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THESIS ABSTRACT
James J. Hannigan
Master of Science
Department of Human Physiology
June 2014

Title: The Relationship Between Hip Strength ang,Hielvis, and Trunk Kinematics in
Healthy Runners

This study examined the relationship between higngth and hip, pelvis, and
trunk kinematics in healthy runners. Whole bodyeknatic data were collected while
subjects ran in the laboratory. Isometric hip afbidu, flexion, external rotation, and
internal rotation torques were measured bilateraing a dynamometer. Subjects were
divided into strong and weak groups for each musitkngth parameter. Differences in
hip, pelvis, and trunk motion were then examinedgisrndependent sampldests.
Pearson correlation coefficients were used to agbese relationships for all subjects.

Most notably, runners with weak abductors displayeshter hip adduction and
pelvic rotation compared to the strong abductougrevhile runners with weak external
rotators displayed greater trunk rotation compaoeithe strong external rotator group.
Moderate, negative correlations were observedi®above relationships. While data
from this study help clarify the relationship beemehip strength and running kinematics,

no causal conclusions can be made.
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CHAPTER |

INTRODUCTION

Running Injuries: Incidence and Prevalence

According to a 2013 survey conducted by the Naii@porting Goods
Association, over 9 million Americans run at led$0 days per year, with an additional 9
million running between 25 and 109 days per yean(ihg USA, 2013). The number of
runners in the United States continues to grondexwed by an approximate 4% increase
in the total number of recreational runners frold2@ 2012 (Running USA, 2013).
Additionally, approximately 15.5 million Americamempleted a road race in 2012, an
80% increase since the year 2000 (Running USA, 2013

Despite the increased participation rate in rugrand road racing, the injury rate
among runners has been relatively consistent foadies. Depending on the definition of
a running-related injury and the running experieoicgubjects, studies have
approximated that 19.4% to 79.3% of runners sustaimjury in a given year (van Gent,
2007). Studies have also found between 41-70%rofars seek medical treatment for
their injuries, suggesting significant medical sogssociated with these injuries (Jacobs
& Berson, 1986; van Middelkoop et al., 2007).

While many factors appear to contribute to injurgidence, including systemic
factors (age, sex, height, weight), health factbistory of previous injury, medical
conditions), lifestyle factors (drinking and smogimther sport participation), and
training factors (running frequency, distance, pacel shoe selection) (Hreljac, 2005;
van Gent et al., 2007; Buist et al., 2010), hip ahustrength (Prins & van der Wurff,

2009) and proximal kinematics of the hip, pelvisd &runk (Noehren et al., 2007; Ford et



al., 2013) have recently been suggested as adalifpatential factors. Before discussing
the research on hip muscle strength, a descripfitip muscle function during running

is warranted.

Functional Anatomy of the Hip Musculature DuringriRing

The hip joint is the articulation between the feaddnead and the acetabulum of
the pelvis. The acetabulum is deepened by a fastikeginous labrum, which increases
joint stability and helps prevent joint subluxatiofA strong ligamentous capsule
surrounding the femoral head and neck adds fustiaility to the hip joint. A layer of
articular cartilage covers the femoral head angsratcommodate full range of motion
(Byrne et al., 2010).

Many muscles surround the hip and influence hipiomot Posteriorly, the gluteus
maximus and hamstring group (biceps femoris, semibnanosus, and semitendinosus)
are responsible for hip extension. The gluteusimas is also the main external rotator,
but has assistance from a group of deep, smallscles) discussed later. The gluteus
maximus and hamstring group are active mainly duliate swing and early stance
phases. In late swing, gluteus maximus acts eacalhy in order to decelerate the thigh
as the hip flexes prior to initial contact (McCleatyal., 1990; Milliron & Cavanagh,
1990). Gluteus maximus then acts concentricallynduearly stance to help initiate hip
extension and to stabilize the thigh and pelvisQl4y et al., 1990).

Laterally, the gluteus medius, gluteus minimus, tam$or fascia latae act to

stabilize the hip and pelvis during stance phasetrolling both hip adduction and



contralateral drop. These muscles are also thdoghternally rotate the hip when the
hip is flexed (Gottschalk et al., 1989; McClay ket 4990).

Anteriorly, the iliopsoas, rectus femoris, and @aus collectively assist in hip
flexion. lliopsoas appears to be active mainlyimymid- to late-swing to help flex the
hip after terminal hip extension (Dugan & Bhat, 20ORectus femoris and sartorius are
also active during this time, but continue to caatrfrom initial contact to late stance,
assisting vastus lateralis, vastus intermedius yvastus medialis in absorbing the forces
of impact and stabilizing the knee (McClay et 4090).

A medial group of muscles including the adductogmes and adductor longus
are active during all stages of running gait, plgya role in hip stabilization to counteract
the torque caused by the abductor muscles (McQlal,e1990; Byrne et al., 2010).
Another group of stabilizing muscles is the extérotator group, which includes the
piriformis, obturator internus and externus, geaseBuperior and inferior, and quadratus
femoris. While the exact firing pattern of thesesties during running is difficult to
study due to their deep location and small sizelesce suggests these muscle are active
throughout stance phase, assisting the gluteusmmusxin stabilizing the hip and pelvis

and preventing excessive hip internal rotation fsret al., 1998; Byrne et al., 2010).

Hip Strength and Running-Related Injuries

As previously mentioned, weak hip muscles have Iseggested as contributing
factors for many running-related injuries. Of th@ning injuries suffered, evidence
suggests that up to 50% of these injuries occtiveaknee, making it the most frequently

injured body part (van Gent et al., 2007). Sevstadiies have found a relationship



between hip strength and patellofemoral pain symér@PFPS), an injury characterized
by pain around the kneecap during running. Re&osge studies have shown that
individuals with PFPS displayed significantly weake abductors and/or external
rotators, either compared to healthy controls déhdlet al., 2003; Robinson & Nee, 2007,
Bolgla et al., 2008; Dierks et al., 2008; Souzadners, 2009; Ferber et al., 2011) or to
the unaffected limb of the same subject (Tylele2806; Cichanowski et al., 2007). In
addition, a prospective study by Finnoff et al. {2Dfound that runners who developed
PFPS displayed significantly weaker hip abductat laip external rotator strength post-
injury compared to pre-season measurements.

Other injuries besides PFPS have been studiedatiom to muscle strength.
Fredericson et al. (2000) found that runners sunffeirom iliotibial band friction
syndrome (ITBS) displayed significantly weaker hlductors compared to healthy
controls. Injured track and field and basketbtiletes were prospectively shown to
have weaker hip abductors and external rotatorgpeaosd to uninjured athletes in a 2003
study by Leetun and colleagues. Niemuth et al0%28tudied runners suffering from
various injuries, finding that the injured limb wagaker in hip abduction and flexion
compared to the unaffected limb. Finally, a 20ddspective study found that runners
with exertional medial tibial pain (EMTP) displayddcreased hip abductor strength
compared to runners who did not develop EMTP (Mstredt. al, 2013).

