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Background: A lack of lumbopelvic-hip complex (LPHC) stability is often associated with altered pitching mechanics, thus
increasing pain and injury susceptibility. The single-leg squat (SLS) is a simple diagnostic tool used to examine LPHC stability.

Purpose: To examine the relationship between trunk compensatory kinematics during the SLS and kinematics at foot contact
during the windmill pitch.

Study Design: Descriptive laboratory study.

Methods: Participants included 55 youth and high school softball pitchers (mean age, 12.6 ± 2.2 years; height, 160.0 ± 11.0 cm;
weight, 60.8 ± 15.5 kg). Kinematic data were collected at 100 Hz using an electromagnetic tracking device. Participants were asked
to complete an SLS on each leg, then throw 3 fastballs at maximal effort. Values of trunk flexion, trunk lateral flexion, and trunk
rotation at peak depth of the SLS were used as the dependent variables in 3 separate backward-elimination regression analyses.
Independent variables examined at foot contact of the pitch were as follows: trunk flexion, trunk lateral flexion, trunk rotation,
center of mass, stride length, and stride knee valgus.

Results: The SLS trunk rotation regression (F(1,56) ¼ 4.980, P ¼ .030) revealed that trunk flexion predicted SLS trunk rotation
(SE ¼ 0.068, t¼ 2.232, P¼ .030) and explained approximately 7% of the variance in SLS trunk rotation (R2¼ 0.083, adjusted R2¼ 0.066).
The SLS trunk flexion regression (F(1,56) ¼ 5.755, P ¼ 0.020) revealed that stride knee valgus significantly predicted SLS
trunk flexion (SE ¼ 0.256, t ¼ 2.399, P ¼ .020) and explained approximately 8% of variance in SLS trunk flexion (R2 ¼ 0.095,
adjusted R2 ¼ 0.078).

Conclusion: Additional trunk rotation and trunk flexion at peak depth of the SLS showed increased knee valgus and trunk flexion
at foot contact of the pitch, both of which indicate poor LPHC stability during the softball pitch and may increase the potential for
injury.

Clinical Relevance: Players and coaches should implement SLS analyses to determine their players’ risk for injury and com-
pensation due to poor core stability.

Keywords: core stability; lumbopelvic-hip stability; pitching injury susceptibility; windmill softball pitch

Despite the perception that pitching is an upper-extremity
activity, proper utilization of the lower extremity and trunk
is needed for optimal performance and decreased injury
susceptibility.** Softball pitching is a full-body dynamic and
sequential movement that relies heavily on lower-

extremity contribution to achieve maximal pitch velocity,
control, accuracy, and proper mechanics. This total-body
dynamic movement is the result of the integrated, multi-
segmented system of the body acting as a kinetic chain.
Kinetic chain efficiency is accomplished when the proximal
or lower extremity can generate and produce maximal
energy and force to be transferred through the trunk and
on to the distal upper extremity and into the ball. Any
alteration in force generation or transfer results in a
disruption in the kinetic chain, placing undue stress on
injury-susceptible joints.6,19,23,44,45 While most literature
regarding softball pitching mechanics focuses solely on the
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upper extremity,26-29,34,35,42,51,52 research has shown the
importance of proximal to distal sequencing via the kinetic
chain.6,19,44

Typically, dynamic upper extremity movements utilize
the proximal lower extremity to generate 50% to 55% of the
total energy generated at the distal end of the
chain.6,17,19,44 However, for the efficient transfer of energy
from the lower to upper extremity, there must be
lumbopelvic-hip complex (LPHC) stability.6,18,19,44,45 Sta-
bility of the LPHC during dynamic upper-extremity move-
ments is commonly associated with gluteal muscle
activation resulting in pelvic stability.5,20,21,25,30,35,37-39 It
has been theorized that the LPHC provides the proximal
stability for distal mobility, highlighting the role of the
LPHC in providing a stable platform against which distal
muscles can pull and accelerate.18 Therefore, we define
LPHC control as the ability to stabilize the LPHC in an
effort to mobilize segments distal to the trunk. Specific to
dynamic upper extremity movement, we see the effect of
LPHC control in trunk kinematics and pitch vol-
ume.1,11,27-29,34,36 Additionally, it is known that the muscu-
lature of the lower extremity is active during the softball
pitch,35 and it is the activation of the gluteal musculature
in both the drive and stride leg that controls the trunk in
softball pitching.35

