kinetics, including elbow varus torque,
both at the individual level (intrapitcher) and between pitch-
ers (interpitcher). We hypothesized no difference in forearm
motion throughout the pitching motion would be observed
between high school and professional pitchers. We also
hypothesized no significant association between elbow varus
torque and forearm pronation at FC would be observed.

METHODS

High school and professional baseball pitchers were
included in this study. The data sets of professional base-
ball pitchers who had previously undergone a biomechani-
cal pitching assessment were provided by Motus Global.
Motus Global deidentified all data before distribution, qual-
ifying this study for exemption from institutional review
board approval under federal guidelines.

Inclusion criteria were professional pitchers who were
on a major league or minor league (low A, high A, AA, and
AAA) roster without record of serious injury (requiring
>2 weeks of rest or rehabilitation) in the previous 6 months
as well as high school pitchers who were actively on a high
school or club baseball team at the time of testing, who were
without record of severe injury (requiring >2 weeks of rest
or rehabilitation) within the past 6 months, and who had
been cleared by a medical professional to participate in
baseball activities. Before participation, high school and
professional pitchers were administered a privacy waiver
and provided written informed consent. For underage
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pitchers, the parent or guardian signed the waiver and
pitchers gave assent.

Demographic data were provided by the pitcher and
including age, preferred throwing arm, experience level,
and injury history. Research staff measured and recorded
each pitcher’s height and mass. The pitcher was given
unlimited time to warm up with his preferred routine for
pitching at full effort (eg, arm bands, stretching, plyometric
care, and long toss). Once the pitcher indicated he was
ready, 46 reflective markers were positioned on anatomical
landmarks as defined previously.15 Positional coordinate
data of the reflective markers were collected using an 8-
camera Raptor-E motion-analysis system (Motion Analysis
Corp) at 480 Hz. Prior to recording the pitches, a single
static calibration was performed to align the pitcher with
the laboratory coordinate system and to define the local
coordinate systems. The global coordinate system was
established based on International Society of Biomechanics
standards34: Y was vertically upward, X was perpendicular
to Y (positive toward home plate from the pitcher’s mound),
and Z was the cross-product of X and Y.

Pitchers were directed to pitch between 8 and 12 fast-
balls with gamelike effort from a regulation dirt mound to
a catcher behind home plate at a regulation distance (18.4
m). Pitchers were allowed to pitch at their own set pace.
Ball velocity was collected with a radar gun behind the
pitcher (Stalker Sports Radar).

All data processing was performed using custom MATLAB
scripts (MathWorks) as described previously.6,15 Data from
the markers were filtered by a low-pass filter (fourth-order,
zero-lag Butterworth filter, 13.4-Hz cutoff frequency).14 FC
was identified as the first frame when the lead toe or heel in
the Z-axis reached the minimum height. Ball release was
calculated as the instant 0.01 seconds after the wrist joint
center passed the elbow joint center in the positive X direc-
tion.9 Stride length was defined as the distance from the
stance leg medial malleolus at the time of maximum knee
height to the lead leg medial malleolus at the time of FC,
normalized as a percentage of body height. Shoulder abduc-
tion was defined as the angle between the distal direction of
the upper arm and the line between the two shoulder markers
with respect to the frontal plane. Shoulder horizontal abduc-
tion was defined as the angle between the upper throwing
arm and the upper trunk in the transverse plane. The angle
between the distal directions of the upper arm and forearm of
the throwing arm was used to define elbow flexion. Forearm
pronation was measured as the degree of supination about the
elbow, where the palm facing toward the torso was considered
0� of pronation and a palm facing directly downward was
considered 90� of pronation (Figure 1). Pitch time was defined
as a percentage that started at FC, 0%, and ended at ball
release, 100%. The pitching motion was divided into 7 time
points:14 maximum knee height, hand separation, elbow
extension, FC, maximum shoulder external rotation, ball
release, and maximum shoulder internal rotation.

