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Abstract

Anterior hip pain is common in young, active adults. Clinically, we have noted that patients with
anterior hip pain often walk in a swayback posture, and that their pain is reduced when the posture
is corrected. The purpose of this study was to investigate a potential mechanism for the reduction
in pain by testing the effect of posture on movement patterns and internal moments during gait in
healthy subjects. Fifteen subjects were instructed to walk while maintaining three postures: 1)
natural, 2) swayback, and 3) forward flexed. Kinematic and force data were collected using a
motion capture system and a force plate. Walking in the swayback posture resulted in a higher
peak hip extension angle, hip flexor moment and hip flexion angular impulse compared to natural
posture. In contrast, walking in a forward flexed posture resulted in a decreased hip extension
angle and decreased hip flexion angular impulse. Based on these results, walking in a swayback
posture may result in increased forces required of the anterior hip structures, potentially
contributing to anterior hip pain. This study provides a potential biomechanical mechanism for
clinical observations that posture correction in patients with hip pain is beneficial.
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1. Introduction

Anterior hip or groin pain is an increasingly common complaint in young active adults
(Meyers et al., 2008). Potential causes of this pain include a tear of the acetabular labrum
(Fitzgerald, 1995; Byrd, 1996; Lewis and Sahrmann, 2006) or structural abnormalities of the
hip including dysplasia (Dorrell and Catterall, 1986; Klaue et al., 1991; McCarthy and Lee,
2002) and femoroacetabular impingement (FAI) as initially proposed by Ganz and
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colleagues (Ito et al., 2001; Ganz et al., 2003; Beck et al., 2005) and more recently reported
by others (Philippon et al., 2007; Clohisy et al., 2009; Nepple et al., 2013; Sankar et al.,
2013; Byrd, 2014). Overuse of anterior hip structures, such as the hip flexor muscles,
particularly the iliopsoas may also result in anterior hip pain (Johnston et al., 1998;
Anderson et al., 2001).

Clinically, we have noted that a number of patients with anterior hip pain stand and walk in
a swayback posture, and that their pain is immediately reduced when positioned in a more
neutral posture. A swayback posture has been described as an atypical posture “in which
there is a posterior displacement (swaying back) of the upper trunk and an anterior
displacement (swaying forward) of the pelvis [which] is in posterior tilt” (Kendall et al.,
1993) (p 419). In the swayback standing posture, the body's line of gravity passes posterior
to the hip (Somers, 2001). During gait, therefore, the swayback posture may require the
generation of a hip flexor moment of higher magnitude or longer duration, than a posture in
which the line of gravity passes through or anterior to the hip. The increased magnitude and
longer duration moment may result in repetitive microtrauma and pain. Reducing the
required moment would theoretically reduce the force required from the muscular tissue and
thereby reduce the pain.

As part of a treatment program, we instruct patients with anterior hip pain who stand and
walk in a swayback posture to change their posture and movement patterns (Sahrmann,
2002; Lewis and Sahrmann, 2006). The patients are instructed to maintain the trunk in line
with the pelvis. The patients are also instructed to avoid hip and knee extension beyond
neutral during gait (Hunt et al., 2012). Specifically, patients are instructed to ‘flex the knee’
and ‘roll over’ the foot more in the late stance phase of gait than they do naturally. Often,
these modifications of posture and gait result in an immediate reduction in the patient's
anterior hip pain.

The purpose of this study was to investigate a potential mechanism for the clinically
observed reduction in anterior hip pain by investigating the effect of posture on the
movement patterns and the required moments during gait in healthy subjects. We
hypothesized that walking in a swayback posture would require greater hip extension motion
and greater hip flexor moments than walking in a natural posture. We also hypothesized that
walking in a forward flexed posture with the hips and knees maintained in slight flexion, an
exaggeration of the correction given to patients with anterior hip pain (Sahrmann, 2002),
would reduce hip extension and reduce the moment requirements of the anterior hip muscles
when compared to the natural posture. Modifications at one joint can have clinically
important consequences at other joints (Zajac, 1993; Sueki et al., 2013), therefore, we also
investigated changes in kinematics and kinetics at the knee and ankle.