Examination of LPHC control and stability is commonly
performed through the assessment of a single-leg squat
(SLS).7,40,47,50 The SLS is a reliable assessment of LPHC
strength,7,49 sport performance,12,40 and lower-extremity
pain.13 Those with reduced LPHC stability often display
compensatory mechanics of knee valgus, pelvic tilt, trunk
lean, and trunk rotation.18 The functional stability of the
LPHC is fundamentally supplied through the activation of
the gluteal muscle group. Specifically, the gluteal muscle
group allows for stabilization of the trunk over single-leg
support. Thus, SLS assessment of LPHC stability empha-
sizes weakness in the gluteal muscle group resulting in
kinematic compensations of knee valgus, trunk flexion, and
trunk rotation.7,40,47,50

An examination of the literature regarding LPHC stabil-
ity and upper-extremity dynamic movement, specifically in
baseball, revealed that a lack of LPHC stability during the
SLS is often associated with altered pitching mechanics,
thus increasing pain and injury susceptibility.21,40,50 Based
on the known compensatory patterns displayed in SLS
assessment, we hypothesized that individuals who display
greater knee valgus, trunk flexion, and/or trunk rotation

during the SLS may also display trunk compensations dur-
ing a dynamic upper-extremity movement, such as the
windmill softball pitch. Trunk kinematics during the wind-
mill pitch have previously been shown to differentiate those
softball pitchers who currently experience upper-extremity
pain from those who do not. More specifically, those with
upper-extremity pain display differences in trunk flexion,
trunk rotation, stride length, and center of mass position-
ing during the windmill pitch. Therefore, it seems plausible
that those who display poor LPHC stability via SLS com-
pensation may also exhibit trunk and lower-extremity
pathomechanics during the windmill pitch previously asso-
ciated with upper-extremity pain.

With the known injury susceptibility in windmill soft-
ball pitching,2,8-10,22,28,43,46 a thorough understanding of
the association of LPHC stability and pitching mechanics
is needed. The purpose of this study was to examine the
relationship between trunk compensatory kinematics dur-
ing the SLS and kinematics during foot contact of the
windmill pitch. We hypothesized that there would be a
relationship between SLS compensations and pitch kine-
matics previously associated with injury. In using a simple
clinical assessment, such as the SLS, athletes, coaches,
parents, and clinicians can identify potential risk factors
that may predispose the athlete to previously recognized
potentially injurious movement patterns during the soft-
ball pitch.

METHODS

A total of 55 youth and high school softball pitchers
(mean age, 12.6 ± 2.2 years; height, 160.0 ± 11.0 cm;
weight, 60.8 ± 15.5 kg) were recruited to participate.
Inclusion criteria included no lower- or upper-extremity
injuries in the past 6 months and no history of surgery to
the upper or lower extremity. The university’s institu-
tional review board approved all testing protocols. Before
data collection, all testing procedures were explained to
each participant and informed assent and parental con-
sent were obtained.

Participants reported to the laboratory for testing before
engaging in any throwing or vigorous physical activity that
day. After the study explanation, 14 electromagnetic sen-
sors (Flock of Birds; Ascension Technologies Inc) were
affixed to the skin: (1) posterior trunk at the first thoracic
vertebrae (T1) spinous process; (2) posterior pelvis at the
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first sacral vertebrae (S1); (3-4) flat broad portion of the
acromion (bilaterally); (5-6) bilateral upper arm at the del-
toid tuberosity; (7-8) posterior distal forearm (bilaterally),
approximately halfway between the radial and ulnar sty-
loid processes; (9) dorsum of throwing-side hand, approxi-
mately halfway along the third metacarpal; (10-11) lateral
thigh (bilaterally), approximately halfway between the
greater trochanter and lateral condyle of the knee; (12-13)
lateral shank (bilaterally), approximately halfway between
the lateral condyle of the knee and lateral malleolus; and
(14) dorsum of nonthrowing side foot, approximately half-
way along the second metatarsal. A 15th sensor was
attached to a movable plexiglass stylus for the digitization
of bony landmarks. Sensor attachment sites are displayed
in Figure 1.

