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The influence of trunk mechanics on the assessment of elbow
position in college aged pitchers
Matthew J. Solomitoa, Erin J. Garibaya, Andrew D. Cohena and Carl W. Nissenb,c

aOrthopedic Research, Connecticut Children’s Medical Centre, Farmington, CT, USA; bThe Sports Centre,
Glastonbury, CT, USA; cThe Bone and Joint Institute, Hartford, CT, USA

ABSTRACT
Researchers have postulated that the rise in the incidence of pitching
injuries is partially due to poor pitching mechanics. A topic that is
often debated revolves around the correct positioning of the elbow
in relationship to the body. Therefore, this study attempts to under-
stand the associations of vertical or horizontal elbow positon with
upper extremity joint moments, and ball velocity, and how elbow
position is influenced by trunk position. Motion analysis data from 99
collegiate pitchers were analysed for this study. A random intercept,
mixed-effects regression model was used to determine if statistically
significant associations existed between elbow position and upper
extremity joint moments and ball velocity. Results indicated that
visual impressions of the elbow position were highly correlated
with trunk position, whereas kinematic definitions of elbow position
were correlated to the glenohumeral angle. Visual vertical and hor-
izontal elbow position was associated with increased elbow varus
moments (p = 0.001) and ball velocity (p = 0.019), respectively.
Whereas kinematic elbow position was not associated with either
upper extremity joint moments or ball velocity. Therefore, what
coaches visually interpret as an improperly positioned elbow may
actually be a combination of lateral lean, anterior tilt, and over
rotation of the trunk.

ARTICLE HISTORY
Received 24 July 2019
Accepted 6 April 2020

KEYWORDS
Elbow position; trunk;
kinetics; pitching

Introduction

The incidence of shoulder and elbow injuries in baseball pitchers has increased over the last
few decades (Conte et al., 2016; Gugenheim et al., 1976; Lyman et al., 2001; Saper et al.,
2018), and recent reports have indicated that the number of UCL injuries for baseball
pitchers between the ages of 15 and 24 is expected to rise through 2025 (Mahure et al.,
2016). Many researchers have postulated that this rise in the incidence of pitching injuries is
partially due to poor pitching mechanics (Aguinaldo & Chambers, 2009; Chalmers et al.,
2017; Fleisig et al., 1995; 2006; Nissen et al., 2009; Solomito et al., 2013; Werner et al., 2002).
A topic that is often debated revolves around the correct positioning of the elbow during
the pitching cycle. It has been described that when the upper arm is in 90° of vertical
shoulder abduction (i.e., the elbow is at the level of the shoulder) and 0° of horizontal
shoulder abduction (the elbow is in the plane of the trunk/body) the pitcher is in the ‘power
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position’ (Christoffer et al., 2019). When the arm is not in this slot studies have indicated
that the there is an increased stress on the pitchers arm as well as a reduction in ball velocity
(House, 2000). This theory has been explored to some extent (Escamilla et al., 2018), but the
optimal arm slot that would allow pitchers to achieve the best performance with the
smallest joint moments is still unclear.

Albright et al. were the first to compare visual assessment of the pitching motion with
motion analysis data collected using slow motion video captured from multiple angles
(Albright et al., 1978). Albright et al. determined that ‘rushing the pitch‘ or ‘opening up
too early‘, essentially allowing the body to move or rotate in front of the pitching arm,
increased the risk of injury for a pitcher (Albright et al., 1978). More recently, Werner
et al. studied the pitching mechanics of 40 professional pitchers in a game setting and
found several kinematic variables, including shoulder abduction angle at foot contact,
were correlated with the elbow varus moment (Werner et al., 2002). However,
a laboratory-based study conducted by Matsuo et al. contradicted Werner et al. when
they found no evidence of a relationship between shoulder joint abduction and elbow
moments in a cohort of 33 college pitchers (Matsuo et al., 2006). Simulation techniques
have also been used to investigate the relationships between shoulder kinematics and
elbow moments, and have determined that 90° of shoulder abduction position did not
always minimise the elbow varus moment (Matsuo et al., 2002). Matsuo et al. evaluated
the relationship between the elbow varus moment, shoulder abduction, and trunk lean
(Matsuo et al., 2006). They determined that peak elbow varus moment was minimised at
100° of shoulder abduction and 10° of contralateral trunk lean. Their results, however,
indicated that shoulder abduction alone had no significant relationship with elbow varus
moments or wrist velocity. Hence, Matsuo et al. and others have proposed that further
study is necessary to determine the contributing kinematic factors that affect elbow loads
(Fleisig, 1994; Kamineni et al., 2004; Levin et al., 2004).