It is important to note that a few studies foundsigmificant differences between
injured runners and controls in regard to hip altidncand external rotator strength.
However, each of these studies had inherent difter® compared to the previously cited

literature. Piva et al. (2005), who found no diffieces in strength between PFPS



subjects and controls, measured external rotatrength prone with the hip at O-degrees.
This position differed from other studies which m@a@d external rotator strength seated
with the hip and knee at 90-degrees, and may havpmised the muscle’s ability to
produce force (Prins & Wurff, 2009). Thijs et @011), who also found no differences
in strength between PFPS and healthy runners, meshbip abduction supine instead of
side-lying or standing. Grau et al. (2008), whorfd no differences in hip abductor
strength between ITBS and healthy subjects, medstirength isokinetically at 30-
degrees/second, while all previously cited literatoneasured strength isometrically
(note: Dierks et al., 2008, measured both isomatritisokinetic strength).

Despite these contradictory findings, the collextigsults of all previous studies
suggest a relationship between reduced hip abduatid external rotation strength and
running-related injuries, particularly at the knéiéhe influence of testing position on
muscle strength appears to be an important coraider however, and warrants a

discussion on proper muscle strength testing proresd

Measurement of Muscle Strength

The purpose of measuring muscle strength is twigréhe ability of a muscle or
group of muscles to perform their function, whettit is movement or stability.
Several methods exist for quantifying muscle sttienipe easiest and most inexpensive
method being manual muscle testing (MMT) (CuthBe@oodheart, 2007). In MMT, a
clinician places the subject in a position thatases the function of a muscle or group of
muscles (Lawson & Calderon, 1997). Most resouscggest the optimal position for

one-joint muscles is at end-range of motion, wthike optimal position for two-joint



muscles is generally at mid-range of motion (Kehetghl., 2005). The clinician must
then place their hands on a patient so that thecidn can apply a force that opposes the
movement being tested. Generally, that force iieg near the distal end of muscle
insertion, although there are exceptions to thes. rd®ne such exception is testing the hip
abductors, where the clinician applies force juskpnal to the ankle to create a longer
lever arm (Kendall et al., 2005).

Depending on the purpose of the test and subjeag bested, different levels of
force may be applied. For healthy subjects dematnst) average or above muscle
strength, a “break test” can be used where thé&@im gradually increases pressure until
they can overcome the effort of the subject. Ad goint, the test is stopped. For very
weak patients or some muscle groups (ex: trunknaet muscles), much less force is
needed to test the patient’s strength. In theses;dhe patient may be simply asked to
hold or move a body segment against gravity. klbeetype of test, the clinician needs
to grade the subject, usually on a 0-5 scale (Gark2000).

The major limitation of manual muscle testing is timited grading scale and
relative subjectivity of the measurement. Thiklatobjectivity, however, can also been
seen as a strength, as the clinician is able #sadke quality of the subject’s movement.
For example, subjects may attempt to compensai ik of strength by substituting
one or more muscles in addition to the muscle aaleugroup being tested. Experienced
clinicians can detect these substitution pattesmsch may otherwise go undetected
using computerized dynamometry (Kendall et al.,500

Handheld dynamometry (HHD) partially solves thisldem of objectivity by

allowing the clinician to manually test muscle stgth while also quantifying the force



produced by the patient. HHD is performed in theme manner as MMT, but with the
clinician holding a dynamometer in their force-gppd hand. The clinician then has to
match the force applied by the patient, which issueed by the dynamometer (Thorburg
et al., 2010).

While HHD has been shown to have high intra-teehannon et al., 2008;
Thorburg et. al, 2010) and inter-tester reliabi(ifyyorborg et al., 2013), its major
limitation is that the clinician has to match thibgct’s force, which can become
problematic, especially when the subject is at ahaeical advantage compared to the
clinician (Le-Ngoc & Janssen, 2012). AdditionaBiD is restricted to isometric
evaluations, as the reliability of HHD decreasdsssantially with dynamic testing (Le-
Ngoc & Janssen, 2012). Therefore, while HHD candeful for clinical measurements,
large-scale computerized dynamometers are consideeegold standard in muscle
strength testing (Martin et al., 2006). Despitartharge size and higher cost, machines
made by Cybex (Cybex International, Inc., Medway M#d Biodex (Biodex Medical
Systems, Shirley NY) are able to objectively andbdy quantify muscle strength both
isometrically and isokinetically. These machinesrot limited by the clinician’s
strength, and can measure not only torque, butpada@r generation and energy

expenditure (Le-Ngoc & Janssen, 2012).

Lower Leq Kinematics and Running Injuries

In addition to muscle strength, proximal kinemahes recently been suggested
as a factor in developing a running-related injluiterature on the relationship between

proximal running kinematics and running injuriesisrently very limited, however, as



researchers have only begun investigating thictopearnest since 2007. Of the few
studies to date focusing on proximal kinematicsstnmave focused on PFPS. The first
such study by Dierks et al. (2008) measured hgngth and kinematics before and after
a fatiguing run, finding runners with PFPS dispthgeeater peak hip adduction
compared to controls, as well as a strong relatipnsetween hip abductor strength and
peak hip adductiorr (= -0.74) at the end of a fatiguing run. Noeheeal. (2011) also
found that females suffering from PFPS displayeshtgr peak hip adduction compared
to controls, as well as greater hip internal rotatiNo differences were found in regard
to pelvic drop or trunk lean between groups. Gxehip internal rotation for PFPS
patients compared to controls was also found tu@dysby Souza and Powers (2009).

In addition to PFPS, one study has examined prdx¥timamatics in patients
suffering from ITBS. This study by Noehren et(@007) showed that ITBS patients
displayed greater peak hip adduction and kneenat@otation compared to controls

(Noehren et al., 2007).

Methodological Inconsistencies

One important note regarding many of the aforenoeetl studies is the
methodological inconsistency in reporting joint aaedyment angles. There seems to be a
fairly large disparity among studies in the pararmebdf joint and segment angles

reported, making it difficult to directly comparesults between studies (Table 1).



Table 1. Parameters of joint and segment motion reportguatemious literature.