2. Methods

2.1 Subjects

A convenience sample of fifteen healthy and asymptomatic subjects (3 males, 12 females)
participated in this study (Table 1). All subjects agreed to participate voluntarily and signed
informed consent forms approved by the Washington University Medical School
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Institutional Review Board prior to participation. Inclusion criteria were: age between 18
and 50 years old, and self-reported good health. Exclusion criteria were: (i) history of hip or
back pain lasting greater than 1 week within the past 5 years, (ii) current lower extremity
injury, and (iii) hip pain with active straight leg raising or passive hip flexion with adduction
and medial rotation (anterior impingement test), two tests which are sensitive for labral tears
(Narvani et al., 2003; Troelsen et al., 2009) and FAI (Clohisy et al., 2009). Each subject's
posture was visually screened by an experienced physical therapist for obvious or significant
postural deviations, and none were noted. We selected only healthy, asymptomatic subjects
for this study in order to eliminate the effect of pain on movement pattern (Hodges and
Tucker, 2011).

2.2 Instrumentation

Kinematic and kinetic data were collected using a 6 camera, motion capture system (Motion
Analysis Corp., Santa Rosa, CA, USA) sampling at 60Hz. Ground reaction forces during
walking were measured at 1200Hz using a Bertec force plate (Columbus, OH, USA)
imbedded in the middle of the 20-foot (6.1 meter) walkway. A standard Helen Hayes marker
set (Kadaba et al., 1990) was used for kinematic data collection. Retroreflective markers
were placed bilaterally between the heads of the second and third metatarsals, on the
posterior aspect of the calcaneus, and on the medial and lateral malleoli, medial and lateral
knee joint lines, and anterior superior iliac spine. A 3.75-inch (9.5 cm) stick with a
retroreflective marker attached to the end of it was placed on the sacrum equidistant between
the posterior superior iliac spines, as well as laterally on bilateral shank and thigh.

2.3 Experimental procedures

After markers were placed on the subject, the subject was asked to stand naturally while a
static neutral standing trial was obtained to create a model. The medial markers, which were
used to establish knee and ankle joint centers, were then removed to allow normal gait. Each
subject was instructed to walk barefoot along the walkway at a self-selected speed. Practice
trials were permitted until the subject was comfortable walking and was able to contact the
force plate with only one foot without altering his or her gait. Typically, three or less
practice trials were performed. Each subject was asked to walk while maintaining three
different postures (Figure 1). First, each subject walked while maintaining the self-selected
natural posture. The natural posture was collected first in order to capture each subject's
typical posture prior to any modification. Second, each subject walked while maintaining a
swayback posture. To facilitate the swayback posture, the subject was positioned in
posterior pelvic tilt with the trunk posterior to the hips, and in hip and knee hyperextension.
The subject was instructed to maintain the swayback posture while walking even though it
would feel like “leading with the hips”. Third, each subject walked while maintaining a
forward flexed posture. In order to facilitate the flexed posture, the subject was positioned in
slight hip and knee flexion with the trunk leaned forward so that the trunk was in front of the
hips. The subject was instructed to maintain this posture while walking and that it would feel
like “leading with the head”. For the swayback and flexed postures, each subject was
instructed to walk at the same speed as during the natural trials. To monitor walking speed,
the subject was timed using a stop watch while walking 3.045 m. Based on pilot testing, a
criterion of + 0.4 seconds of the subject's average time for the natural trials was used and
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feedback was given if necessary after each trial to speed up or slow down. In order to be

accepted, the subject had to walk within the expected time, contact the force plate with a

single foot, and maintain the posture as determined visually. Three acceptable trials were
obtained for each limb while maintaining each posture. For this study, only data from the
right lower extremity were analyzed.

2.4 Dependent Variables

2.4.1 Kinematic Variables—The primary kinematic variable of interest was the
maximum hip extension angle during the stance phase of gait. We expected that in the
swayback posture, maximum hip extension angle would increase compared to the natural
posture. In the forward flexed posture, we expected hip extension would decrease compared
to the natural posture. Changes in pelvic, knee and ankle angles in the sagittal plane were
also investigated. We expected that the pelvic tilt angle would reflect the posture
instructions. That is, in the swayback trial, the pelvis would be in decreased anterior pelvic
tilt, while in the forward flexed trials, the pelvis would be in increased anterior pelvic tilt
compared to the natural posture. We also expected greater knee extension and ankle
dorsiflexion in the swayback posture, and greater knee flexion and ankle plantar flexion in
the forward flexed posture.

2.4.2 Kinetic Variables—As the primary focus of this study was on the magnitude of the
moment required of the hip musculature during walking, the kinetic variables included the
peak hip flexor and extensor moments and the hip flexion and extension angular impulses.
Angular impulse is the area under the hip moment curve. Therefore, angular impulse
encompasses both the magnitude and the duration of the moment. Flexion angular impulse
was calculated separate from extension angular impulse. The changes in sagittal knee and
ankle peak moments and angular impulse between postures were also analyzed.