The pitching motion is complex and involves the movement of multiple joints in all three
anatomic planes in a coordinated and precisely timed fashion. Therefore, determining
whether or not a pitcher achieves an appropriate arm slot from visual assessment alone can
be extremely difficult (Christoffer et al., 2019). Typically, coaches rely on visual qualitative
assessments of a pitcher’s mechanics while throwing from themound (Escamilla et al., 2018).
In many cases, coaches assess arm position using visual means, or use linear measurements
using video analysis software (i.e., Dartfish (Dartfish, Fribourg, Switzerland)). Using these
linear measurement methods, the vertical position of the elbow, elbow height, is assessed as
the vertical distance between the shoulder and the elbow when viewed in the front (i.e.,
coronal plane). Similarly, the elbows horizontal position, elbow drag, is assessed as the
horizontal distance between the shoulder and the elbow when viewed from the side (i.e.,
sagittal plane). What a coach visually assesses as a properly positioned elbow may actually be
a combination of abnormal kinematic motions which, when summed, appear normal. For
example, increased trunk lateral lean away from the pitching arm and decreased glenohum-
eral abduction can give the appearance that the pitchers’ arm is in the appropriate slot when
visually assessed. This misinterpretation is potentially dangerous for pitchers as previous
studies have indicated that lateral trunk lean away from the pitching arm increases the elbow
varus moment (Oyama et al., 2013; Fleisig et al., 2011; Solomito et al., 2015). This points out
that visual assessment may not be able to fully appreciate the kinematic relationships between
the elbow position, shoulder angle, and trunk position.
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Therefore, the purpose of this study was to determine the difference between assessing
elbow position in isolation compared to an assessment of elbow position taking into
account the orientation of the trunk. It was hypothesised that the assessment of elbow
position in isolation would be significantly associated with the position of the trunk, as
well as the glenohumeral internal rotation moment, the elbow varus moment, and ball
velocity.

Methods

This study was approved by Connecticut Children’s Medical Centre’s Institutional
Review Board, and all study participants provided written consent prior to data collec-
tion. Ninety-nine college-aged pitchers were recruited for this study and their data were
combined with other previously collected college-aged pitchers. All participants pitched
for a competitive collegiate baseball team (i.e., National Collegiate Athletic Association
Division I and III schools) and were between the ages of 18 and 24 at the time of data
collection. None of the participants had previous shoulder or elbow surgery. Participants
were also excluded if they had experienced a serious injury to their pitching arm, defined
as an injury or pain that caused the participant to miss at least one game or practice in the
preceding 6 months. At the time of the analysis, all participants denied shoulder and/or
elbow pain and all were capable of pitching at full effort.

Anthropometric measurements (Table 1) were taken for each participant prior to the
application of 38, 14 mm diameter reflective markers, which were attached over specific
bony landmarks to allow the calculation of joint kinematics throughout the pitching cycle
as previously described (Nissen et al., 2007). Two additional markers were placed on the
ball in order to determine the time of ball release, calculate ball speed, and compute the
upper extremity joint kinetics.

Prior to the start of the data collection, each participant was provided as much time as
he required to warm up and feel comfortable pitching in the laboratory environment. All
participants pitched from a regulation 10-inch mound towards a target with a designated
strike zone located 60 feet 6 inches away. All participants pitched multiple pitch types
(i.e., fastball, curveball, slider, cutter, or change-up) that they chose prior to data collec-
tion based on their comfort to throw those pitches in a game setting. All pitches were
thrown in random order to better simulate a game experience. Each pitcher threw seven
pitches of each of their pitch types resulting in a total of 21 to 28 pitches per participant.
The results of this work are limited to an analysis of the fastball pitches only. Motion data
were collected at 250 Hz using a Vicon 512, 12-camera motion system (Vicon Motion
Systems, Los Angeles, CA, USA). For each participant, the first three fastball trials in
which all reflective markers were visible throughout the pitch cycle were analysed,
regardless of whether the pitch resulted in a strike or ball, as this allows the data to be