Authors (Year) Measurements Reported

Noehren et al. (2007) Peak hip adduction angle

Willson & Davis (2008) Hip angles at the instance of peak knee extension moment
Dierks et. al (2008) Peak hip angles

Heinert et. al (2008) Initial contact, minimum, and toe-off hip and pelvis angles
Souza & Powers (2009) Average hip rotation during the first 50% of stance phase
Snyder el. al (2009) Hip range of motion

Noehren et al. (2011) Peak hip and pelvis angles

Willy & Davis (2011) Peak hip and pelvis angles

Wouters et. al (2012) Peak hip and pelvis angles; hip and pelvic excursion

Ford et. al (2013) Pelvic and trunk range of motion

Purposes and Hypotheses of the Study

The relationship between injury and both musclergfth and kinematics has led
researchers to hypothesize that poor hip strengthbe causing the observed kinematic
patterns, which may be causing injury. Howevew, $¢udies to date have specifically
studied the relationship between hip strength anding kinematics to support this
hypothesis (Heinert et al., 2008; Souza & Powdd892 Ford et al., 2013). Additionally,
recent research focused on strengthening the hgeuhature in an attempt to alter poor
kinematics has yielded mixed results (Snyder e2809; Willly & Davis, 2011; Ferber
et al., 2012; Wouters et al., 2012), which furtbalts into question the relationship
between hip strength and proximal kinematics.

Therefore, the first purpose of this study is tamfify the relationship between
hip strength and hip and pelvis kinematics in lgaftinners. Based on previous
research, for the group analysis, it is hypothesthat runners with weak hip abductors
will display greater hip abduction and contralalt@elvic drop compared to runners with

strong hip abductors. It is also hypothesized thiahers with weak hip external rotators



will display greater hip internal rotation and arde pelvic rotation compared to runners
with strong hip external rotators. No differenees hypothesized in regards to hip
flexion or internal rotator strength. For the ebation analysis, moderate, significant
correlations are hypothesized between hip abdsttength and both hip adduction and
contralateral pelvic drop range of motion, and lestwhip external rotator strength and
both hip internal rotation and anterior pelvic taa range of motion.

To date, the overwhelming majority of running biarnanics literature is focused
on the lower extremity (Ford et al., 2013). Howetke trunk and upper extremity
should not be ignored, as trunk strength and peitg has been shown to have a
significant effect on an athlete’s ability to tréersforce to the lower extremities (Shinkle
et al., 2012). Therefore, a second goal of thidysts to examine the relationship
between hip strength and trunk kinematics, as tisdittle evidence that currently
defines this relationship. Based on the limiteskegch available (Noehren et al., 2011),
it is hypothesized that runners with weak abductolisdisplay greater lateral trunk lean
compared to runners with strong abductors, andtiiesé will be a significant, moderate
correlation between hip abductor strength anddateunk lean.

Lastly, the third purpose of this study is to addréhe previously discussed
methodological inconsistencies in reporting joind @egment angles (Table 1). This
study aims to identify which parameters of hipvpeland trunk motion are most
strongly related to hip strength and offer a recandation to resolve future disparity

among studies.
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CHAPTER Il

METHODS

Subjects

Subjects for this study were retrospectively ideld as part of a larger study on
running biomechanics and injuries at the UniversitPregon.Inclusion criteria for this
particular study were running at least 20 milesypeek and being injury free at the time
of testing. Previous history of musculoskelet@lin did not exclude subjects from
participation. Of 102 total subjects in the dat)a&0 subjects met these inclusion
criteria. All subjects read and signed an informedsent form prior to participation in

this study. This form can be found in Appendix A.

Experimental Equipment

Motion Capture System
A ten-camera motion capture system (Motion Analy3orp., Santa Rosa CA)

sampling at 200 Hz recorded three-dimensional nmdrkgectories.

Force Plates
Three force plates (Advanced Mechanical Technekgic., Watertown MA)

located in series along a 10m runway collected mplaeaction forces at 1000 Hz.

Dynamometer
A Biodex System 3 Dynamometer (Biodex Medical 8yt Inc., Shirley NY)

measured isometric maximal torque generation attvauhip joint.

11



Data Collection and Experimental Procedures

Overground Running

A total of 39 reflective markers were placed ohjeats using a modified Helen
Hayes marker set (Kadaba et al., 1990) and mujtinemted foot model (Carson et al.,
2001). Each subject was modeled using 17 body setgw- forefoot (2), rearfoot (2),
shank (2), thigh (2), pelvis, trunk, arm (2), farea(2), hand (2), and head.

Subjects were instructed to wear their normal ingirshoes for the entire
protocol. Markers for the forefoot were placed ahjscts’ shoes over the following bony
landmarks: the space between the 1st and 2nd mszatie@ads, the base of the 5th
metatarsal, and the navicular tuberosity. Fordagfoot, two markers were placed on
the vertical bisection of the heel counter and imiaeker was placed over the lateral
aspect of the heel (Carson et. al, 2001, McClay &8, 1998; Noehren et al., 2007).

Shank markers were placed on the medial and lateali¢oli as well as a medial
shank marker collinear with the medial malleolud aredial femoral epicondyle. Thigh
markers were placed on the medial and lateral fahoandyles as well as a marker
collinear with the lateral femoral epicondyle ahd greater trochanter. The hip joint
center was defined based on anthropometric measutsraf ASIS breadth (Vaughan, et
al., 1999). Pelvic markers were placed on thedett right anterior superior iliac spines
(ASIS) and the sacrum at the midpoint between dstgpior superior iliac spines (PSIS).
The anatomic coordinate systems for the shank tlaigd pelvis were defined per
recommendations by the International Society onhigohanics (Wu, 2002).

The trunk segment was defined by two markers placedilateral acromion

processes as well as a virtual marker at the peénser of mass. This marker was
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defined as the midpoint between the sacral manketlze virtual marker existing at the
midpoint between the left and right ASIS. The orifpr the trunk anatomic coordinate
system was defined at the pelvis center of mag® yfaxis was the line between the
pelvis center of mass and the midpoint betweemthemion processes, pointing
superiorly. The z-axis was perpendicular to trexis and in the plane of the pelvic
center of mass and acromion process markers, pginght. The x-axis was the cross-
product of the y- and x-axes, pointing forward.

Additional upper extremity markers were placed datéral lateral epicondyles
of the humerus, bilateral wrists at the posteriadpuint between the ulnar and radial
styloids, and bilateral hands on the posteriorasigf Two markers were also placed
directly above the ears.

A static calibration trial was collected with thébgect centered in the capture
volume, feet shoulder-width apart and arms abduct®®-degrees. After static
calibration, markers on the medial malleoli and rmkef@moral condyles were removed.