Kinematic data were collected at 100 Hz using an elec-
tromagnetic tracking device (trakSTAR; Ascension Tech-
nologies Inc) synchronized with The MotionMonitor
software (Innovative Sports Training).16,24 The digitized
medial and lateral aspect of each joint, and the calculated
midpoint between those 2 points, were used to develop a
linked segment model.30,31,53,54 Shoulder and hip joint cen-
ters were estimated using previously established rotation
methods.15,48 Raw data regarding sensor position and ori-
entation were independently filtered along each global axis
using a fourth-order Butterworth filter with a cutoff fre-
quency of 20 Hz. The world axis was represented with the
positive Y-axis in the vertical direction, anterior to the
Y-axis and in the direction of movement was the positive
X-axis, and orthogonal and to the right of X and Y was the
positive Z-axis. Position and orientation of body segments

were consistent with recommendations from the Interna-
tional Society of Biomechanics.53,54

After sensor attachment and system calibration, partici-
pants performed an SLS repetition on their stride (glove-
arm side) leg.40 Participants were instructed to cross their
arms over their chest, flex the nontesting knee to 90�, and
to squat as low as they could while maintaining single-leg
balance. After reaching peak depth, participants ascended
to the starting position without letting their nontesting foot
touch the ground and without letting their nontesting leg
touch the testing leg.12,40,49 A failed trial consisted of the non-
testing leg touching the ground or resting on the testing leg.
Cadence for the SLS was self-selected by the partici-
pant.12,40,49 Participants were allowed to practice the task
until they were comfortable performing a correct SLS,
however they were not instructed on how to perform the SLS.
This was to ensure that the participant’s preferred movement
was not altered, and that measurement of the SLS was reflec-
tive of the participant’s current state of stability and skill.

After SLS performance, participants were allotted an
unlimited amount of time to prepare for full-effort pitching.
Individual pregame routines were allowed to ensure that
each participant could most closely mimic in-game effort
levels.1 Once participants indicated they were ready, they
performed 3 full-effort fastball pitches to a catcher at reg-
ulation distance (43 ft; 13.1 m).

The pitching motion was examined at foot contact when
the pitcher made initial stride foot contact with the ground
(force plate). The drive leg was defined as the leg ipsilateral
to the pitching arm, and the stride leg was defined as the
leg contralateral to the pitching arm. Center of mass (COM)
position was calculated as a percentage of the pitch, with
0% representing COM directly over the drive leg and 100%
representing COM directly over the stride leg. Stride
length was calculated as a percentage of the participant’s
body height.

The 3 fastball pitch trials were averaged, processed using
a customized MATLAB script (R2010a; MathWorks), and
analyzed using SPSS Statistics 24 software (IBM). All data
were considered normal according to the Shapiro-Wilk test
of normality. Values of trunk flexion, trunk lateral flexion,
and trunk rotation at peak depth of the SLS were used as
the dependent variables in 3 separate backward linear
regression analyses, 1 for each dependent variable. Inde-
pendent variables included the following kinematics at foot
contact during the windmill pitch: trunk flexion; trunk lat-
eral flexion; trunk rotation; COM; stride length; and stride
knee valgus. Each regression began by fitting the full model
and then eliminated variables with a greater than 10%
probability of an association by chance alone (P > .10) to
arrive at a final restricted model. The alpha level was set a
priori to a ¼ .05.