Statistical Analysis

Analyses were performed separately for the 2 populations
(professional and high school pitchers) to avoid confounding

based on playing levels. Within each population, all pitches
with forearm pronation at >0� were assigned to the prona-
tion group, whereas all pitches with forearm pronation at
<0� were assigned to the supination group. Pitches with
outlier values (�3 or �3 SD away from the mean) for fore-
arm pronation and ball velocity were removed. In addition,
in each group, pitchers with <3 pitches or those with a
range of forearm pronation <10� across pitches were
removed to maintain an adequate range for intrapitch anal-
yses.20,31 A flowchart demonstrating the pitches and pitch-
ers used in these analyses is included in Figure 2.

Two-sample t tests were used to compare demographic
variables between the 2 groups. The interpitcher effect of
forearm pronation on variables of interest were assessed
with a simple linear regression model between the average
value of the variable of interest and the average forearm
pronation at FC per pitcher. The intrapitcher effect of fore-
arm pronation on variables of interest were assessed using
a mixed-linear effect model between the variable of interest
and forearm pronation at FC for each pitch with random
intercepts. In addition, 2-way mixed-effect analysis of var-
iance (ANOVA) tests were used to account for repeated
measures (more specifically, variables collected at multiple
time points). The average values by pitcher in each group
were used in the ANOVA tests to avoid over-representation
because the number of pitches varied per pitcher. The
parameters B (coefficient of regression), b (normalized coef-
ficient of regression), P, and R2 (coefficient of determina-
tion) were calculated for each regression model. Alpha was
set at .05 for all analyses. Statistical analysis was per-
formed using MATLAB 2021a (Mathworks).

RESULTS

A total of 41 high school and 196 professional baseball
pitchers were included in the evaluation (Table 1). There
were 29 high school pitchers in the pronation subgroup and
12 in the supination subgroup. There were 181 professional
pitchers in the pronation subgroup and 15 in the supination
subgroup. At both playing levels, there were no differences

Figure 1. Forearm pronation measurement defined.
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in pronation and supination groups regarding age, height,
weight, or mass (Pmin ¼ .064).

A comparison of the supinated and pronated high school
and professional forearm rotational motions throughout
the pitch is included in Figure 3. For all high school pitchers
combined, pitchers began at a point of increased pronation
(43� ± 30�) at maximum knee height that reached a peak
value at hand separation (44 ± 31�). High school pitchers
proceeded to supinate the arm throughout elbow extension
(36 ± 42�) and FC (43 ± 30�), achieving a neutral degree of
supination at maximum external rotation (1 ± 24�) and ball
release (-1 ± 26�). When following through at maximum
internal shoulder rotation, pitchers returned to a position
of pronation (20 ± 31�). For all professional pitchers, a sim-
ilar trend of forearm motions at distinct time points were
reported. However, professional pitchers were shown to
have increased forearm pronation from elbow extension
(P ¼ .023) to maximum shoulder external rotation (P ¼ .022)
compared with high school pitchers. Furthermore, profes-
sional pitchers achieved a neutral position at ball release
distinctly (3 ± 17�), rather than from maximum shoulder
external rotation to ball release as reported for high
school pitchers. Finally, professional pitchers finished

at maximum shoulder internal rotation with increased
pronation compared with high school pitchers (29 ± 20
vs 20 ± 31�, respectively; P ¼ .019). When comparing
specific pronation/supination subgroups, there was no
significant difference at any time points between the
high school and professional pronation/supination sub-
groups (Pmin ¼ .10).

Variability in forearm pronation was also compared
between the 2 playing levels. Compared with professional
pitchers, high school pitchers’ forearm pronation variabil-
ity (as measured by standard deviation) was lower at
maximum knee height (12.5 vs 22.5; P < .001); not statis-
tically different at hand separation (19.1 vs 23.3; P ¼ .204);
significantly higher at elbow extension (51.6 vs 19.6;
P < .001); not statistically different at FC (19.3 vs 17.3;
P ¼ .393); not statistically different at maximum shoulder
external rotation (12.4 vs 11.5; P ¼ .566); not statistically
different at ball release (13.5 vs 13.2; P ¼ .808); and sig-
nificant higher at maximum shoulder internal rotation
(17.7 vs 13.4; P ¼ .032).