Subjects ran laps overground in the Motion Analysisoratory, each lap being
approximately 40-meters in length. Data were ctdlé when the subjects passed
through a straight 10-meter region in the centéhefcapture volume. Subjects were
instructed not to alter their stride to hit thesthtAMT]I force plates located in series in
this region. Subjects ran continuously until tieeanly struck a force plate with each
foot approximately ten times, resulting in approately 25 to 40 complete laps per

subject.
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Muscle Strength Testing

Isometric muscle strength was measured for hipdte hip abduction, hip
external rotation, and hip internal rotation. Hgxion was tested with subjects standing
perpendicular to the dynamometer with the ipsikdtkip aligned with the axis of the
dynamometer. Hip abduction was similarly tested vath subjects standing parallel to
the dynamometer with the ipsilateral ASIS alignethwhe axis of the dynamometer.

For both the flexion and abduction tests, the arth@ dynamometer was strapped
tightly to the thigh approximately 3-4 finger lehgtabove the superior border of the
patella and was moved to 30-degrees of hip flegiohO-degrees of hip abduction just
prior to each respective test. For hip externdliaternal rotation, subjects were seated
facing the dynamometer with the hip and knee flexxe@0-degrees. The height of the
chair was adjusted so that the dynamometer wasealigiith the ipsilateral knee.

For all tests, subjects were instructed to pusinagthe dynamometer with
maximal force three times for five seconds, witimiaimum of five seconds rest between
trials. While hip flexion and abduction were tesgeparately, hip internal and external
rotation were measured during the same test, alieghbetween internal and external

rotation.

Data Analysis

Overground Running

Marker trajectories were identified using Corte@ motion capture software
(Motion Analysis Corp., Santa Rosa CA) and wereamed using a low-pass, fourth
order Butterworth filter with an 8 Hz cutoff. Onégance phase was analyzed, defined

using the ground reaction force data from the f@le¢e. Heel strike was defined as the
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first frame the vertical ground reaction forcg)(Was greater than or equal to 50
Newtons. Toe-off was defined as the first framevis less than 50 Newtons (Cavanagh
& Lafortune, 1980).

A custom LabView program (National Instruments st TX) was used to
calculate joint and segment angles during stanesgahCardan angles for the hip were
calculated using a joint coordinate system (Groo8uatay, 1983; Wu. 2002). A ZXY
rotation sequence was used for the hip, pelvistamk. For the hip, this corresponded
to flexion/extension, abduction/adduction, andnméd/external rotation. For the pelvis,
this corresponded to anterior/posterior pelvic titintralateral pelvic drop/rise, and
contralateral anterior/posterior rotation. For thank, this corresponded to trunk
flexion/extension, trunk lateral/medial lean, anthk internal/external rotation.

Specific parameters of hip, pelvis, and trunk aaglere calculated and analyzed
for this study. The angle at contact was defirgetha angle of the joint or segment at
heel strike. The peak angle was defined as the exbsme angle of the joint or segment
during stance phase. For some parameters, thentage of stance phase when the peak
angle occurred was calculated. Range of motiondeéised as the difference between
angle at contact and peak angle. The angle aiftoeas defined as the joint or segment
angle during the last frame of stance phase. Tpa&saneters of joint and segment

motion are labeled in Figures 1-9.
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Figure 1. Example graph of hip flexion/extension duringhe®phase with variables of
interest labeled.
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Figure2. Example graph of hip abduction/adduction duritagnee phase with variables
of interest labeled.
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Figure 3. Example graph of hip rotation during stance plveisie variables of interest
labeled.
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Figure4. Example graph of pelvic tilt during stance pha#th variables of interest
labeled.
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Figure5. Example graph of contralateral pelvic drop dusstance phase with variables
of interest labeled.
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Figure 6. Example graph of contralateral pelvic rotatiomiiy stance phase with
variables of interest labeled.
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Figure7. Example graph of trunk flexion during stance ghatth variables of interest
labeled.
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Figure 8. Example graph of trunk lean during stance phatewariables of interest
labeled.
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Figure 9. Example graph of trunk rotation during stancesehaith variables of interest
labeled.

Muscle Strength Testing
For each limb, mean maximal torque was calcultdedach strength parameter
by averaging the maximal torque generated frorthadle trials. This mean value was

normalized by body mass for analysis.

Statistical Analysis

Two methods of statistical analysis were usedugrmmnalysis and correlation
analysis. For group analysis, limbs were divid#d strong and weak groups for each
muscle strength parameter. For each muscle str@gagameter, limbs with strength
greater than 1 standard deviation above the samg@da were classified as “strong”
while runners with muscle strength less than 1dstecthdeviation below the sample mean

were classified as “weak”. Limbs falling betweestandard deviation above and below
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the sample mean were not analyzed. In some casebject had both limbs qualify into
1 group. Inthese cases, only the subject’s saolnmgb was considered for analysis in
the strong group, while only the weaker limb wasstdered for analysis in the weak
group.

Hip, pelvis, and trunk motion during stance phaseanthen compared between
groups. Independent sampitests were performed to quantify group differenceless
one of the demographic variables was found to ¢paifesantly different between groups.
If a demographic variable was significantly diffet&etween groups, an analysis of
covariance was used to assess significant diffeierwith the covariate being the
demographic variable found to be different betwgeups. In addition, Levene’s test
for homogeneity of variance was calculated focathparisons. The adjustpeialue
was reported in cases where unequal variance wasl foSignificance level qf < .05
was used for all tests.

For the correlation analysis, Pearson correlataeffcients were used to assess
the relationship between hip strength and hip,ipeand trunk motion during stance
phase for all runners. In addition to stance phasge of motion, angle at contact, peak
angle, percent stance at peak angle, and angle-afftt were analyzed for the correlation
analysis. These variables were not analyzed ogtbup comparison analysis for fear
that performing excessiveests raises the risk of committing a Type | error
Significance level op < .05 was used for all tests. Correlation cogdfits () between
+0.10 to 0.30 were considered weak relationshipslevcorrelation coefficients above

0.30 and below -0.30 were classified as moderda¢ioaships.
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CHAPTER IlI

GROUP COMPARISON RESULTS

Group Inclusion

Mean muscle strengths, as well as the thresholdsarmalized muscle strength,
are summarized in Table 2. For hip abductor sttengdependent sampldests were
performed to quantify group differences. For theé other comparisons, one of the
demographic variables was found to be significadifferent between groups, and was
added as a covariate in the analysis. Subjecpgilemographics are summarized in

Tables 3-6.