RESULTS

Mean kinematics during the pitch and SLS are presented in
Table 1. The backward regression involving SLS trunk
rotation was statistically significant, F(1, 56) ¼ 4.980, P ¼
.030, and revealed trunk flexion predicted SLS trunk

Figure 1. Image showing sensor attachment sites by body
segment.
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rotation (SE ¼ 0.068; t ¼ 2.232; P ¼ .030). This regres-
sion equation explained approximately 7% of the vari-
ance in SLS trunk rotation (R2 ¼ 0.083; adjusted R2 ¼
0.066). The backward regression involving SLS trunk flexion
was also statistically significant, F(1,56) ¼ 5.755, P ¼ .020,
and revealed stride knee valgus significantly predicted SLS
trunk flexion (SE¼ 0.256; t¼ 2.399; P¼ .020). This regres-
sion equation explained approximately 8% of variance in
SLS trunk flexion (R2 ¼ 0.095; adjusted R2 ¼ 0.078). The
regression analysis involving SLS trunk lateral flexion was
not statistically significant. A summary of the regression
models is displayed in Table 2.

DISCUSSION

The key findings of this study showed that (1) more trunk
flexion in the SLS was associated with more knee valgus at
foot contact of the softball pitch and (2) more trunk rotation
during the SLS was associated with more trunk flexion at
foot contact of the softball pitch (Figures 2 and 3). Both
increased trunk rotation and increased trunk flexion dur-
ing the SLS are typically considered flaws or compensa-
tions for those who present with less LPHC strength and
stability. Often, youth athletes with LPHC weakness resort
to performing the SLS with greater trunk flexion versus
knee flexion.18 Similarly, these athletes with underdevel-
oped LPHC stability will often rotate toward the free leg.
Therefore, both trunk flexion and trunk rotation at peak
depth of the SLS are regularly indicative of poor LPHC
stability.18

The current study has linked these aforementioned SLS
compensations to specific movements during the softball
pitch—specifically, increased knee valgus and trunk flexion
at foot contact. Increased trunk flexion at foot contact of the
windmill softball pitch has been revealed as a trait in youn-
ger, less advanced pitchers, compared with older and more
elite pitching populations.26 Oliver et al34 examined youth
pitchers and presented values of trunk flexion much
greater than a sample of collegiate pitchers presented by
Friesen et al.11 Contrasting values of trunk flexion display
the tendency for younger athletes to rely on more distal
kinetic chain segments, excluding the lower extremity, to
produce pitch velocity. Specifically, it has been reported
that the older, more advanced pitchers demonstrate more
efficient segmental sequencing and total utilization of the
kinetic chain.26 Thus, the current findings of those with
compensations in both the SLS and during pitching could
be a product of poor LPHC control. As a result, the SLS can
be theorized as a tool to identify weakness, not only associ-
ated with total body strength and stability, but also as a
means of identifying pitchers who may be ineffective or

TABLE 1
Kinematic Data During the Pitch and SLSa

Variable

SLS
Peak trunk flexion, degb 21.10 ± 12.45
Peak trunk rotation, degc –1.85 ± 6.26
Peak trunk lateral flexion, degd –3.35 ± 8.03

Pitching motion at foot contact
Trunk flexion, degb 4.45 ± 11.92
Trunk rotation, degc –59.51 ± 14.26
Trunk lateral flexion, degd –7.86 ± 10.37
Center of mass, %e 45.70 ± 5.10
Stride length, m 0.92 ± 0.17
Stride knee flexion, deg –25.73 ± 10.28
Stride knee valgus, deg 1.43 ± 6.24

aData are reported as mean ± SD unless otherwise indicated.
SLS, single-leg squat.

bPositive value ¼ forward flexion.
cNegative value ¼ toward pitching arm.
dNegative value ¼ toward glove arm.
e0% represents center of mass directly over the drive leg and

100% represents center of mass directly over the stride leg.