Throwing arm kinematic and kinetic parameters are
reported in Table 2 for high school and professional forearm
pronation and supination cohorts. The high school

Figure 2. Flowchart demonstrating the number of pitches/pitchers utilized in analyses for the (A) high school and (B) professional
pitcher cohorts. FC, foot contact. *The following parameters were evaluated for outliers: forearm pronation at FC, ball speed.

TABLE 1
Reported Demographics for Supinated and Pronated Forearm Cohorts Delineated by Playing Levela

High School Pitchers (n ¼ 41) Professional Pitchers (n ¼ 196)

Pronation (n ¼ 29) Supination (n ¼ 12) P Pronation (n ¼ 181) Supination (n ¼ 15) P

Age, years 16.5 ± 1.5 15.9 ± 1.4 .20 21.7 ± 2.3 22.8 ± 2.1 .06
Height, cm 180.4 ± 7.7 179.2 ± 9.3 .655 190.2 ± 5.8 188.4 ± 5.5 .256
Mass, kg 73.1 ± 11.3 72.4 ± 10.8 .861 95.4 ± 9.4 95.9 ± 9.5 .833
Right-handed 22 (75.9%) 11 (91.7%) 147 (81.2%) 12 (80.0%)

aValues are reported as mean ± SD or n (%).
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pronation group had an average ball velocity of 31.4 ± 3.4 m/s,
elbow flexion 99 ± 17�, forearm pronation 30 ± 19�, and
elbow varus torque 54 ± 16 N�m. The high school supination
group had an average ball velocity of 30.7 ± 2.3 m/s, elbow
flexion 93 ± 24�, forearm pronation -14 ± 9�, and elbow varus
torque of 49 ± 14 N�m. A mixed-factorial ANOVA for para-
meters evaluated is included in Table 3.

Regression results between forearm pronation and supi-
nation at FC with kinematic and throwing arm kinetic
parameters are listed in Table 4 for high school pitchers
and Table 5 for professional pitchers. For every 10� increase
in forearm pronation at FC for the individual high school
pitcher, ball velocity decreased by 0.2 m/s (B ¼ -0.02;
b ¼ -0.10; P ¼ .017) and elbow distractive forces decreased
by 7.3 N (B ¼ -0.73; b ¼ -0.09; P ¼ .006). Elbow anterior
force approached significance for the individual high school
pitcher and noted a negative association with increased
forearm pronation (B¼ -0.16; b¼ -0.04; P¼ .056). For every

10� increase in forearm pronation at FC for the individual
high school pitcher, elbow flexion at FC decreased by 5�

(B ¼ -0.46; b ¼ -0.47; P < .001), whereas maximum elbow
extension velocity was achieved 0.6% later in the pitch
(B ¼ -1.53; b ¼ -0.10; P ¼ .011). Elbow medial force
increased by 4.1 N (B ¼ 0.41; b ¼ 0.07; P ¼ .020) and elbow
varus torque increased by 0.8 N�m (B ¼ 0.08; b ¼ 0.06;
P ¼ .016) for every 10� increase in forearm supination at
FC for the individual high school pitcher.

For every 10� increase in forearm pronation at FC for the
individual professional pitcher, ball velocity increased by
0.1 m/s (B ¼ 0.01; b ¼ 0.08; P ¼ .007), shoulder external
rotation at FC decreased by 9� (B ¼ -0.90; b ¼ -0.69;
P < .001), and shoulder abduction at FC decreased by 6�

(B ¼ -0.06; b ¼ -0.09; P < .001). Elbow anterior force
decreased by 2.3 N (B¼ -0.23; b¼ -0.06; P¼ .002) and elbow
distractive force decreased by 10.4 N (B ¼ -1.41; b ¼ -0.08;
P ¼ .017) for every 10� increase in forearm pronation at FC