Table 2. Average muscle strength (Nm/kg) for all 60 subjects

Abductors Flexors External Rotators Internal Rotators
Mean 0.812 1.694 0.538 0.686
Standard Deviation 0.214 0.457 0.160 0.208
Mean + 1 SD 1.026 2.150 0.697 0.894
Mean-1SD 0.599 1.237 0.378 0.478

Table 3. Subject characteristics of strong and weak abdwgtmrps

Strong Abductors (n=8) Weak Abductors (n=12) p-value
Sex 4 males, 4 females 9 males, 3 females
Age (years) 25.75+10.22 27.67 + 8.89 .669
Height (cm) 171.625+11.57 175.03 £ 10.17 .507
Weight (kg) 62.14 +11.94 70.83 £15.14 .203
Mileage (miles/week) 43.75+11.88 45.17 +14.36 .825
Running Speed (m/s) 3.61+0.47 3.37+0.46 .281
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Table 4. Subject characteristics between strong and wetgkred rotator groups

Strong Ext. Rotators (n=16)  Weak Ext. Rotators (n=15)  p-value
Sex 15 males, 1 female 6 males, 9 females
Age (years) 31.07 +13.13 28.07 +9.88 481
Height (cm) 178.89 + 11.08 171.63 £ 10.79 .075
Weight (kg) 69.79 + 11.57 68.70 + 15.93 .830
Mileage (miles/week) 50.63 + 23.80 44.80 + 16.90 441
Running Speed (m/s) 3.63+0.34 3.24+041 .006*
*Indicates a significant difference between groyps,.05
Table5. Subject characteristics between strong and wgaldxor groups

Strong Flexors (n=13) Weak Flexors (n=15) p-value

Sex 8 males, 5 females 7 males, 8 females
Age (years) 23.08 +3.82 29.27 +10.46 .047*
Height (cm) 171.52 +11.52 172.72+9.74 .767
Weight (kg) 63.36+11.73 64.78 £ 13.21 .768
Mileage (miles/week) 57.85+21.49 43.13+17.18 .055
Running Speed (m/s) 3.66 £0.31 3.38+0.45 .070

*Indicates a significant difference between groyps,.05

Table 6. Subject characteristics between strong and wedaknial rotator groups

Strong Int. Rotators (n=16)  Weak Int. Rotators (n=14) p-value
Sex 13 males, 3 females 7 males, 7 females
Age (years) 26.94 + 8.90 27.29+9.13 917
Height (cm) 175.14 + 11.30 172.00 + 9.81 427
Weight (kg) 66.27 +11.24 70.77 £ 14.57 .348
Mileage (miles/week) 52.50 + 23.09 42.07 £ 13.04 135
Running Speed (m/s) 3.68 +0.32 3.23+0.41 .002*

*Indicates a significant difference between groyps,.05

Group Comparisons

Hip Abduction Strength

Between the strong and weak hip abductor grougsifisant differences were

found for hip adduction, pelvic drop, pelvic rotatj and trunk lean range of motigns

.05 (Table 7; Figure 10).
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Table 7. Range of motion differences between strong and aedkictor groug

Strong Abductors Weak Abductors Levene’s Test  p-value
Hip Extension 42.22 +4.65 42.35+4.39 0.985 0.951
Hip Adduction 4.00+1.75 5.90+1.75 0.355 0.032*
Hip Internal Rotation 5.98+2.83 11.20+7.62 0.017* 0.055
Pelvic Tilt 5.49+2.53 4.87+1.52 0.079 0.507
Pelvic Drop 2.15+0.84 3.65+2.75 0.016* 0.032*
Pelvic Rotation 1.84+1.64 4.22+1.50 0.932 0.004*
Trunk Flexion 3.92+1.05 4.53+1.50 0.109 0.348
Trunk Lean 0.56+0.42 1.55+0.83 0.080 0.007*
Trunk Rotation 26.25+3.02 26.25+4.71 0.194 0.999

* Indicates a significandifference between grou, p < .05
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Figure 10. Differences in hip, pelvis, and trunk range of motietween strong ar
weak hip abductor groups.

Hip External Rotation Srength
When running speed was accounted for as a covasigteficant dfferences
were found fottrunk rotatiot range of motion between strong and weak hip exke

rotator groupsp < .05(Table 8; Figure 11
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Table 8. Range of motion differences between strong and e&gdrnal rotator grou,

Strong External Weak External Levene’s Test p-value
Rotators Rotators

Hip Extension 41.29+3.61 43.01+£3.38 0.848 0.150
Hip Adduction 4.36+2.55 5.67£3.11 0.407 0.527
Hip Internal Rotation 7.09£6.84 9.03+£5.47 0.967 0.764
Pelvic Tilt 5.06 £1.48 6.10+£1.23 0.997 0.501
Pelvic Drop 2.56+2.09 3.38+1.55 0.501 0.897
Pelvic Rotation 2.89+2.11 3.31+1.92 0.981 0.808
Trunk Flexion 3.89+1.69 4.65+1.42 0.913 0.337
Trunk Lean 1.23+0.85 1.44+0.79 0.669 0.766
Trunk Rotation 24.00+£5.34 30.14+4.01 0.181 0.003*

* Indicates a significandifference between grou, p < .05
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Figure 11. Differencesn hip, pelvis, and trunk range of motion betwetrong anc
weak hip external rotator grou

Hip Flexion Strength
When age was accounted for as a covariate, signifitifferences were found
regard to pelvic rotation range of motion betwetarg and weak hip flexor grougp <

.05 (Table 9; Figure 12).
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Table 9. Range of motion differences between strong and \hip flexorgroup:

Strong Hip Flexors Weak Hip Flexors Levene’s Test  p-value
Hip Extension 43.06 +5.06 43.09 +3.50 0.150 0.552
Hip Adduction 4.10+2.02 4.79 £ 2.06 0.580 0.605
Hip Internal Rotation 7.70+£3.79 9.46 £5.52 0.089 0.923
Pelvic Tilt 6.00+1.84 5.12+1.65 0.545 0.257
Pelvic Drop 2.66+1.43 2.57+1.25 0.957 0.493
Pelvic Rotation 1.87+1.45 3.46+1.66 0.666 0.047*
Trunk Flexion 420+1.30 4.41+£0.96 0.330 0.982
Trunk Lean 0.84 +0.66 1.04£0.86 0.307 0.232
Trunk Rotation 26.41+5.43 28.42 +5.06 0.751 0.562

* Indicates a significandifference between grou, p < .05
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Figure 12. Differencesn hip, pelvis, and trunk range of motion betwetnrgy anc
weak hip flexor groups.