For each variable, the mean value of the data from the right lower extremity from the three
walking trials for each posture was calculated and used in statistical analyses.

2.5 Data processing

To obtain the variables of interest, three-dimensional marker trajectories were recorded
using a real-time tracking system (EvaRT v4.0, Motion Analysis Corp.). The kinematic data
were smoothed using a 6Hz Butterworth filter. Visual3D (C-Motion, Inc, Rockville, MD,
USA) was used to locate the joint centers and record the pelvis, hip, knee and ankle angles
based on a three-dimensional model. The standing trial was used to create the model and
three dimensional joint angles were determined using a Cardan x-y-z (flexion/extension,
abduction/adduction, longitudinal rotation) rotation sequence. The hip, knee and ankle
angles were defined relative to the proximal segment. Orientation of the pelvis segment was
defined relative to the global (Iaboratory) coordinate system with pelvic tilt being about the
global Y axis which was horizontal and perpendicular to the direction of gait. Inertial
properties were estimated based on anthropometric measurements of the subjects
(Zatsiorsky, 2002). Hip, knee and ankle moments were calculated using inverse dynamics
and the kinematic and force data.
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2.6 Data analysis

3. Results

To examine the effects of posture on lower extremity angles and moments, a repeated
measures analysis of variance (ANOVA) was used for each variable. As the ANOVA
assumes homogeneity of variance, the Mauchly test of sphericity was used, and the
Greenhouse-Geisser epsilon correction was applied to the degrees of freedom when the
Mauchly test was significant (p < 0.05). The within subjects factor, posture, had three levels
(Natural, Swayback, and Forward flexed). To evaluate if subjects walked in the altered
posture, the pelvic tilt angle averaged over the gait cycle was analyzed. The average pelvic
angle is thought to better represent the pelvic tilt over the gait cycle than using discrete
points. The 18 dependent variables were maximum angles, peak moments, and angular
impulse for the hip, knee and ankle in the sagittal plane. All statistical analyses were
performed in PASW Statistics 18 (SPSS Inc, Chicago, IL) with an alpha level of 0.05. All
significant main effects of the ANOVA were further investigated using bonferonni adjusted
contrasts. Effect size (Cohen d) was calculated as the absolute difference in means divided
by the pooled variance (Cohen, 1988). Pooled variance was calculated as the root mean
square of the two standard deviations (Rosenthal and Rosnow, 1991). Small, moderate, and
large effects are indicated by values of 0.2, 0.5, and 0.8 respectively (Cohen, 1988).

The instructions to walk in an altered posture resulted in significant changes in both the
kinematics and the kinetics of gait (Figure 2). Repeated measures ANOVA revealed
significant differences (p < 0.05) in all dependent variables except peak ankle dorsiflexor
moment and maximum knee flexion angle. Maximum knee flexion, maximum hip
extension, peak ankle dorsiflexor moment and hip extensor angular impulse did not have
homogenous variance, and therefore were evaluated using the Greenhouse-Geisser epsilon
correction. The average (+ standard deviation) walking speeds for swayback, natural and
forward flexed were 1.18 + 0.16, 1.22 + 0.16 and 1.23 + 0.19 m/s, respectively.

3.1 Swayback

Subjects walked in the swayback posture as indicated by the large decrease in mean anterior
pelvic tilt compared to the natural and forward flexed trials. Maintaining the swayback
posture during gait also resulted in a large increase in the maximum hip extension angle and
a moderate decrease in the maximum hip flexion angle compared to the natural posture
(Table 2). Compared to the forward flexed posture, the swayback posture resulted in a large
increase in the maximum hip extension angle and decrease in the maximum hip flexion
angle. There was also a large increase in the maximum knee extension angle in the
swayback posture compared to the forward flexed posture. The maximum ankle dorsiflexion
angle increased slightly in the swayback posture compared to natural. The maximum ankle
plantar flexion angle was moderately increased in the swayback posture compared to the
forward flexed posture.

Walking in the swayback posture also resulted in a large increase in the hip flexor peak
moment and angular impulse and decrease in the hip extensor angular impulse when
compared to walking in the natural posture or forward flexed posture. The hip extensor peak
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moment had a large decrease in the swayback posture compared to the forward flexed
posture. At the knee, there was a large increase in the knee extensor peak moment and
angular impulse and a moderate and large decrease in the knee flexor peak moment and
angular impulse, respectively, compared to natural posture. At the ankle, there was a large
increase in the ankle plantar flexion peak moment and decrease in the plantar flexion
angular impulse compared to the forward flexed posture. There was also a moderate
decrease in the plantar flexor angular impulse compared to the natural posture.

