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Abstract
Context: Movement and loading asymmetry are associated with an increased risk of musculoskeletal injury,
disease progression, and suboptimal recovery. Osteopathic
structural screening can be utilized to determine areas of
somatic dysfunction that could contribute to movement
and loading asymmetry. Osteopathic manipulation treatments (OMTs) targeting identified somatic dysfunctions
can correct structural asymmetries and malalignment,
restoring the ability for proper compensation of stresses
throughout the body. Little is currently known about the
ability for OMTs to reduce gait asymmetries, thereby
reducing the risk of injury, accelerated disease progression, and suboptimal recovery.
Objectives: To demonstrate whether osteopathic screening
and treatment could alter movement and loading asymmetry
during treadmill walking.
Methods: Forty-two healthy adults (20 males, 22 females)
between the ages of 18 and 35 were recruited for this prospective intervention. Standardized osteopathic screening
exams were completed by a single physician for each
participant, and osteopathic manipulation was performed
targeting somatic dysfunctions identified in the screening
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exam. Three-dimensional (3-D) biomechanical assessments,
including the collection of motion capture and force plate
data, were performed prior to and following osteopathic
manipulation to quantify gait mechanics. Motion capture
and loading data were processed utilizing Qualisys Track
Manager and Visual 3D software, respectively. Asymmetry
in the following temporal, kinetic, and kinematic measures
was quantified utilizing a limb symmetry index (LSI): peak
vertical ground reaction force, the impulse of the vertical
ground reaction force, peak knee flexion angle, step length,
stride length, and stance time. A 2-way repeated-measures
analysis of variance model was utilized to evaluate the effects of time (pre/post manipulation) and sex (male/female)
on each measure of gait asymmetry.
Results: Gait asymmetry in the peak vertical ground reaction force (−0.6%, p=0.025) and the impulse of the vertical ground reaction force (−0.3%, p=0.026) was reduced
in males following osteopathic manipulation. There was no
difference in gait asymmetry between time points in females. Osteopathic manipulation did not impact asymmetry in peak knee ﬂexion angle, step length, stride length,
or stance time. Among the participants, 59.5% (25) followed the common compensatory pattern, whereas 40.5%
(17) followed the uncommon compensatory pattern. One
third (33.3%, 14) of the participants showed decompensation at the occipitoatlantal (OA) junction, whereas 26.2%
(11), one third (33.3%, 14), and 26.2% (11) showed decompensation at the cervicothoracic (CT), thoracolumbar (TL),
and lumbosacral (LS) junctions, respectively. Somatic
dysfunction at the sacrum, L5, right innominate, and left
innominate occurred in 88.1% (37), 69.0% (29), 97.6% (41),
and 97.6% (41) of the participants, respectively.
Conclusions: Correcting somatic dysfunction can influence
gait asymmetry in males; the sex-specificity of the observed
effects of osteopathic manipulation on gait asymmetry is
worthy of further investigation. Osteopathic structural
examinations and treatment of somatic dysfunctions may
improve gait symmetry even in asymptomatic individuals.
These findings encourage larger-scale investigations on the
use of OMT to optimize gait, prevent injury and the progression of disease, and aid in recovery after surgery.
This work is licensed under the Creative Commons Attribution 4.0
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The use of manual medicine for the treatment of musculoskeletal complaints dates back to around 400 B.C. when
Hippocrates utilized manipulation on the ancient Greek
athletes [1]. Present-day osteopathic medicine focuses on
the body’s unique ability to heal itself as well as the interrelationship between structure and function [1]. Osteopathic
physicians may employ manual medicine techniques with
the goal of restoring maximal, pain-free appendicular and
axial skeletal joint movements. To accomplish this goal, a
physician needs to be able to identify dysfunctional movement patterns and seek to correct the dysfunctional structure(s) leading to functional improvements.
Andrew Taylor Still, D.O., the founder of osteopathy
and osteopathic medicine, said, “The fascia is the place to
look for the cause of disease and the place to consult and
begin the action of remedies in all diseases” [2]. In accord,
Gordan Zink, D.O., conceptualized and created a structural
screening examination that focuses on fascial distortion
throughout the body [2]. This systematic fascial distortion
is considered common because it can be found in a large
proportion of the population, among both symptomatic
and asymptomatic people, thus it is appropriately named
the “common compensatory pattern” [2]. Zink’s screening
method is an efﬁcient way to evaluate structure and function. It focuses on identifying the fascial preference
at the transition zones, i.e., occipitoatlantal/atlantoaxial
(OA/AA) junction, cervicothoracic (CT) junction, thoracolumbar (TL) junction, and the lumbosacral (LS) junction. These junctional areas are subject to the greatest soft
tissue strain and are the areas where fascial function ﬁrst
changes. Zink believed that if a person had alternating
fascial preferences, the fascial preferences are healthy and
could compensate for stressors placed on the body [2]. This
screening method can identify limb asymmetries and show
a relationship with fascial preference present at the transition zones. Although no person is perfectly symmetric,
identifying whether a person is in a compensated pattern
could indicate an ability to produce proper movement
mechanics.
Quantifying movement mechanics and associated
movement asymmetry is an important part of assessing
human locomotion, with gait being the most commonly
assessed. Gait asymmetry can be defined as a difference in
the behavior of the lower limbs during walking. Many researchers have discussed functional asymmetries with differential contributions to propulsion and control between
limbs [3–9]. However, movement asymmetries, including
those observed during gait, are more commonly associated