Figure 3. Forearm pronation throughout distinct time points of the pitch according to (A) high school (HS) and professional (Pro)
pitchers and (B) forearm-pronated and forearm-supinated HS and Pro pitchers. BR, ball release; EE, elbow extension; FC, foot
contact; HS, hand separation; MER, maximum shoulder external rotation; MIR, maximum shoulder internal rotation; MKH, max-
imum knee height.
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for the individual professional pitcher. For every 10�

increase in forearm supination for the individual profes-
sional pitcher, ball velocity increased by 0.5 m/s
(B¼ 0.05; b¼ 0.15; P¼ .031) and shoulder external rotation
at FC decreased by 11� (B ¼ -1.06; b ¼ -0.23; P < .001).
Elbow medial force decreased by 5.5 N (B ¼ -0.55;

b ¼ -0.05; P ¼ .009) for every 10� increase in forearm supi-
nation at FC for the individual professional pitcher.

For the individual or cohort of high school and profes-
sional pitchers, there were no significant correlations found
between forearm pronation at FC and elbow varus torque
(Pmin ¼ .21).

TABLE 2
Kinematic and Kinetic Parameters in High School and Professional Pitchers According to Forearm Pronation and Supination

Subgroupsa

High School (n ¼ 41) Professional (n ¼ 196)

Pronation
(n ¼ 29)

Supination
(n ¼ 12)

Pronation
(n ¼ 181)

Supination
(n ¼ 15)

Foot contact
Stride length, %BH 75.3 ± 4.3 77.4 ± 4.7 78 ± 5.1 77.8 ± 5.7
Shoulder external rotation, deg 38 ± 28 66 ± 26 28 ± 21 51 ± 27
Shoulder horizontal adduction, deg -30 ± 17 -25 ± 9 -39 ± 13 -38 ± 15
Shoulder abduction, deg 89 ± 13 93 ± 15 84 ± 11 83 ± 12
Elbow flexion, deg 99 ± 17 93 ± 24 96 ± 17 98 ± 17
Forearm pronation, deg 30 ± 19 -14 ± 9 33 ± 17 -10 ± 5

Maximum external rotation
Shoulder external rotation, deg 164 ± 12 162 ± 12 166 ± 10 162 ± 10
Shoulder horizontal adduction, deg 10 ± 10 11 ± 10 8 ± 9 10 ± 8
Shoulder abduction, deg 94 ± 10 96 ± 9 92 ± 9 84 ± 9
Elbow flexion, deg 86 ± 12 90 ± 9 90 ± 10 87 ± 8

Ball release
Shoulder horizontal adduction, deg 4 ± 11 5 ± 9 2 ± 10 0 ± 7
Elbow flexion, deg 31 ± 8 33 ± 5 32 ± 6 32 ± 5
Shoulder abduction, deg 92 ± 8 91 ± 9 91 ± 8 84 ± 8
Ball velocity, m/s 31.4 ± 3.4 30.7 ± 2.3 38.0 ± 2.0 37.7 ± 1.7

Peak angular velocities
Elbow extension velocity, deg/s 2,137 ± 288 2,091 ± 139 2,291 ± 272 2,392 ± 244
Elbow extension velocity, %Pitch 91.4 ± 3.2 90.4 ± 3 89.7 ± 1.8 88.6 ± 1.4
Shoulder internal rotation velocity, deg/s 5,832 ± 1134 5,310 ± 689 5,751 ± 1,088 6,028 ± 1,307
Shoulder internal rotation velocity, %Pitch 100.9 ± 3 100.9 ± 2.7 99.2 ± 1.6 98.2 ± 2

Kinetics
Elbow anterior force, N 230 ± 66 249 ± 49 390 ± 62 394 ± 45
Elbow distractive force, N 612 ± 166 570 ± 142 1,072 ± 180 950 ± 180
Elbow medial force, N 243 ± 74 225 ± 64 374.6 ± 63 355 ± 62
Elbow flexion torque, N�m 39 ± 12 42 ± 9 71 ± 12 78 ± 12
Elbow varus torque, N�m 54 ± 16 49 ± 14 88 ± 16 89 ± 18

aBH, body height.