3.2 Forward flexed

Subjects walked in the forward flexed posture as indicated by the large increase in average
anterior pelvic tilt compared to the natural trials. Maintaining the flexed posture during gait
also resulted in a large reduction of the maximum hip extension angle and increase of the
maximum hip flexion angle when compared to the natural posture. The maximum knee
extension angle had a large decrease and the maximum ankle plantar flexion angle had a
small decrease in the forward flexed posture, while the maximum ankle dorsiflexion angle
had a small increase compared to natural.

Walking in the forward flexed posture resulted in a large decrease in the hip flexor peak
moment and angular impulse, and a large increase in the hip extensor peak moment and
angular impulse when compared to the natural posture. There was also a large increase in
the knee flexor peak moment and angular impulse and decrease in the knee extensor peak
moment and angular impulse. At the ankle, there was a large decrease in the ankle plantar
flexor peak moment despite a small increase in the angular impulse.

4. Discussion

The main finding of this study is that posture has a notable effect on movement patterns and
moments during gait. Walking in the swayback posture resulted in an average increase of
5.6° in the maximum hip extension angle over the natural posture, and an increase of nearly
20° over the forward flexed posture. These kinematic differences, along with the differences
in pelvic tilt, indicate that subjects were able to modify their gait. The increase in hip
extension could significantly increase the force on the anterior hip. Through a series of
simulation studies using musculoskeletal modeling to estimate hip joint forces, we have
previously demonstrated that the hip joint force in the anterior direction increases with
increased hip extension angle during exercises (Lewis et al., 2007; Lewis et al., 2009),
despite generating the same joint moment. Specific to gait, we have demonstrated that a 2°
increase in hip extension increased the maximum anterior hip joint force by 156 N (24%)
(Lewis et al., 2010); however, this was in a small number of males and trunk position was
not monitored. It has been suggested that the increased force could contribute to acetabular
labral tears and hip pain (Mason, 2001; McCarthy et al., 2001). Furthermore, in a cadaveric
study, Safran et al. (2011) demonstrated that hip extension increases the strain in the
anterolateral labrum, a common location for labral tears (Lewis and Sahrmann, 2006).

Walking in the swayback posture also resulted in a higher peak hip flexor moment and
higher hip flexion angular impulse when compared to walking in the natural or the forward
flexed posture. The higher hip flexor moment and angular impulse could require the hip
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flexor muscles to produce a higher magnitude force and for a longer period of time to
generate the required moment. It is also possible that the moment arm of the iliopsoas for
hip flexion significantly increases with increased hip extension; however, modeling and
imaging studies suggest little to no increase in hip flexor moment arm with hip extension
(Delp et al., 1990; Arnold et al., 2000; Blemker and Delp, 2005). The hip flexor muscle
force controls the hip extension from midstance to terminal stance and initiates hip flexion.
As some of the force requirement is occurring near maximum hip extension, it could be
produced by both muscle and passive structures (Winter, 1990) including the acetabular
labrum. The higher magnitude and longer duration of force required of the anterior hip
structures could over time result in repetitive microtrauma and injury of these structures.
Thus, walking in a swayback posture may predispose one to injury of the anterior hip
structures and contribute to anterior hip pain.

Conversely, the results of this study indicate that walking in a forward flexed posture would
reduce the moment required of the anterior hip musculature, and therefore may reduce the
force required of anterior structures. Walking in the forward flexed posture resulted in less
hip extension, which implies that it results in a lower maximum anterior hip force (Lewis et
al., 2010). While walking in the flexed posture, the average maximum hip extension angle
was only 4°. This finding provides a plausible mechanistic explanation for the effect of
correcting the swayback posture in patients with anterior hip pain.

Walking in the flexed posture also reduces the moment required of the hip flexor muscles.
Both the peak hip flexor moment and the angular impulse were less in the flexed posture
compared to the natural posture. Thus, walking in a forward flexed posture with the hips and
knees maintained in slight flexion may reduce forces required of the anterior hip structures
and musculature. This reduction may be particularly important as hip flexor strength is
decreased in individuals with labral pathology (Mendis et al., 2014) and in individuals with
FAI both before (Casartelli et al., 2011) and after hip arthroscopy (Casartelli et al., 2014).
This finding provides a plausible mechanistic explanation for the immediate reduction in
pain that we clinically observed following correction of posture. These findings may also
inform therapists who are instructing patients in appropriate gait patterns, such as after hip
arthroplasty.