with a higher risk of injury and pathology along with
accelerated disease progression [10–19].
Temporal, kinetic, and kinematic gait characteristics
carry clinical importance as potential targets for interventions aimed at preventing injury, slowing disease
progression, and maximizing recovery after injury or surgery. Gait asymmetries in many of these measures have been
previously observed in clinical populations [20–22]. Asymmetries in temporal measures including stride, stance, and
swing times may indicate protective compensatory movement patterns. Kinetic measures such as ground reaction
force proﬁles and kinematic measures such as joint ranges
of motion offer insight into resultant loading and joint
movement patterns, respectively. Technologies such as gait
mats, inertial measurement units, and in-shoe pressure insoles now enable the accessible and objective collection of
these gait measures in a clinical environment. Therefore,
objective gait assessment can now be incorporated in regular clinical evaluation and in response to clinical interventions. The ability to reduce gait asymmetries in these
measures could carry impactful therapeutic implications.
Few studies have evaluated the use of manual therapies
and their effect on gait asymmetry [23–26]. Given the principles and philosophy behind osteopathic manipulation, it
stands to reason that utilizing an osteopathic screening
method like the common compensatory pattern and treating
key areas of somatic dysfunction utilizing osteopathic
treatment techniques may affect gait and reduce asymmetries, thereby reducing the risk of injury and the risk or
progression of osteoarthritis. Previous studies did not utilize
a standard whole-body osteopathic screening method and
instead focused on screening and treatment of a limited
area of the body such as the sacroiliac joint [23–26]. Prior
biomechanical analyses have not assessed temporal, kinetic,
and kinematic variables along with an osteopathic evaluation [23–26]. Additionally, a previous study of 100 healthy
college-age participants found that females exhibit different
structural characteristics including greater anterior pelvic tilt
(+38.7%), femoral internal rotation (+101.1%), knee hyperextension (+168.9%), and knee valgus (+20.2%) compared to
males [27]. In a previous study of 23 females during menses,
there was a higher likelihood of somatic dysfunction in
the lumbar spine (+39.1%), left innominate dysfunction
(+9.0%), and posterior chapman points (+30.4%), which are
smooth, palpable, organ-speciﬁc ganglioform contractions
associated with underlying visceral dysfunction [28]. As
such, sex is a crucial factor to consider in postural analyses
and investigations of manual therapy effects. Therefore, the
purpose of this study was to demonstrate whether osteopathic screening and treatment could alter movement and
loading asymmetry during treadmill walking. We
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Figure 1: Testing protocol.

hypothesized that gait asymmetry would be reduced
following an osteopathic manipulation treating identiﬁed
dysfunctions in both males and females despite potential
structural differences between sexes. This hypothesis was
based on an expectation that osteopathic manipulation
would decrease structural asymmetries, which would in turn
reduce functional asymmetries during gait.

Methods
Participants
Forty-two recreationally active adults between the ages of 18 and 35
were recruited. Exclusion criteria included a history of major lower
extremity surgery, currently being under the care of a medical professional for any musculoskeletal disease or injury, and any lowerextremity injury in the past three months limiting physical activity for
more than one day. Informed consent approved by the Institutional
Review Board (IRB#2016-051) was obtained from the participants prior
to study participation. The researcher explained the study, the associated risks, and what the participant would be asked to do before
giving the participant additional time to read the consent form and
obtaining the participant’s signature indicating consent to participate.
This study is listed in the ClinicalTrials.gov registry (NCT04860999) in
alignment with the Declaration of Helsinki.
Participant age and sex, as either male or female, was indicated by
the participant. All participants completed an osteopathic postural
assessment utilizing the screening technique of Dr. Zink [2] described
above and a pre-manipulation biomechanical assessment in random
order, followed by an osteopathic manipulation and a post-manipulation biomechanical assessment (Figure 1). Pre- and post-manipulation
biomechanics were compared in a paired manner to enable each
participant to act as their own control.