Hip Internal Rotation Strength
When running speed was accounted for as a covasigteficant (fferences
were found in regartb hip adductio and pelvic drofpetween strong and weak |

internal rotator groupg < .05 (Table 10; Figure 1!
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Table 10. Range of motion differences between strong and \internal rotatc groups

Strong Internal Weak Internal Levene’s Test  p-value
Rotators Rotators

Hip Extension 41.87 £3.93 43.04 £ 2.46 0.169 0.276
Hip Adduction 3.64+2.11 5.85+3.21 0.044* 0.048*
Hip Internal Rotation 8.80+3.94 8.33+5.52 0.071 0.417
Pelvic Tilt 5.49+1.89 5.54+1.72 0.741 0.587
Pelvic Drop 1.85+1.68 3.96+2.24 0.225 0.043*
Pelvic Rotation 2.05+2.09 3.35+£2.06 0.978 0.092
Trunk Flexion 4.87 £ 3.55 3.27 +2.59 0.461 0.129
Trunk Lean 0.74+£1.20 1.06 £1.01 0.617 0.569
Trunk Rotation 17.72£7.42 21.82 £9.55 0.199 0.342

* Indicates a significandifference between grou, p < .05

50 4

a5 |

40 -

35 -

30 -

25 -

20 -

15 -

Range of Motion (Degrees)

10

@ Strong Internal Rotators

W Weak Internal Rotators

1 e

Hip Flexion Hip Adduction Hip Internal  Pelvic Tilt Contralateral Pelvic

Trunk Flexion Trunk Lean
Rotation Pelvic Drop Rotation

Trunk
Rotation

Figure 13. Differencesn hip, pelvis, and trunk range motion between strong ai
weak hip internal rotator grou
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CHAPTER IV

CORRELATION ANALYSIS RESULTS

Pearson correlation coefficients for all varialdes represented in the tables
below. Moderate correlations, defined as corretatioefficients() above 0.30 or below

-0.30, are also represented graphically.

Angle at Contact

Pearson correlation coefficients for the hip, pglaind trunk angle at contact are

summarized in Tables 11-13 and Figures 14-16.

Table 11. Pearson correlation coefficients for hip angleattact.

Hip Flexion Hip Adduction Hip Rotation
Hip Abductor Strength 0.157 0.233* 0.149
Hip Flexor Strength 0.123 0.067 0.202*
Hip External Rotator Strength 0.040 0.080 0.211*
Hip Internal Rotator Strength 0.049 0.170 0.082

Table 12. Pearson correlation coefficients for pelvis arajleontact.

Pelvic Tilt Pelvic Drop Pelvic Rotation
Hip Abductor Strength 0.035 -0.091 0.324*
Hip Flexor Strength -0.017 -0.033 0.238*
Hip External Rotator Strength 0.095 -0.177 0.151
Hip Internal Rotator Strength -0.119 -0.135 0.120

Table 13. Pearson correlation coefficients for trunk angleantact.

Trunk Flexion Trunk Lean Trunk Rotation
Hip Abductor Strength 0.190* 0.118 0.111
Hip Flexor Strength 0.272* 0.127 0.197*
Hip External Rotator Strength 0.309* 0.322* 0.263*
Hip Internal Rotator Strength 0.148 0.062 0.143

* Indicates a significant correlatiop,< .05
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Figure 14. Significant moderate correlation between hip abolustrength and pelvic
rotation angle at contact.
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Figure 15. Significant moderate correlation between hip exaerotator strength and
trunk flexion angle at contact.
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Figure 16. Significant moderate correlation between hip exderotator strength and

trunk lean angle at contact.

Peak Angle

Pearson correlation coefficients for hip, pelvisd arunk peak angles are

summarized in Tables 14-16. Peak hip extensiorpaa#l trunk rotation were not

included in this table because these variablethareame as the angle at toe-off.

Table 14. Pearson correlation coefficients for peak hip asgl

Hip Adduction Hip Rotation
Hip Abductor Strength 0.041 0.076
Hip Flexor Strength -0.040 0.087
Hip External Rotator Strength -0.087 0.083
Hip Internal Rotator Strength 0.042 0.089
Table 15. Pearson correlation coefficients for peak pelviglas.

Pelvic Tilt Pelvic Drop Pelvic Rotation

Hip Abductor Strength 0.042 0.065 0.191*
Hip Flexor Strength 0.007 -0.030 0.132
Hip External Rotator Strength 0.126 -0.010 0.099
Hip Internal Rotator Strength -0.105 0.033 0.043
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Table 16. Pearson correlation coefficients for peak trungles.

Trunk Flexion Trunk Lean
Hip Abductor Strength 0.134 0.016
Hip Flexor Strength 0.289* 0.080
Hip External Rotator Strength 0.256* 0.287*
Hip Internal Rotator Strength 0.081 -0.060

* Indicates a significant correlatiop,< .05

Range of Motion

Pearson correlation coefficients for hip, pelvisd arunk range of motion are

summarized in Tables 17-19 and Figures 17-19.

Table 17. Pearson correlation coefficients for hip rangenotion.

Hip Flexion Hip Adduction Hip Rotation
Hip Abductor Strength 0.026 -0.324* -0.148
Hip Flexor Strength -0.070 -0.176 -0.232*
Hip External Rotator Strength -0.166 -0.270* -0.258*
Hip Internal Rotator Strength -0.104 -0.214* 0.012

Table 18. Pearson correlation coefficients for pelvic rangenotion.

Pelvic Tilt Pelvic Drop Pelvic Rotation
Hip Abductor Strength -0.013 -0.278* -0.352*
Hip Flexor Strength 0.135 -0.021 -0.279*
Hip External Rotator Strength -0.175 -0.289* -0.144
Hip Internal Rotator Strength -0.064 -0.291* -0.198*

Table 19. Pearson correlation coefficients for trunk ranfyenotion.

Trunk Flexion Trunk Lean Trunk Rotation
Hip Abductor Strength -0.161 -0.213* 0.039
Hip Flexor Strength -0.017 -0.107 -0.104
Hip External Rotator Strength -0.181 -0.095 -0.412*
Hip Internal Rotator Strength -0.179 -0.256* -0.184*

* Indicates a significant correlatiop,< .05

31



st
(=1
|

r=-0.324

& R R
@

*
%

Hip Adduction ROM |Degrees)
{w'a]

o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Hip Abductor Strength (Nm/kg)

Figure 17. Significant moderate correlation between hip abolustrength and hip
adduction range of motion.
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Figure 18. Significant moderate correlation between hip abolustrength and pelvic
rotation range of motion.
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Figure 19. Significant moderate correlation between hip exderotator strength and
trunk rotation range of motion.

Percent Stance at Peak Angle

Pearson correlation coefficients for the percesmat at peak hip, pelvis, and
trunk angles are summarized in Tables 20-22 anar&ig0. In addition to hip flexion
and trunk rotation, pelvic tilt was omitted heM/hile peak anterior pelvic tilt occurs
before toe-off in some subjects, it usually ocaitre-off, skewing this value towards

100 percent.

Table 20. Pearson correlation coefficients for the percéamice at peak hip angles.

Hip Adduction Hip Rotation
Hip Abductor Strength -0.236* -0.030
Hip Flexor Strength -0.080 -0.002
Hip External Rotator Strength -0.195* -0.013
Hip Internal Rotator Strength -0.007 0.080

33



Table 21. Pearson correlation coefficients for the percéamce at peak pelvic angles.