TABLE 3
P Values for Mixed-Factorial ANOVA at Multiple Time Points (Foot Contact to Maximum Shoulder Internal Rotation)a

Forearm Pronation Forearm Supination

Variable
Between Playing

Levels
Timepoint of

Data Collection
Between Playing

Levels
Timepoint of

Data Collection

Shoulder horizontal adduction 0.013 < .001 0.046 < .001
Lead knee flexion 0.161 < .001 0.880 < .001
Shoulder external rotation 0.001 < .001 0.027 < .001
Elbow flexion 0.609 < .001 0.762 < .001
Shoulder abduction 0.049 < .001 0.012 .261
Forearm pronation 0.152 <.001 0.940 <.001

aBoldface P values indicate statistical significance (P < .05). ANOVA, analysis of variance.
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DISCUSSION

In the present study, we have examined excessive forearm
pronation/supination at FC as a source of potential
increased elbow varus torque and, consequently, as a sur-
rogate for potential injury risk. The major findings of this
study were that (1) there was no significant correlation
found between forearm pronation at FC and elbow varus
torque for the individual or cohort of high school and pro-
fessional pitchers (Pmin¼ .21), with additional throwing
arm kinetics, such as elbow anterior force and distractive
force, only showing negative associations with forearm pro-
nation for the individual pitcher at both levels; (2) forearm
pronation at FC was significantly associated with several
kinematic parameters including the timing of maximum
elbow extension velocity as well as shoulder external
rotation and elbow flexion at FC for both cohorts at the
individual level; (3) forearm supination was significantly
positively associated with elbow varus torque for the indi-
vidual high school pitcher; and (4) ball velocity had mixed
relationships with forearm pronation/supination depen-
dent on both the playing cohort evaluated and when delin-
eating between the individual pitcher versus cohort.

Our results lend support to the theory that increased
forearm pronation may not be a significant risk factor for
increased elbow varus torque and by extension UCL injury
in high school and professional pitchers. Even more, our
study noted additional throwing arm kinetics such as elbow
anterior force and distractive forces showed weakly

negative associations with forearm pronation for the indi-
vidual pitcher, in both high school and professional players,
suggesting that increasing pronation for any given pitcher
likely carries little risk of increased kinetic forces/torques
about the elbow joint. To the best of the authors’ knowledge,
only 1 other group has evaluated the role of forearm kine-
matics with elbow kinetic outcomes. Solomito et al32 inves-
tigated collegiate pitchers and observed that at terminal
extension of the forearm for the fastball, there was a nega-
tive association between pronation and elbow varus torque
(P ¼ .013). Though some cadaveric studies have demon-
strated elbow varus laxity was greater when the forearm
was pronated compared with supinated and, thus may
carry risk of UCL injury with excessive pronation,25,26

these are inappropriately applicable to an in vivo pitching
sequence for numerous reasons. First, the degree of prona-
tion in these cadaveric studies is beyond the range of
motion (ROM) of that observed in vivo (cadaveric studies,
40-80�; normal patient ROM, 70-85�).35 Multiple cadaveric
studies utilized specimens with cut UCLs, allowing move-
ment at ranges well outside the typical ROM.25,29 These
studies were able to derive greater elbow varus torque
values when straining the forearm beyond its normal limits
with very little in vivo applicability to forces experienced by
pitchers. In addition, there was no muscle contraction pre-
sent for cadavers, which may be protective in the clinical
setting. Furthermore, simply because a muscle may have a
primary role of pronating the arm and a secondary role in
stabilization against varus instability, this does not mean

TABLE 4
Results of Intrapitcher and Interpitcher Regression Analysis of Forearm Pronation/Supination at FC Among High School
Pitchers (Independent Variable) with Kinematic and Kinetic Parameters that Achieved Significance (Dependent Variable)a