Osteopathic assessment and manipulation
A single osteopathic physician who regularly utilizes manual medicine
techniques in clinical practice completed a standard osteopathic
assessment utilizing the Zink screening method for each participant

(Figure 2). The Zink method was chosen as the screening method to
enable a generalized screening with a focus on transition areas [2].
The postural assessment began by evaluating posture in the sagittal
plane looking for tendencies of lordosis and kyphosis, followed
by comparing leg and arm lengths between sides. Pelvic and sacral
symmetry, along with symmetry at the LS, TL, CT, and craniocervical
(OA) junctions, was assessed by comparing the relative locations of
major landmarks on each side and performing common clinical tests.
For each landmark, either the side that allowed the easiest rotation with
applied force (right/left) or the relative prominence (whether the landmark is higher/lower) was recorded. If no asymmetry was observed,
equal rotation or prominence was recorded. According to the Zink
model, a patient is either in a compensated or decompensated state [2].
This is determined based on the rotation of the transition zones, which
are OA, CT, TL, and LS. A patient is considered compensated if they
follow the rotation pattern of rotation to the left/right/left/right or less
commonly right/left/right/left. If the patient does not follow an alternating pattern, he or she is deemed decompensated.
After the osteopathic postural assessment and pre-manipulation
biomechanical assessment, the osteopathic physician administered
an appropriate osteopathic manipulation utilizing standard techniques for those with somatic dysfunctions [1]. He focused on areas not
following the typical pattern, and structures were in a more neutral,
functional position following treatment. He utilized muscle energy for
pelvic dysfunctions, high-velocity low-amplitude for the spine, articulatory for rib dysfunctions, and facilitated positional release for
sacral dysfunctions [1].

Biomechanical assessment
Participants wore form-fitting shorts and Nike Zoom neutral cushioning athletic running shoes (Nike Inc, Beaverton, OR) provided by
the lab to control for the effects of clothing and footwear on gait
mechanics [29, 30]. Reﬂective markers were placed bilaterally on
lower-extremity bony landmarks to track motion of the body segments
during walking (Figure 3). Anatomic markers were placed on the ﬁrst
and ﬁfth metatarsal head, medial malleolus, medial femoral condyle,
and iliac crest. Tracking markers were placed on the: lateral malleolus;
superior, inferior, and lateral calcaneus; lateral femoral condyle;
anterior superior iliac spine (ASIS); greater trochanter; posterior superior iliac spine (PSIS); and L4/L5 vertebrae (Figure 3). Anatomic
markers were removed after a static calibration trial was recorded.
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Figure 2: Osteopathic postural assessment form.

Participants completed a 5 min walking trial at a set speed of
1.5 m/s. An 8-camera 3-D motion capture system (Qualisys, Gothenburg, Sweden) collected marker trajectory data (120 Hz). A fore-aft split
belt instrumented treadmill (AMTI, Watertown, MA) collected tri-axial
ground reaction forces (1,440 Hz). The ﬁrst and last minutes of the trial
were excluded to ensure consistent cadence.

Participants completed this biomechanical assessment twice:
prior to osteopathic manipulation (pre-manipulation) and immediately after manipulation (post-manipulation). After the initial biomechanical assessment, markers on the L4/L5 vertebrae and PSIS were
removed to enable the participant to lie supine on the testing table
during the osteopathic assessment and/or manipulation. These
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Figure 3: Lower-extremity marker set utilized during biomechanical testing. The photos were taken with participant consent.
markers, along with any additional markers knocked off during
assessment or manipulation, were replaced prior to the post-manipulation biomechanical assessment. It should be noted that when markers
were knocked off, the double-sided tape utilized to secure the markers
to the body usually stayed in place, facilitating consistency in marker
placement between biomechanical assessments. Additionally, all
marker placement was completed by a single evaluator. Prior to the
current study, repeatability of marker placement performed by this
single evaluator was tested. Markers were placed with the same marker
set utilized in the current study at two time points at least 30 min apart.
At each time point, participants walked on the instrumented treadmill
for 3 min while motion capture and force plate data were collected in the
same manner described above. Interclass correlation coefﬁcients were
calculated on peak sagittal and frontal plane joint angles during the
stance phase of gait between the time points. All correlations were
found to be good, ranging from 0.89 to 1. Because the evaluator placed
markers with high repeatability, needing to remove and replace
markers between biomechanical assessments is not believed to have
affected the results.