Table 1. Demographic data for the study
cohort (N = 99).
Age (years) 19.9 ± 1.4
Height (m) 1.8 ± 0.1
Weight (kg) 88.8 ± 10.9
Upper arm length (cm) 34.4 ± 1.1
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more reflective of a game setting. Pitchers were placed on the pitching mound near the
lab origin and pitched in the negative x-direction, with the positive y-axis defined to the
pitcher’s right.

Initial data processing was performed using Workstation software (Vicon Motion
Systems, Los Angeles, CA, USA) for marker reconstruction, creation of marker trajec-
tories, and generation of kinematics using a 16-segment biomechanical model previously
described (Nissen et al., 2007). A fourth-order zero-lag Butterworth filter with a 15 Hz
cut-off frequency was used to smooth all marker trajectories. Joint kinetics were com-
puted utilising custom MatLab code (MathWorks, Natick, MA, USA) based on standard
inverse dynamics techniques (Greenwood, 1988). All moments presented in this work are
internal moments. The pitching motion was divided by four event times as previously
described (Fleisig et al., 1995), beginning with the instant of lead foot contact (FC) and
ending with the instant of maximum internal rotation of the glenohumeral joint (MIR).
The two intermediate events were the instant of maximal external rotation of the
glenohumeral joint (MER) and ball release (BR).

For the purposes of this study, elbow vertical and horizontal positioning were calcu-
lated using two methods. The first method attempted to define the elbow position in
isolation which would be analogous to a coaches visual assessment of elbow position and
these variables were termed visual elbow vertical position and visual elbow horizontal
position (Christoffer et al., 2019; House, 2000; House et al., 2006; House & Thorburn,
2008; Oyama, 2012). The visual methods of evaluation were chosen to most closely match
the data that would be assessed either visually or through the linear measures made using
computer-assisted video-based measures, as determined by conversations with coaching
staff. The second method was based on a kinematic description of the elbow’s position
that accounted for trunk position; these variables were termed kinematic elbow vertical
position and kinematic elbow horizontal position.

Visual elbow vertical position (Figure 1(a)) was assessed from the frontal view of the
pitcher (i.e., from behind home plate) and was calculated as the vertical distance between the
elbow joint centre and the glenohumeral joint centre in the y-z plane of the laboratory
coordinate system. Similarly, visual elbow horizontal position (Figure 2(a)) was assessed from
the side view of the pitcher (i.e., from third base for a right-handed pitcher or from first base
for a left-handed pitcher) and was calculated as the horizontal distance between the elbow
joint centre and the glenohumeral joint centre in the x-z plane of the laboratory coordinate
system. It is important to note that although these measures are termed as ‘visual‘ the results
are calculated using motion analysis data in a laboratory coordinate system.

Kinematic elbow vertical and horizontal positions (Figures 1(b) and 2(b)) evaluated
kinematic variables evaluate the elbow’s position in relation to the pitcher’s shoulder
girdle and trunk. Kinematic elbow vertical position was calculated as the vertical distance
between the elbow joint centre and a vector extending through the right and left shoulder
joint centres. Similarly, kinematic elbow horizontal position was defined as the horizontal
distance between the elbow joint centre and the vector extending through the right and
left shoulder joint centres. Segment and joint kinematics including lateral trunk lean,
axial trunk rotation, sagittal position of the trunk (i.e., anterior or posterior tilt),
horizontal abduction/adduction of the glenohumeral joint, and vertical abduction/
adduction of the glenohumeral joint, and the elbow varus moment and glenohumeral
internal rotation moment were also included as variables of interest for this study.
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Descriptive statistics were computed for all variables of interest and the means and
standard deviations are presented throughout this work. All variables of interest in this
study were computed at the time of maximal external rotation (MER). MER was chosen
as the time point of interest, as it is easily identified from video analysis. A Pearson’s
correlation was used to determine if visual elbow position was correlated with kinematic
elbow position, and to determine if visual or kinematic elbow positions were correlated
with glenohumeral and trunk kinematics. To determine if there were associations
between the variables of interest and visual and kinematic elbow position a random
intercept mixed effects regression model was used (Goldstein et al., 2002; Greenland,
2000). This model was used because it is capable of taking into account repeated

Figure 1. (a) Definition of vertical elbow position based on a visual assessment. (b) Definition of
vertical elbow position based on the kinematic definition.