HS Pronation Group (n ¼ 29) HS Supination Group (n ¼ 12)

Intrapitcher Interpitcher Intrapitcher Interpitcher

Parameter B b P R2 B b P R2 B b P R2 B b P R2

Kinematics
Ball velocity –0.02 –0.10 .017 0.96 –0.05 –0.26 .176 0.07 –0.03 –0.13 .111 0.83 0.06 0.21 .504 0.05
Stride length –0.08 –0.29 < .001 0.77 0.01 0.04 .836 <0.001 –0.07 –0.15 .034 0.88 –0.05 –0.09 .769 0.01
Shoulder external

rotation at FC
–0.82 –0.55 < .001 0.95 –0.16 –0.11 .570 0.01 –0.48 –0.21 < .001 0.93 –0.03 –0.01 .978 <0.001

Shoulder horizontal
adduction at FC

–0.06 –0.07 .046 0.97 –0.09 –0.11 .583 0.01 –0.10 –0.12 .134 0.85 –0.15 –0.16 .626 0.02

Timing of maximum
elbow extension
velocity

0.06 0.36 < .001 0.94 –0.03 –0.16 .409 0.03 0.03 0.11 .059 0.93 0.02 0.07 .833 <0.001

Maximum elbow
extension velocity

–1.53 –0.10 .011 0.96 –4.99 –0.33 .076 0.11 –0.21 –0.02 .847 0.85 –0.43 –0.03 .932 <0.001

Elbow flexion at FC –0.46 –0.47 < .001 0.94 –0.21 –0.23 .225 0.05 –0.13 –0.06 .156 0.96 –0.86 –0.31 .320 0.10
Elbow flexion at MER –0.06 –0.09 .013 0.96 –0.26 –0.42 .024 0.18 0.05 0.06 .330 0.93 –0.40 –0.41 .186 0.17
Elbow flexion at BR –0.03 –0.07 .046 0.97 –0.02 –0.05 .810 <0.001 –0.01 –0.02 .715 0.92 –0.18 –0.30 .335 0.09

Kinetics
Elbow distractive force –0.73 –0.09 .006 0.98 –1.94 –0.23 .238 0.05 –0.15 –0.01 .712 0.98 –1.05 –0.06 .841 <0.001
Elbow medial force –0.10 –0.03 .258 0.99 –0.70 –0.18 .342 0.03 0.41 0.07 .020 0.98 0.83 0.11 .724 0.01
Elbow varus torque –0.02 –0.03 .246 0.99 –0.19 –0.24 .210 0.06 0.08 0.06 .016 0.99 0.00 0.00 .998 <0.001

aBoldface P values indicate statistical significance (P < .05). BR, ball release; FC, foot contact; HS, high school; MER, maximum shoulder
external rotation.
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that performing the primary activity always leads to the
secondary role.

In this study, it was observed that forearm pronation at
FC was significantly associated with several other kine-
matic parameters. In particular, professional and high
school pitchers with increased forearm pronation at the
individual level had decreased elbow flexion and shoulder
external rotation at FC, while achieving maximum elbow
extension velocity later in the pitch. These are important
findings given that increased elbow flexion,16 shoulder
external rotation,18 and improper timing of maximum seg-
mental joint velocities17,19,24,30 have all been studied previ-
ously and implicated in increased throwing arm kinetics or
injury risk. Though these parameters were evaluated
during later portions of the pitch (ie, maximum shoulder
external rotation, ball release), the means by which one
kinematic may influence subsequent portions of the pitch-
ing motion is important in elucidating combinatory
sequences that may pose the highest injury risk to pitchers
and warrants further investigation. Although there was a
positive relationship found between forearm pronation at
FC and other full-body kinematics, the directionality of
these relationships is unknown.