Data processing and statistical analysis
Motion capture and loading data were processed utilizing Qualisys
Track Manager (Qualisys, Gothenburg, Sweden) and Visual 3D software (C-Motion, Bethesda, MD) and were filtered utilizing fourth-

order, recursive Butterworth filters with cutoff frequencies of 7 and
15 Hz, respectively [31]. Ground reaction force was normalized to body
mass [32–35]. Visual 3D was utilized to identify heel-strike and toe-off
events and to compute bilateral time series data, which was exported
and utilized to calculate asymmetry in peak vertical ground reaction
force, the impulse of the vertical ground reaction force, peak knee
ﬂexion angle, step length, stride length, and stance time. Heel-strike
and toe-off timings were identiﬁed utilizing a force threshold of 25 N on
ground reaction force magnitude, and heel-strike and toe-off timings
were conﬁrmed by visual inspection. Vertical ground reaction force,
the impulse of the vertical ground reaction force, and peak knee
ﬂexion angle were identiﬁed during the stance phase of gait, deﬁned
from heel-strike to toe-off. The impulse of the vertical ground reaction
force was deﬁned as the area under the time-vertical ground reaction
force curve. Asymmetry of each measure was quantiﬁed utilizing a
limb symmetry index (LSI) [36]:
LSI =

|X D − X ND |
∗100 % (26)
0.5∗(X D + X ND )

where an LSI of 0% reflects no asymmetry, and X D and X ND denote
data for the dominant and nondominant limbs, respectively. Participants were asked to kick a soccer ball to identify their dominant lower
limb. A two-way repeated-measures analysis of variance (ANOVA)
model was run to evaluate the effects of time (pre/post-manipulation)
and sex (male/female) on each gait asymmetry measure (α=0.05).
Cohen’s d effect sizes were calculated when statistical signiﬁcance
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Table : Gait asymmetry (mean ± SD) measures and main and interaction effects for each variable.
Variable, LSI%

Males

Females

Pre

Post

Pre

Post

Vertical ground reaction force

. ± .

. ± .

. ± .

. ± .

Vertical ground reaction force impulse

. ± .

. ± .

. ± .

. ± .

Peak knee ﬂexion angle
Step length
Stride length
Stance time

. ± .
. ± .
. ± .
. ± .

. ± .
. ± .
. ± .
. ± .

. ± .
. ± .
. ± .
. ± .

. ± .
. ± .
. ± .
. ± .

Time

Sex

Time × sex

p=.*
d=.a
p=.*
d=.a
p=.*
p=.
p=.
p=.

p=.*
d=.c
p=.*
d=.b
p=.
p=.
p=.
p=.

p=.*
p=.*
p=.
p=.
p=.
p=.

Effect sizes only reported with statistical significance. *p<., avery small effect, bsmall effect, cmedium effect.

was found with effect sizes 0.01<d≤0.2, 0.2<d≤0.5, 0.5<d≤0.8, and
d>0.8 reﬂecting very small, small, medium, and large effect sizes,
respectively [37, 38].

Results
Participants were 24.5 ± 3.9 years old (males, 24.2 ± 4.9
years; females, 24.9 ± 2.9 years), 1.8 ± 0.1 m tall (males:
1.8 ± 0.1 m; females: 1.7 ± 0.1 m), and weighed 72.8 ± 13.5 kg
(males, 79.5 ± 14.6 kg; females, 66.6 ± 9.1 kg) on average
(mean ± standard deviation).

69.0, 97.6, 97.6%) had somatic dysfunction at the sacrum,
L5, right innominate, and left innominate (Figure 4).
Rib 1 dysfunction was experienced by 35/42 (83.3%)
participants, 20/42 (47.6%) participants were found to have
a synonymous long leg and dominant leg, and the long leg
was associated with posterior innominate rotation for 15/42
(35.7%) participants. There was equal leg length in 3/42
(7.1%) participants, and 2/42 (4.8%) did not have a diagnosis
regarding their leg length. 14/42 (33.3%) had OA and AA
rotations in similar direction, and the lateral screening
showed that the posture of 12/42 (28.6%) participants was
deemed ideal despite being considered decompensated
after utilizing the common compensatory screening.