Figure 2. (a) Definition of horizontal elbow position based on a visual assessment. (b) Definition of
horizontal elbow position based on the kinematic definition.
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measures using all available trials, thus increasing the precision of the model and
appropriately accounting for variations in the standard error. A p-value of 0.05 or less
was considered as a statistically significant association.

Results

This study included 99 college-aged male pitchers (with a mean age of 19.9 ± 1.4 years).
The average fastball velocity was 32.1 ± 1.9 m/s. Descriptive statistics were computed for
the variables of interest and are included in Table 2.

The results of the Pearson’s correlations indicated that visual vertical elbow position
was not correlated with kinematic vertical elbow position (r = 0.03, p = 0.768) nor was it
correlated with the glenohumeral vertical abduction angle (r = 0.001, p = 0.992).
However, visual vertical elbow position was well correlated with lateral trunk lean
(r = 0.74, p < 0.001). A similar pattern was also noted with visual horizontal elbow
position. Results indicated that the horizontal elbow position was not correlated with
kinematic horizontal elbow position (r = 0.06, p = 0.555), nor was it correlated with the
glenohumeral horizontal abduction angle (r = 0.02, p = 0.844). However, visual hori-
zontal elbow position was correlated with axial trunk rotation (r = 0.51, p < 0.001).
Sagittal trunk tilt was significantly correlated with both visual vertical elbow position
(r = 0.33, p < 0.001) and visual horizontal elbow position (r = 0.22, p = 0.032).

The results of the Pearson’s correlations indicated that kinematic vertical elbow
position was highly correlated with the glenohumeral vertical abduction angle
(r = 0.77, p < 0.001), but was independent of lateral trunk lean (r = 0.04, p = 0.694),
and sagittal trunk tilt (r = 0.01, p = 0.913). Similarly, kinematic horizontal elbow position
was highly correlated with the glenohumeral horizontal abduction angle (r = 0.98,
p < 0.001), but was not correlated with axial trunk rotation (r = 0.01, p = 0.922), or
sagittal trunk tilt (r = 0.12, p = 0.244).

The results of the regression analysis indicate that visual vertical elbow position was
significantly associated with the maximum elbow varus moment (p = 0.001, β = 0.46).
The association indicated that for every 1 cm increase in vertical elbow position (i.e., the
pitcher’s elbow joint is higher than their shoulder joint), the elbow varus moment
increased by 0.46 Nm. Visual vertical elbow position was not associated with the
glenohumeral internal rotation moment (p = 0.748) or ball velocity (p = 0.168). Visual

Table 2. Descriptive statistics (mean and standard deviation) for
variables of interest.
Descriptive statistics for selected parameters

Maximum Elbow Varus Moment (Nm) 76.2 ± 15.4
Glenohumeral Internal Rotation Moment (Nm) 77.5 ± 15.2
Visual Vertical Elbow Position (cm) 8.4 ± 6.9
Visual Horizontal Elbow Position (cm) 0.2 ± 3.6
Kinematic Vertical Elbow Position (cm) 5.6 ± 11.1
Kinematic Horizontal Elbow Position (cm) 9.8 ± 4.8
Lateral Trunk Lean (°) 18 ± 12
Axial Trunk Rotation (°) 3 ± 10
Sagittal Plane Anterior Trunk Tilt (°) 17 ± 10
Glenohumeral Vertical Adduction (°) 77 ± 24
Glenohumeral Horizontal Abduction (°) 19 ± 9
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horizontal elbow position was not associated with the either the elbow varus moment
(p = 0.279) or the glenohumeral internal rotation moment (p = 0.509). However, visual
horizontal elbow position was significantly associated with ball velocity (p = 0.019,
β = 0.09) and the association indicated that for every 1 cm increase in horizontal position
(i.e., the pitchers elbow joint was more in line with the pitcher’s shoulder joint), ball
velocity decreased by 0.09 m/s.