Although forearm pronation had no significant kinetic
relationships, forearm supination at FC did show

a positive association with elbow varus torque for the indi-
vidual high school pitcher. Solomito et al33 additionally
observed that for every 1-N�m increase in the supination
moment at maximum elbow extension, there was a 1-N�m
increase in elbow varus torque. Therefore, the potential
for forearm supination as a source of elevated elbow varus
torque during early (current study) and late (Solomito et
al33) portions of the pitching sequence remains plausible.
Coaches may consider instructing pitchers to avoid
extreme supination motions of the forearm throughout the
pitch.

Ball velocity had mixed associations with forearm prona-
tion/supination dependent on the playing cohort evaluated,
as well as, when delineating between the individual pitcher
versus cohort. In particular, for the individual high school
pitcher, ball velocity decreased with increased forearm pro-
nation, whereas for the individual professional pitcher, ball
velocity increased with greater pronation, as well as supi-
nation. Ultimately, it would be difficult to draw any final
conclusion based on these results, but it is plausible that
professional pitchers may be able to achieve faster ball
velocity at more extreme degrees of pronation and/or supi-
nation. Though statistically significant, these associations
were weak and likely may not have significant performance
benefit implications. Additional investigations are needed

TABLE 5
Results of Intrapitcher and Interpitcher Regression Analysis of Forearm Pronation/Supination at FC Among Professional
Pitchers (Independent Variable) with Kinematic and Kinetic Parameters that Achieved Significance (Dependent Variable)a

Professional Pronation Group (n ¼ 181) Professional Supination Group (n ¼ 15)

Intrapitcher Interpitcher Intrapitcher Interpitcher

Parameter B b P R2 B b P R2 B b P R2 B b P R2

Kinematics
Ball velocity 0.01 0.08 .007 0.75 –0.01 –0.13 .091 0.02 0.05 0.15 .031 0.58 0.15 0.39 .153 0.15
Stride length at FC –0.08 –0.27 < .001 0.90 –0.01 –0.04 .595 <0.001 –0.10 –0.11 < .001 0.93 –0.14 –0.11 .706 0.010
Timing of maximum

shoulder internal
rotation velocity

0.01 0.10 < .001 0.86 0.00 –0.03 .724 <0.001 0.02 0.05 .215 0.89 0.01 0.03 .916 <0.001

Shoulder external
rotation at FC

–0.90 –0.69 < .001 0.89 –0.3 –0.25 .001 0.06 –1.06 –0.23 < .001 0.96 0.99 0.17 .555 0.03

Shoulder horizontal
adduction at FC

–0.01 –0.01 .546 0.95 0.02 0.02 .741 <0.001 –0.18 –0.08 < .001 0.97 –0.07 –0.02 .937 <0.001

Shoulder abduction at
FC

–0.06 –0.09 < .001 0.95 0.05 0.08 .281 0.01 –0.05 –0.03 .224 0.97 0.87 0.32 .244 0.10

Elbow flexion at FC –0.32 –0.33 < .001 0.94 –0.06 –0.06 .391 <0.001 –0.29 –0.10 < .001 0.96 –0.20 –0.05 .848 <0.001
Shoulder external

rotation at MER
0.03 0.05 < .001 0.97 0.07 0.12 .100 0.02 –0.02 –0.02 .362 0.98 0.46 0.20 .47 0.04

Shoulder horizontal
adduction at MER

0.02 0.04 < .001 0.97 0.04 0.07 .350 <0.001 0.04 0.03 .163 0.97 –0.19 –0.10 .718 0.010

Elbow flexion at BR 0.01 0.04 .005 0.96 0.02 0.05 .498 <0.001 –0.03 –0.04 .088 0.96 –0.37 –0.32 .241 0.10
Timing of maximum

elbow extension
velocity

0.07 0.61 < .001 0.83 0.00 0.02 .785 <0.001 0.07 0.29 < .001 0.51 0.01 0.04 .884 <0.001