Biomechanical findings
Means and standard deviations of each variable are shown
in Table 1. Asymmetry of vertical ground reaction force and
the impulse of the vertical ground reaction force decreased
for males after osteopathic manipulation but did not
change for females. No main effects or interactions were
observed for asymmetry in peak knee ﬂexion angle, step
length, stride length, or stance time (Table 1).

Osteopathic findings
All participants had somatic dysfunctions identified
by the osteopathic structural examination and therefore
completed a manipulation with the osteopathic physician.
Although 25 participants (59.5%) followed the common
compensatory pattern, 17 participants (40.5%) followed
the uncommon compensatory pattern. Fourteen participants (33.3%) showed decompensation at the OA junction,
while 11, 14, and 11 participants (26.2, 33.3, 26.2%) showed
decompensation at the CT, TL, and LS junctions, respectively. Among the participants, 37, 29, 41, and 41 (88.1,

Discussion
Gait asymmetries were reduced in males but not females
following osteopathic manipulation. This reduction in gait
asymmetry was observed despite the sample population being asymptomatic individuals. Study results suggest that
osteopathic structural evaluation and osteopathic manipulation are important and could be utilized to reduce gait
asymmetry despite the absence of symptoms reflecting
functional impacts of somatic dysfunction. Additionally, the
sex-specificity of observed results is interesting and may
suggest that the drivers of dynamic gait asymmetries differ
between males and females. It is also possible that the timing
of the acute responses to manipulation may differ between
males and females. Regardless of the cause for the sexspecificity of observed results, osteopathic manipulation in
asymptomatic individuals may be more beneficial to reduce
gait asymmetries in males than in females.
According to the Zink model, 80% of the population
should follow the common pattern of left/right/left/right
rotation [2]. However, in this study, 40.5% of our population
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Figure 4: Observed somatic dysfunctions. (A) Zones of decompensation. (B) Participants following a common vs. an uncommon compensatory
pattern. (C) Number of participants with a somatic dysfunction in the sacrum, L5, and innominates who followed the common compensatory
pattern.

presented with the uncommon compensatory pattern.
Because Zink’s model was developed based on personal
experience and has not been scientiﬁcally or objectively
tested, this model may deserve further evaluation and scrutiny to determine its utility as a model to utilize in clinical
situations. Looking at the axial spine patterns, 5/17 (29.4%)
who followed the uncommon pattern were considered
compensated, whereas 2/25 (8.0%) who followed the common pattern were considered compensated. The typical
pattern expected in a patient following the common
compensatory pattern in the pelvic, sacrolumbar area is a left
posterior innominate rotation, a left-on-left sacral torsion,
and a right rotation of the lower lumbar spine [39]. A systematic review including nine studies determining the
impact of artiﬁcial or naturally occurring leg length inequalities on pelvic torsion concluded that anterior

innominate is typically associated with the shorter leg [40,
41]. However, 52.4% (22) of participants had a longer leg
associated with an anterior/inferior innominate rotation.
This discrepancy could be related to the method of
screening. When a patient is supine, the person’s weight is
on the heels and sacrum, which would allow the innominate
to move freely and may eliminate the inﬂuence of the lower
extremity on the pelvis. Conversely, when a person is
screened in a prone position, the weight is on the ASIS,
allowing the sacrum and spine to move freely. Clinically
observed leg length could also relate to the axis of pelvis
rotation, either the pubic symphysis anteriorly or the S2 level
of the sacrum posteriorly. In this study, the osteopathic
screening occurred while the patient was supine. The
biomechanical screening occurred while the patient was
upright and affected by gravity.
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Weight and loading distribution can affect the development of somatic dysfunctions. Mahar et al. [42] found that
simulated lower limb discrepancies of 10 mm were associated
with more weight bearing through the longer extremity
(n=14). In contrast, White et al. [43] found that more weight
was distributed through the shorter extremity (n=20). In a
study including 98 asymptomatic participants, Qureshi et al.
[44] found that participants who exhibited a right anterior
innominate rotation while standing bore more weight
through their left lower extremity. Participants who exhibited
a longer right leg in a standing position tended to bear more
weight through the right lower extremity, whereas participants with a longer left leg bore more weight through the right
(shorter) lower extremity. The authors theorized that the
weight-bearing differences could lead to somatic dysfunctions of the pelvis, sacrum, and lumbar spine [44].
Another consideration is activity participation. Based
on the clinical experience of the authors, when a person is
involved in cutting or field sports, they are more likely to
have more adductor loading resulting in the anteriorly
rotated innominate limb being longer. If individuals are
involved in activities like running, they will experience more
psoas/hamstring loading, causing the anteriorly rotated
innominate limb to appear shorter. Based on biomechanical
principles, any differential load between sides is the result of
an asymmetric gait pattern. Our findings suggest that osteopathic screening and manipulation have the ability to
reduce certain parameters that contribute to gait asymmetry. This has the potential to reduce the differential loading
that could reduce injury risk, decrease the progression of
disease, or aid in postsurgical recovery.
Based on the screening method utilized, every patient
was found to have somatic dysfunction in their innominate, sacrum, and spine. However, treatment of these somatic dysfunctions did not alter gait in females. A previous
investigation has described females as having greater
anterior pelvic tilt, femoral internal rotation, knee hyperextension, and knee valgus compared to males [27]. A
systematic review including 17 studies found that there are
also differences in strength, neuromuscular ﬁring patterns,
and tendon and ligament elasticity that can be affected by
menses [45]. These differences may potentially partially
explain the observed sex differences. In another review
including 20 studies, Corso et al. [46] found evidence that
spinal manipulative treatment in comparison to sham or
other interventions did not enhance performance-based
outcomes in an asymptomatic adult population. Currently,
there have been no studies that we are aware of that
document sex differences related to response to osteopathic manipulative treatment (OMT). This would be an
area worthy of further study.