TABLE 2
Summary Table of Regression Analysesa

SLS Trunk Flexion SLS Trunk Lateral Flexion SLS Trunk Rotation

Full Model
Restricted

Model Full Model
Restricted

Model Full Model
Restricted

Model

R2 0.167 0.095b 0.095 NA 0.146 0.083b

SE estimate 12.15 11.96 8.17 6.18 6.05

Beta Values

Trunk flexion 0.152 — 0.227 — 0.307b 0.288b

Trunk rotation –0.082 — –0.107 — –0.207 —
Trunk lateral flexion 0.246 — 0.030 — –0.032 —
Stride length 0.126 — 0.037 — 0.030 —
COM, % –0.088 — 0.191 — 0.086 —
Stance knee flexion –0.028 — 0.125 — –0.095 —
Stance knee valgus 0.326b 0.308b –0.107 — 0.148 —

aDashes indicate variable data are not included in the final restricted model. COM, center of mass; NA, not available; SLS, single-leg squat.
bStatistically significant (P < .05).
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inefficient at controlling their body throughout the wind-
mill pitch. Although increased trunk flexion has not been
associated with an increased risk of injury, poor position of

the COM has been linked to upper-extremity pain.27 With
trunk flexion affecting COM distribution, it can be hypoth-
esized that there may be a link between increased pitch

Figure 2. Sagittal and transverse view of the SLS at peak depth. (A) Trunk flexion (orange lines) and (B) trunk rotation (orange lines)
during the SLS. SLS, single-leg squat.

Figure 3. (A) Frontal view of the front leg. Orange lines depict knee valgus. (B) Sagittal plane of the trunk. Orange lines depict trunk
flexion.
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trunk flexion and increased injury risk among softball
pitchers. Ideally, pitchers need to create a stable and bal-
anced base around which the distal arm segments can have
a secure point from which to rotate.

Similar to increased trunk flexion, increased knee valgus
during foot contact of the windmill softball pitch is also
thought to be problematic. While the stride foot already
makes high-velocity impact with the ground, increased
knee valgus can load tissues and structures, again increas-
ing the susceptibility of injury and incidence of pain.41 Fur-
thermore, lower-extremity injuries are relevant in softball
pitching,14,32 likely due to the large impact the stride foot
withstands at foot contact. Reports have shown the stride
foot develops ground reaction forces near 140% body
weight;14 therefore, increased knee valgus during stride
foot contact is worrisome. While more trunk rotation during
the SLS is considered to be a compensatory technique for
the less-skilled athletes completing the SLS, increased
knee valgus at foot contact of the softball pitch similarly
demonstrates inefficient LPHC stability. With these find-
ings, it can be suggested that the SLS can be used as a
simple analytic technique to view pitchers’ abilities, espe-
cially in terms of LPHC stability throughout a dynamic
movement.

The limitations of this study include the laboratory envi-
ronment. Although asked to pitch at full-effort as in a game
setting, the less-intense laboratory environment can hinder
true performance level. Another limitation is that pitchers’
prior experience with SLS was not accounted for; however,
it can be assumed that many of the pitchers of the same age
group and region of the state would have similar training
practices. Similarly, SLS peak depth was not instructed or
standardized, meaning pitchers may have achieved differ-
ing levels of depth that could affect other SLS kinematics
and results. It is also important to note that these regres-
sion equations did not explain a profound amount of vari-
ance within the SLS variables. It can be argued that
athletes can isolate training to solely improve SLS perfor-
mance and not pitch mechanics, but the idea is that as
players improve their trunk and core stability, they might
also be able to improve their pitch mechanics, namely core
stability, upon stride foot contact. Last, the sensor fixation
to the skin is potentially susceptible to movement artifact,
although every effort was made to properly secure the sen-
sors with tape and adhesive spray.

CONCLUSION

The present study showed that compensations during the
SLS, which were previously related with upper-extremity
pain, were associated with pathomechanics during the soft-
ball pitch. Therefore, those pitchers who present increased
trunk flexion and rotation during the SLS may pose an
increased risk of injury throughout the windmill softball
pitch and should, therefore, work to develop trunk strength
and stability in an effort to minimize risk of injury and
improve both SLS and pitch mechanics. The SLS is a simple
tool that coaches and parents can use to determine an ath-
lete’s LPHC stability and subsequent risk of softball

pitching injury. If a player presents these easily identifiable
kinematics during the SLS, more care and core stability
training may be given in the attempt to lessen the risk of
injury and also improve softball pitching performance.
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