It is also important to point out that visual vertical elbow position was positively
associated with lateral trunk lean away from the pitching arm (p < 0.001, β = 0.46)
indicating that for every 10° increase in lateral lean away from the pitching arm the elbow
appeared to be 4.6 cm higher than the shoulder joint. Vertical elbow position was also
positively associated with sagittal plane trunk tilt (p < 0.001, β = 0.22), indicating that for
every 10° increase in anterior trunk tilt the elbow appeared to be 2.2 cm higher than the
shoulder joint. Similarly, visual horizontal elbow position was associated with axial trunk
rotation (p < 0.001, β = 0.45), indicating that for every 10° increase in axial trunk rotation
(i.e., the pitcher was more open to home plate) that the elbow appeared to fall behind the
shoulder by 4.5 cm. Horizontal elbow position was also associated with sagittal plane
trunk tilt (p < 0.001, β = 0.09), indicating that for every 10° of increased anterior trunk tilt
the elbow appeared to fall behind the shoulder by 0.9 cm.

The regression analysis indicated that kinematic vertical elbow position was not
associated with the elbow varus moment (p = 0.118), the glenohumeral internal rotation
moment (p = 0.354), or with ball velocity (p = 0.890). Kinematic vertical elbow position
was also not associated with the lateral trunk lean (p = 0.918) nor with sagittal plane
trunk tilt (p = 0.055). Similarly, kinematic horizontal elbow position was not associated
with the elbow varus or glenohumeral internal rotation moment (p = 0.993, p = 0.120,
respectively), nor was it associated with ball velocity (p = 0.373), axial trunk rotation
(p = 0.298), or sagittal plane trunk tilt (p = 0.861).

Discussion and implications

The purpose of this study was to understand the implications of trunk position on elbow
position. This study attempted to further explore the implications of visually assessing
elbow position in isolation compared to kinematically assessing elbow position using
three-dimensional biomechanical modelling, which took into account trunk position. An
understanding of the methods used to assess elbow position and their association with
performance (i.e., ball velocity) and injury potential (i.e., increased joint moments) are
important to ensure that coaches and trainers make the appropriate corrections to
a pitcher’s mechanics to modify arm position. The results of this study show that the
assessment of elbow position in isolation is very different than the kinematic definition of
elbow position accounting for trunk orientation. These differences have significant
implications for coaches and trainers.

The results of this study demonstrated that there was a significant difference between
the visual assessment and kinematic assessment of elbow position which is corroborated
by previous studies that indicated that further kinematic analysis is necessary to fill in
current gaps in knowledge (Atwater, 1979). The results of this study indicated a lack of
a direct association between visual vertical elbow position and kinematic vertical elbow
position. This finding was likely caused by a strong correlation between lateral trunk lean
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and visual vertical elbow position indicating that visual assessment of a single segment
alone might not be adequate enough to accurately assess a pitcher’s mechanics. For
example, a pitcher that laterally leans away from their throwing arm may appear to have
a visually higher elbow relative to the shoulder despite no changes to shoulder abduction.
In order to more accurately define elbow height, it is necessary to take into account trunk
position. Kinematic elbow position does this by accounting for the changes in trunk
position as evidenced by the fact that there were no correlations or associations between
the trunk and vertical elbow position. Therefore, visual elbow position may be an
important visual indicator of poor lateral trunk lean and an excessive anterior trunk
tilt. Additionally, the result of the regression analysis indicated a significant increase in
the elbow varus moment as vertical elbow position increases. This finding makes intuitive
sense when the lateral trunk position is also taken into account as increased lateral trunk
lean away from the pitching arm increases the appearance of a ‘high elbow‘, as well as the
fact that previous studies have indicated that increased lateral lean away from the
pitching arm substantially increases the elbow varus moment (Oyama et al., 2013;
Solomito et al., 2015). Therefore, what may appear as a ‘high elbow‘ may not be caused
by poor arm alignment but rather is caused by excessive lateral trunk lean. This finding
suggests that coaches that visually, see a ‘high elbow‘ should work with the pitcher on
improving trunk position and core strength before modifying the pitcher’s arm slot.
These findings are consistent with previous studies that indicated that lateral trunk lean
was greatest in pitchers with an overhead arm slot, and lowest in the pitchers throwing
side arm (Escamilla et al., 2018). Additionally, it was also noted that overhand slot
pitchers also had the greatest anterior trunk tilt (Escamilla et al., 2018).