There were a few limitations in this study. Measurements
were taken while walking on a treadmill, which may lead to
more cautious gait patterns. Additionally, the use of a splitbelt instrumented treadmill required participants to stay in
the center of the treadmill to enable separation of forces
beneath each foot during processing. Many participants
unintentionally shifted from the center at several points
during the walking trials and were asked to correct this shift,
as necessary. This feedback briefly disrupted the natural gait
pattern and may have impacted results, although the analysis of 3 min of gait data is believed to have minimized the
impact of these brief interruptions. To maintain evaluation
consistency, a single osteopathic physician completed all
osteopathic assessments and manipulations. However, this
may limit study external validity since screening results were
not conﬁrmed by another osteopathic physician. To further
evaluate the external validity and robustness of these study
results, a similar study or studies with larger and more
diverse sample populations (by age, activity level, degree of
dysfunction, pathology, race, ethnicity, etc.) would be warranted. Although the literature supports reliability with
repeat marker placement, it is still possible that marker
placement was not identical between biomechanical assessments. The study was done on asymptomatic, healthy
individuals of a limited age range; as such, the generalizability of results is limited. However, it was interesting to ﬁnd
statistically signiﬁcant effects of osteopathic manipulation in
asymptomatic individuals. It can be speculated that if effects
were observed in this population, it is likely that effects
would also be observed in an older, symptomatic population. Similar studies with older participants and those with
known musculoskeletal pathologies would be worthwhile.

Conclusions
Patients with postural asymmetry will have altered body
mechanics, which can increase the risk of injury, musculoskeletal disease, and degenerative joint disease progression.
Osteopathic manipulation reduced gait asymmetries in
males but not females. This sex-specificity of the observed
effects of osteopathic manipulation on gait asymmetry is
worthy of further investigation. Study results did not support
Zink’s model, suggesting that the model may deserve further
evaluation and scrutiny to determine whether it is a useful
model to utilize in clinical situations. Osteopathic structural
examinations and treatment of somatic dysfunctions may
improve gait symmetry even in asymptomatic individuals.
These findings encourage larger-scale investigations on the
use of OMT to optimize gait and prevent injury, reduce the
progression of disease, and aid in recovery after surgery.

Hill et al.: Effect of osteopathic manipulation on gait asymmetry

Acknowledgements: We would like to acknowledge Alex
Paulini and Leila Kamareddine for their assistance with the
biomechanical data processing.
Research funding: The current study was funded by a grant
from the Edward Via College of Osteopathic Medicine
(VCOM, Blacksburg, VA, USA) awarded to Robin M. Queen,
P. Gunnar Brolinson, and Mark Rogers (VCOM Intramural
REAP award V0051).
Author contributions: All authors provided substantial
contributions to conception and design, acquisition of data,
or analysis and interpretation of data; all authors drafted the
article or revised it critically for important intellectual
content; all authors gave ﬁnal approval of the version of the
article to be published; and all authors agree to be
accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.
Competing interests: None reported.
Informed consent: All participants in this study provided
written informed consent prior to participation.
Ethical approval: This study was reviewed and approved by
the Edward Via College of Osteopathic Medicine Institutional
Review Board (IRB#2016-051).