While this study's primary focus is the anterior hip structures, there are important
concomitant changes at other lower extremity joints. These changes appear to be necessary
to maintain gait at the same speed. In the swayback posture, the increase in ankle
dorsiflexion and ankle plantar flexion during the terminal stance and initial swing,
respectively, is interesting given that there were not significant changes at the knee. In the
forward flexed posture, the increase in ankle dorsiflexion and accompanying increase in
knee flexion during stance phase was expected because the subjects were instructed to
maintain slight knee flexion during gait.

The pattern of ankle plantar flexor moment in the forward flexed posture is very similar to
the plantar flexor moment when subjects were instructed to pushoff more when they walked
than their normal pushoff (Lewis and Ferris, 2008). Similar to the forward flexed posture,
the simple instruction to “push more with your foot” resulted in a decrease in the peak hip
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flexor moment (Lewis and Ferris, 2008). Therefore, changing posture and simultaneously
increasing pushoff may further decrease hip moments and forces.

The results of this study are similar to the results reported by Leteneur and colleagues
(Leteneur et al., 2009). In their study, which was limited to males, subjects were grouped
based on natural trunk inclination. Leteneur found that, in subjects who habitually
maintained a more forward trunk posture, the hip extensor moment had a longer duration
and the hip flexor moment had a lower magnitude (Leteneur et al., 2009). In our study, the
use of simulated exaggerated postures most likely contributed to the greater differences than
those reported by Leteneur.

There are limitations due to the design of this study. Although hip moment and angular
impulse data would suggest that walking in a swayback posture could lead to increased
forces on anterior tissues and subsequent injury, the study design does not allow us to draw
conclusions regarding causation. A longitudinal study of the development of anterior hip
pain would clarify the issue of causation. The gait modification evaluated was specifically
designed to reduce forces on anterior hip structures. As such, it may increase forces on other
areas of the hip, such as lateral structures. This aspect of the gait modification has yet to be
tested. The use of simulated forced postures (swayback and forward flexed) in healthy
subjects may have resulted in different lower extremity kinematic and kinetics from
individuals who habitually maintain these postures because the subject was unfamiliar with
walking in the posture. We selected healthy, asymptomatic subjects to allow us to
investigate within subject changes without pain affecting the movement pattern (Hodges and
Tucker, 2011). Practice trials allowed subjects to become more familiar with the gait
posture. Subjects did walk slightly slower in the swayback trials. While speed does affect
joint moments, the large differences noted with posture are unlikely the result of the small
speed differences. Furthermore, as posture and gait modification are commonly used
physical therapy interventions, assessing the resulting effects on gait patterns and joint
kinematics and kinetics, particularly the hip, is important. We used visual appraisal to ensure
that the subjects walked in the appropriate trunk position during the trials. A multi-
segmented trunk model would provide more information on the kinematics of the trunk.

Acknowledgments

We thank Shannon Hoffman for assistance with data collection and processing. Research reported in this
publication was supported by Boston University's Peter Paul Career Development Professorship, and the National
Institute of Arthritis and Musculoskeletal and Skin Diseases of the National Institutes of Health under Award
Number K23 AR063235. The content is solely the responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health.

Mechanistic terms

Kinematics Kinematics is the study of joint motion, and is expressed in terms of

joint angles and excursions.

Kinetics Kinetics is the study of the forces which produce motion, and is

expressed in terms of joint moments, angular impulse and power.
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A joint moment is the rotational potential of a force; that is, it is the
ability of a force to rotate a segment. The force can be from active
tissue (muscle) as well as passive tissue (ligaments, capsule, and at the
hip, acetabular labrum).

Angular impulse is the area under the joint moment curve. It takes into
account both the magnitude and the duration of a joint moment.

Joint force is the force between the two segments (bones, in this case).
Both active and passive tissues contribute to joint force.
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Swayback Natural Forward flexed

Figure 1.
The three postures maintained during gait. For the swayback posture, the subject was

positioned in posterior pelvic tilt with the trunk posterior to the hips and in knee and hip
hyperextension. For the self-selected natural posture, the subject was instructed to assume
his or her normal posture. For the forward flexed posture, the subject was positioned in
slight hip and knee flexion with the trunk leaned slightly forward of the hips.
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Figure 2.

Ankle, knee and hip joint and pelvis kinematic and kinetic data. Data are the mean of all
subjects walking in each of the three postures. Data are normalized from right heel strike to
right heel strike. Ankle dorsiflexion, knee extension, hip flexion and anterior pelvic tilt are
positive.
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