Similarly, there was no direct relationship between visual horizontal elbow position and
kinematic horizontal elbow position. The results of the regression analysis also indicated
that axial trunk rotation was highly associated with the appearance that the elbow was
either even with or slightly behind the plane of the body. Therefore, the visual horizontal
positioning of the elbow may be an important visual indicator of poor axial rotation
sequencing for a baseball pitcher which is also difficult to directly assess on field.
Additionally, the results indicated that the more the elbow visually ‘drags‘ behind the
body the slower the ball velocity. Incorrect rotational sequencing has been previously
shown to negatively affect ball velocity (Oyama et al., 2014; Stodden et al., 2001; Urbin
et al., 2013), which supports the findings of this study. Therefore, coaches can use
horizontal arm position not only as a means of correcting rotational sequencing issues
but also as a means of improving a pitcher’s ball velocity.

Interestingly the results of this work indicated that there were no associations between
upper extremity joint moments or ball velocity when elbow position was kinematically
defined. Since the difference between the kinematic and visual definitions of elbow
position revolves around the inclusion of trunk position in the calculations, these findings
further support the idea that the trunk plays a major role in pitching mechanics
(Aguinaldo et al., 2007; Matsuo et al., 2006; Oyama et al., 2013; 2014; Solomito et al.,
2018; 2015; Stodden et al., 2001). Additionally, the results of this study also seem to suggest
that elbow position is not important in comparison to the position of the trunk. However,
caution should be taken when interpreting the results in this way as the study cohort was
comprised of Division I and III NCAA pitchers, who should be using proper mechanics
and arm slots to have made it to this level of competition. Therefore, additional work on
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this topic should be performed in youth pitchers that are still developing appropriate
pitching mechanics to fully understand the implications of elbow positioning.

This study does have limitations. The results of this study were based on the fastball
motion only. Therefore, we do not know if these results can be applied to other pitch
types. The pitcher’s had an average age of 20 and therefore generalising our findings to
adolescent or professional pitchers is not appropriate without further study. This study
was performed in the motion analysis laboratory with limitations inherent in that
research setting; however, these limitations were addressed by allowing pitchers adequate
time to become acclimated to the testing conditions and by using a regulation mound as
well as placing the target 60 feet 6 inches away. The pitching velocity reported in this
work may appear to be lower than expected for this level of pitcher, however, the low-ball
velocity is caused by the addition of motion analysis markers on the baseball which is
known to slow the ball by up to 3 m/s (Solomito et al., 2019); however, all participants
pitched using an instrumented ball allowing for the study results to be comparable across
all participants. Finally, there have been a number of studies that have indicated that the
visual assessment alone may not be adequate to fully identify mechanical flaws within the
pitching cycle (Christoffer et al., 2019; Nicholls et al., 2003; Oyama, 2012), and therefore
accurately assessing visual positioning as described in this paper may also be difficult.
However, a paper by Nicholls et al. did indicate that visual assessment through 2D high-
speed video analysis could be used to adequately assess trunk lean (Nicholls et al., 2003).

Conclusion

The results of this study indicated that there is a difference in the visual and kinematic
interpretations of elbow position. The results of this study further highlight the important
role that the trunk plays in pitching mechanics. More importantly, however, is that this study
indicates that the visual interpretation of the elbows position, specifically a high elbow, or
a dragging elbow, could be used to key a baseball coach or trainer to a potentiallymore serious
issue with a pitcher’s rotational sequencing or lateral trunk positioning. For example, instead
of correcting a pitcher’s high elbow, a coachmay focus on improving lateral trunk positioning
either through coaching or improving core strength to help a pitchermaintain amore upright
position. Therefore, in the absence of motion analysis tools, visual indicators, such as elbow
position, could be used to more appropriately correct poor mechanics.
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