Pelvic Drop Pelvic Rotation
Hip Abductor Strength -0.158 -0.413*
Hip Flexor Strength 0.005 -0.131
Hip External Rotator Strength -0.194* -0.080
Hip Internal Rotator Strength 0.025 -0.076

Table 22. Pearson correlation coefficients for the percéamce at peak trunk angles.

Trunk Flexion Trunk Lean
Hip Abductor Strength -0.167 -0.175
Hip Flexor Strength -0.048 -0.182
Hip External Rotator Strength 0.014 -0.093
Hip Internal Rotator Strength -0.053 -0.115
* Indicates a significant correlatiop,< .05
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Figure 20. Significant moderate correlation between hip abolustrength and the
percent of stance phase at peak pelvic rotation.

Angle at Toe-Off

Pearson correlation coefficients for the hip, pglaind trunk angle at toe-off are

summarized in Tables 23-25.
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Table 23. Pearson correlation coefficients for hip angl&atoff.

Hip Flexion Hip Adduction Hip Rotation
Hip Abductor Strength 0.139 0.082 0.066
Hip Flexor Strength 0.202* -0.028 0.120
Hip External Rotator Strength 0.214* -0.014 0.089
Hip Internal Rotator Strength 0.126 0.013 0.077

Table 24. Pearson correlation coefficients for pelvis arajléoe-off.

Pelvic Tilt Pelvic Drop Pelvic Rotation
Hip Abductor Strength 0.038 -0.012 -0.087
Hip Flexor Strength 0.009 -0.041 0.095
Hip External Rotator Strength 0.129 -0.102 0.118
Hip Internal Rotator Strength -0.111 -0.003 0.004

Table 25. Pearson correlation coefficients for trunk angleoa-off.

Trunk Flexion Trunk Lean Trunk Rotation
Hip Abductor Strength 0.099 -0.034 -0.154
Hip Flexor Strength 0.233* 0.004 -0.150
Hip External Rotator Strength 0.250%* 0.170 -0.174
Hip Internal Rotator Strength 0.086 -0.040 -0.032

* Indicates a significant correlatiop,< .05
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CHAPTER V

DISCUSSION

Range of Motion Results

The main focus of this study was to examine thetiomship between hip strength
and proximal kinematics in healthy runners. Ingheup difference analysis, individuals
with weak hip abductors displayed significantlyajes hip adduction, contralateral
pelvic drop, lateral trunk lean, and anterior pelatation compared to runners with
strong abductorg < .05. The relationship between hip abductomsfite and hip
adduction £ = -0.324) and pelvic rotatiom € -0.352) range of motion were strongest
when analyzing all 60 runners.

The sagittal plane results supported the hypotlaggisvere expected considering
the functional anatomy of the hip musculature. t&is medius, the primary hip
abductor, fires its posterior, middle, and antefiloers sequentially during stance phase
to prevent hip adduction and contralateral pelvapd Gottschalk et al., 1989; McClay et
al., 1990). Weakness of the gluteus medius, asase¢he gluteus minimus and tensor
fascia latae, would logically lead to excessiveiorofor these two parameters.

Greater lateral trunk lean also supported the thgsi$, but requires a bit more
investigation, as lateral trunk lean occurs indpposite sagittal plane direction
compared to pelvic drop. The most likely explamratis that lateral trunk lean is a
compensatory mechanism aimed to move the whole bexer of mass closer to the hip
axis of rotation. This would effectively decredlse moment arm for the center of mass
and reduce the hip abductor torque needed to camtde center of mass torque. Thus,

it appears logical that runners with weak hip alvoitscwould demonstrate this pattern in
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an attempt to unload the weak muscles. Two prevatudies looking at trunk lean in
runners found contrasting results. Noehren €R@l1) found a trend towards greater
lateral trunk leang= .071) in runners with PFPS, who have also beewstio display
weak hip abductors. Ford et al., however, repatiatias hip abductor strength
increased, lateral trunk lean range of motion ailsceasedr(= 0.25). More research is
undoubtedly needed to clarify this relationship.

Greater pelvic rotation for the weak abductor grags initially an unexpected
result, as the only study to date relating hip @bolustrength to pelvic rotation reported a
relatively weak relationship € -0.22) (Ford et al., 2013). However, for owdst, the
Pearson correlation coefficient for pelvic rangerwition rotation was higher than all
three sagittal plane parametears=(-0.352)

The results of studies on gluteus medius functianind walking may help
explain this finding. During walking, the glutemgedius has been shown to be the
primary muscle responsible for the initiation otexror pelvic rotation (Gottschalk et al.,
1989). Of particular importance are the postdrtmars of the gluteus medius, which
attach on the posterior portion of the iliac ciastl insert on the posterolateral surface of
the greater trochanter (Figure 21). These postBbers activate first during early- and
mid-stance, pulling from distal to proximal and troiling anterior pelvic rotation due to
their line of pull (Figure 22) (Gottschalk et &@l989). Studies have found that gluteus
medius onset is delayed in runners with PFPS (@filkst al., 2011; Barton et al., 2012).
Because runners with PFPS are known to often pregdnreduced abductor strength,
the posterior fibers of these runners may not txegfiearly enough to control anterior

pelvic rotation.
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Tensor fasciae
latae m.

Gluteus
minimus m.

Figure21. Anatomy of the gluteus medius, gluteus minimusl, @msor fascia latae
muscles (Gottschalk et al., 1989).

Gluteus
minimus m.

Gluteus
medius m.
{Posterior part)

Figure 22. Line of action of the posterior gluteus medius aheigGottschalk et al.,
1989).
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It is also important to note that some runnerdis study attempted to flex the
hip and trunk during hip abductor strength testpagsibly a compensatory movement
for poor strength in the posterior part of the glig medius. This also supports the theory
that runners testing weak for hip abduction may kither strength or neuromuscular
control in the posterior gluteus medius, leadingitbculty controlling anterior pelvic
rotation during the first half of stance phase. r&evidence is needed, however, to
support this theory.

Hip external rotator strength was hypothesizedittrol hip internal rotation and
anterior pelvic rotation range of motion. HowewgiQup differences were only seen for
trunk rotation range of motion, as the weak higexl rotator group displayed
significantly more trunk rotation compared to thmsg external rotator group € .003).