References
1. Brolinson PG, McGinley SM, Kerger S. Osteopathic manipulative
medicine and the athlete. Curr Sports Med Rep 2008;7:49–56.
2. Pope RE. The common compensatory pattern: its origin and
relationship to the postural model. Am Acad Osteopathy J 2003;
14:19–40.
3. Sadeghi H, Allard P, Prince F, Labelle H. Symmetry and limb
dominance in able-bodied gait: a review. Gait Posture 2000;12:
34–45.
4. Shorter KA, Polk JD, Rosengren KS, Hsiao-Wecksler ET. A new
approach to detecting asymmetries in gait. Clin Biomech 2008;
23:459–67.
5. Polk JD, Stumpf RM, Rosengren KS. Limb dominance, foot
orientation and functional asymmetry during walking gait. Gait
Posture 2017;52:140–6.
6. Vanden-Abeele J. Comments on the functional asymmetries of the
lower extremities. Cortex 1980;16:325–9.
7. Hirokawa S. Normal gait characteristics under temporal and
distance constraints. J Biomed Eng 1989;11:449–56.
8. Sadeghi H. Contributions of lower-limb muscle power in gait of
people without impairments. Phys Ther 2000;80:1188–96.
9. Vardaxis VG, Allard P, Lachance R, Duhaime M. Classiﬁcation of
able-bodied gait using 3-D muscle powers. Hum Mov Sci 1998;17:
121–36.
10. Hausdorff JM. Gait dynamics, fractals and falls: ﬁnding meaning
in the stride-to-stride ﬂuctuations of human walking. Hum Mov
Sci 2007;26:555–89.

93

11. Arnold J, Mackintosh S, Jones S, Thewlis D. Asymmetry of lower
limb joint loading in advanced knee osteoarthritis. Gait Posture
2014;40:S11.
12. Shakoor N, Hurwitz DE, Block JA, Shott S, Case JP. Asymmetric
knee loading in advanced unilateral hip osteoarthritis. Arthritis
Rheum 2003;48:1556–61.
13. Mundermann A, Dyrby CO, Andriacchi TP. Secondary gait changes
in patients with medial compartment knee osteoarthritis:
increased load at the ankle, knee, and hip during walking.
Arthritis Rheum 2005;52:2835–44.
14. Kim S, Lockhart T. Gait asymmetry: factors inﬂuencing slip
severity and tendency among older adults. Paper presented at:
Proceedings of the Human Factors and Ergonomics Society
annual meeting. Sage Publications, Thousand Oaks, CA; 2006.
15. Mills K, Hettinga BA, Pohl MB, Ferber R. Between-limb kinematic
asymmetry during gait in unilateral and bilateral mild to
moderate knee osteoarthritis. Arch Phys Med Rehabil 2013;94:
2241–7.
16. Zifchock RA, Davis I, Hamill J. Kinetic asymmetry in female
runners with and without retrospective tibial stress fractures. J
Biomech 2006;39:2792–7.
17. Zifchock RA, Davis I, Higginson J, McCaw S, Royer T. Side-to-side
differences in overuse running injury susceptibility: a
retrospective study. Hum Mov Sci 2008;27:888–902.
18. Butler RJ, Minick KI, Ferber R, Underwood F. Gait mechanics after
ACL reconstruction: implications for the early onset of knee
osteoarthritis. Br J Sports Med 2009;43:366–70.
19. Perttunen JR, Anttila E, Sodergard J, Merikanto J, Komi PV. Gait
asymmetry in patients with limb length discrepancy. Scand J Med
Sci Sports 2004;14:49–56.
20. Dewar ME, Judge G. Temporal asymmetry as a gait quality
indicator. Med Biol Eng Comput 1980;18:689–93.
21. Haddad JM, van Emmerik RE, Whittlesey SN, Hamill J. Adaptations
in interlimb and intralimb coordination to asymmetrical loading
in human walking. Gait Posture 2006;23:429–34.
22. Crowe A, Samson MM, Hoitsma MJ, van Ginkel AA. The inﬂuence
of walking speed on parameters of gait symmetry determined
from ground reaction forces. Hum Mov Sci 1996;15:347–67.
23. Robinson RO, Herzog W, Nigg BM. Use of force platform variables
to quantify the effects of chiropractic manipulation on gait
symmetry. J Manip Physiol Ther 1987;10:172–6.
24. Ward JS, Coats J, Sorrels K, Walters M, Williams T. Pilot study of
the impact sacroiliac joint manipulation has on walking
kinematics using motion analysis technology. J Chiropr Med
2013;12:143–52.
25. Wojtowicz S, Sajko I, Hadamus A, Mosiolek A, Bialoszewski D.
Effect of sacroiliac joint manipulation on selected gait
parameters in healthy subjects. Ortop Traumatol Rehabil 2017;
19:323–31.
26. de Oliveira Grassi D, de Souza MZ, Ferrareto SB,
de Lima Montebelo MI, de Oliveira Guirro EC. Immediate and
lasting improvements in weight distribution seen in
baropodometry following a high-velocity, low-amplitude thrust
manipulation of the sacroiliac joint. Man Ther 2011;16:
495–500.
27. Nguyen AD, Shultz SJ. Sex differences in clinical measures of
lower extremity alignment. J Orthop Sports Phys Ther 2007;37:
389–98.