Kinetics
Elbow anterior force –0.23 –0.06 .002 0.89 –0.47 –0.13 .082 0.02 –0.53 –0.07 .061 0.89 1.61 0.16 .569 0.03
Elbow distractive force –1.41 –0.08 .017 0.31 0.15 0.01 .845 0.00 –1.40 –0.05 .104 0.93 16.47 0.41 .130 0.17
Elbow medial force –0.06 –0.02 .269 0.94 –0.18 –0.05 .511 0.00 –0.55 –0.05 .009 0.97 1.46 0.11 .710 0.01

aBoldface P values indicate statistical significance (P< .05). BR, ball release; FC, foot contact; MER, maximum shoulder external rotation.
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to fully explore these ball velocity associations with forearm
kinematic motions.

Strengths and Limitations

A strength of this study is its evaluation of high school and
professional baseball pitching groups separately. Although
other studies involving collegiate pitching populations may
be related, they are not identical, with unique outcomes
having been found between collegiate and professional
baseball players in prior studies.7,10 Some noted sources
of differentiation include power, speed, and agility, as well
kinematic and kinetic measures such as maximum pelvic
velocity, elbow flexion torque, and elbow varus torque dur-
ing the pitch. Therefore, isolating and reporting on these
unique subsets is beneficial for adequate characterization
of an important subset. Reporting all elbow kinetic para-
meters, conducting an intrapitcher and interpitcher analy-
sis, as well as the large sample size evaluated for the
professional cohort are additional strengths unique to this
study.

A limitation of this study is the inability to assess if fore-
arm pronation is an acquired trait, inherent, or influenced
by musculoskeletal capacity or by coaching direction, given
that pitchers were tested at a single point in time with little
understanding of a pitcher’s longitudinal progress or
changes in pitching kinematics over time. It is possible that
due to instruction when learning to pitch, pitchers are
taught different degrees of pronation and retain that
degree of pronation throughout the pitching sequence.
Future studies are needed to track pitchers over time to
better understand how changes in kinematics may influ-
ence loads experienced on both the shoulder and the elbow.
In addition, although a positive association was noted
between forearm pronation at FC and other full-body kine-
matics, the directionality of these relationships is unclear.
The current study evaluated a specific point in the kine-
matic sequence. There may be several variables that play
a role in the subsequent kinematic sequence that can
increase loads on the medial elbow.

Furthermore, wrist injury has been observed as the third
most common musculoskeletal injury in professional pitch-
ers after elbow and shoulder.13 Preliminary data have
found an association between forearm pronation and
increased forces on the ulnar portion of the wrist.33 Our
study did not assess kinetics about the wrist and is war-
ranted in additional studies to see if this kinematic may
have important consequences at the more distal joint. In
addition, musculoskeletal parameters (ie, passive and
active range of motion, muscular strength) were not
included in this study, which may have better supplemen-
ted our study findings and may be warranted in future
evaluations. This study did not include an evaluation of
shoulder kinetics, and thus the potential deleterious effects
of forearm motion on the shoulder cannot be commented on.
The skin-marker interaction may not adequately represent
reflective marker placement at the anatomic surface
intended. Finally, though injury risk can be implied
through the use of throwing arm kinetics as a surrogate for
ligament and soft tissue loading, we did not report actual

injury incidence in these pitchers and the direct influence of
injury risk should not be presumed, limiting this study’s
clinical applicability.

CONCLUSION

Pitchers often utilize a supination- or pronation-
predominant forearm motion throughout the pitching
motion; however, the sequence chosen does not appear to
significantly differ between playing levels when comparing
high school with professional pitchers. Our results also lend
support to the theory that excessive forearm pronation at
FC may not be a significant risk factor for increased throw-
ing arm kinetics and, by extension, injury. Although fore-
arm pronation had no significant kinetic relationships,
forearm supination at FC did have a positive, weak associ-
ation with elbow varus torque for the individual high school
pitcher. Ultimately, coaches and pitchers may be better
served by redirecting their focus onto other mechanical
aspects of the pitch that may have stronger associations
with injury risk implications as well as performance.
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