94

Hill et al.: Effect of osteopathic manipulation on gait asymmetry

28. Cabrera KL, Darwish AM, Lurz KL, McClain RL, McClain E, Cox J.
Osteopathic structural ﬁndings in women during menstruation.
AAO 2018;644885:7.
29. Menant JC, Steele JR, Menz HB, Munro BJ, Lord SR. Effects of
walking surfaces and footwear on temporo-spatial gait
parameters in young and older people. Gait Posture 2009;29:
392–7.
30. Nurse MA, Hulliger M, Wakeling JM, Nigg BM, Stefanyshyn DJ.
Changing the texture of footwear can alter gait patterns. J
Electromyogr Kinesiol 2005;15:496–506.
31. Yu B, Gabriel D, Noble L, An KN. Estimate of the optimum cutoff
frequency for the Butterworth low-pass digital ﬁlter. J Appl
Biomech 1999;15:318–29.
32. Andriacchi TP, Ogle JA, Galante JO. Walking speed as a basis for
normal and abnormal gait measurements. J Biomech 1977;10:
261–8.
33. Winter DA. Kinematic and kinetic patterns in human gait:
variability and compensating effects. Hum Mov Sci 1984;3:51–76.
34. Hausdorff JM, Rios DA, Edelberg HK. Gait variability and fall risk in
community-living older adults: a one-year prospective study.
Arch Phys Med Rehabil 2001;82:1050–6.
35. Messier SP, Loeser RF, Hoover JL, Semble EL, Wise CM.
Osteoarthritis of the knee: effects on gait, strength, and
ﬂexibility. Arch Phys Med Rehabil 1992;73:29–36.
36. Herzog W, Nigg BM, Read LJ, Olsson E. Asymmetries in ground
reaction force patterns in normal human gait. Med Sci Sports
Exerc 1989;21:110–4.
37. Cohen J. Statistical power analysis for the behavioral sciences,
2nd ed. Hillsdale: Erlbaum Associates; 1988.

38. Sawilowsky SS. New effect size rules of thumb. J Mod Appl Stat
Methods 2009;8:597–9.
39. Kuchera M. Postural considerations in osteopathic diagnosis and
treatment. Foundations of osteopathic medicine, 4th ed.
Philadelphia, PA: Wolters Kluwer Health; 2018:696 p.
40. Cooperstein R, Lew M. The relationship between pelvic torsion
and anatomical leg length inequality: a review of the literature. J
Chiropr Med 2009;8:107–18.
41. Cummings G, Scholz JP, Barnes K. The effect of imposed leg
length difference on pelvic bone symmetry. Spine 1993;18:
368–73.
42. Mahar RK, Kirby RL, MacLeod DA. Simulated leg-length
discrepancy: its effect on mean center-of-pressure position and
postural sway. Arch Phys Med Rehabil 1985;66:822–4.
43. White SC, Gilchrist LA, Wilk BE. Asymmetric limb loading with true
or simulated leg-length differences. Clin Orthop Relat Res 2004;
421:287–92.
44. Qureshi Y, Kusienski A, Bemski JL, Luksch JR, Knowles LG. Effects
of somatic dysfunction on leg length and weight bearing. J Am
Osteopath Assoc 2014;114:620–30.
45. Balachandar V, Marciniak JL, Wall O, Balachandar C. Effects of the
menstrual cycle on lower-limb biomechanics, neuromuscular
control, and anterior cruciate ligament injury risk: a systematic
review. Muscles Ligaments Tendons J 2017;7:136–46.
46. Corso M, Mior SA, Batley S, Tuff T, da Silva-Oolup S, Howitt S,
et al. The effects of spinal manipulation on performancerelated outcomes in healthy asymptomatic adult population: a
systematic review of best evidence. Chiropr Man Ther 2019;
27:25.