While it's not illogical that external rotator strgth could influence trunk rotation
in the transverse plane, it's surprising that we thés result without differences in pelvic
rotation. The correlation coefficient between uatation and hip external rotator
strength was moderately stromg=(-.412), but no significant correlation was found
between pelvic rotation and hip external rotatcerggth ¢( = -0.144). The limited
research quantifying lumbo-pelvic coupling durimgming may partially explain this
findings, as the lumbar spine and pelvis are osegluence for approximately 21% of the
gait cycle, or about half of stance phase (Schatha, 2002). While this study
examined whole trunk motion, the same pattern apgeabe true when qualitatively
assessing the sample graphs for pelvic and truiakioa. For most runners, the pelvis

anteriorly rotates until peak rotation around magse, and then begins to posteriorly
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rotate until toe-off (Figure 6). The trunk, howevexternally rotates throughout the
entirety of stance phase (Figure 9).

The external rotator group is thought to eccenitsicantrol hip internal rotation
and stabilize the pelvis during single limb supgdttClay et al., 1990). Again, since
the thigh is relatively fixed, this means that éx¢ernal rotators would control anterior
pelvic rotation in the transverse plane. One théothat weak external rotators lead to
instability but not necessarily excessive antemodation at the pelvis. Excessive external
trunk rotation could then be seen as a compensptdtgrn in an attempt to generate
forward momentum, as the pelvic-hip girdle is tostable to generate force for push-off
via pelvic rotation. More research appears todederd in this area to better explain this
phenomenon.

Surprisingly, this study found differences betwegeoups for hip flexion and
internal rotator strength, which had not been citedvily in previous literature. In
regard to hip flexion strength, the weak hip flegooup demonstrated greater pelvic
rotation compared to the strong hip flexor grodpvo of the hip flexors, sartorius and
iliopsoas, play a role in hip external rotatiorashdition to the main actions as hip flexors.
Because the leg is fixed during stance phasentbans that these two muscles assist in
posterior pelvic rotation in the transverse plara] as such, eccentrically control anterior
pelvic rotation (Niemuth et al., 2005). While tlsigntribution was not previously
thought to be large, the results from this studygest that their contribution to pelvic
rotation may be larger than previously theorized.

Runners with weak hip internal rotators displayeshter hip adduction and

pelvic drop range of motion compared to runnerf\witong hip adductorg € .05).
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This result, while not previously cited in the tdéure, was not surprising, as the gluteus
medius and minimus are the primary internal rotawanen the hip is flexed (Schmitz et
al., 2002). Weak gluteus medius function, as nesly discussed, is likely related to

poor sagittal plane stability during running (McZkt al., 1990).

Additional Parameters of Joint and Segment Motion

A few moderate correlations were seen for theeaagtontact parameter, which
is thought to be a measure of segment control asdipning during terminal swing. Hip
abductor strength was shown to be moderately @ie@lto pelvic rotation angle at
contact ( = 0.324), suggesting that runners with strongaiguctors tend to land with
the hip in a more anteriorly-rotated position. derg in a more anteriorly-rotated
position likely requires increased stability at thp and pelvis, which is evidenced by the
moderate relationship with increased strength.

A moderate, positive correlation was found betwie@rexternal rotator strength
and both trunk flexion angle at contacts(0.309), and trunk lean angle at contact (
0.322). These results seem paradoxical, as exeetssnk flexion and trunk lean at
contact are thought to occur in runners with desdgroximal stability (Noehren et. al,
2011). Assuming these relationships were not duwhance, more research appears to be
needed to explain this finding.

Lastly, the largest Pearson correlation coefficiarthis study was seen between
hip abductor strength and the percent stance atgsaic rotation = -0.413). This
means that as hip abductor strength increaseggettoent of stance phase that peak

anterior pelvic rotation occurred decreased. Emesrationale as to why decreased

41



pelvic rotation range of motion was different betnwénip abductor strength groups can
be cited here. The hip abductors appear to piagraficant role not only limiting
anterior pelvic rotation, but shortening the timenf initial contact to peak pelvic

rotation.

Statistical Significance versus Clinical Relevance

While the discussion to this point has been steéiby based, one must also
consider the clinical relevance of the findingar many parameters, significant group
differences were seen with only 1-2 degrees sapgrtte groups. Likewise, while
moderate relationships were seen between somélesjdhe coefficient of
determination ) values did not exceed 0.17 in magnitude, meathiagl7% or less of
the variance in hip strength accounted for theavexe in kinematic parameters. Thus,
while many results of this thesis were expectedraakle sense anatomically, the major
guestion that remains is whether a few degreesotibommakes a difference between
staying healthy and developing an injury. Unfodtaty, the current research in this area
is not advanced enough to discriminate what carieita clinically relevant finding. As

the evidence begins to mount in this area, theimanay become clearer.

Study Limitations

A major question that remains is the transfergbditstatic muscle strength
measurements to the dynamic action of muscles gluanning. While many of the
relationships reported in this study make anatohsiease, patient positioning for muscle

testing may still be called into question. Forrapge, hip abductor strength was
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measured in an open-chain position, while the bguators must fire in a closed-chain
position during stance phase. For open-chain Iduetion, the proximal end is fixed,
meaning that contraction abducts the leg. In esttthe distal end is fixed during
running, meaning that the hip abductors contraprévent pelvic drop. The same
objection can be made for internal and externaltiant strength testing, as the seated,
open-chain position of this test may not mimic deenands of the muscle during closed-
chain movement. These differences in test posd@mpared to running position can be
seen as a main limitation of this study.

A second limitation of this thesis is related torkea positioning. Fortunately,
range of motion should not be affected by erranarker placement, as this
measurement is simply the difference between tigeeaat contact and peak angle.
However, correct maker placement plays a role gieaat contact, peak angle, and angle
at toe-off parameters, however. For example, ptathie sacrum marker lower than
recommended will decrease the apparent anterigrcpét in a standing position.

While careful consideration was given to markecptaent for every subject,
inconsistent marker placement has been shown twatéor 75-90% of between-day
reliability (Gorton et al., 2009). Also, while beten-day repeatability has been shown to
be relatively high for sagittal plane walking kinatics, frontal and transverse plane
repeatability is markedly lower (Kadaba et. al, 298This variability in marker
placement needs to be considered when extrapolatigig at contact, peak angle, and
angle at toe-off results, and can also be seen asharent limitation to this study. For

this reason, and for the number of moderate cdivakseen between hip strength and
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range of motion parameters, this study recommeggisrting hip, pelvis, and trunk range
of as the main outcome measure in future studies.

A third limitation is the absence of hip extensand adduction strength
measurements in the analysis. Previous reseascbuggested a strong, significant,
negative correlation between hip extension streagthboth pelvic drop and trunk
rotation (Ford et al., 2013). The addition of Bigension strength measurements would
create a more complete picture of the relationbkigveen hip strength and kinematics,

and can be seen as a third limitation of this study

Conclusions and Future Directions

There were many noteworthy findings in this stuépr each strength parameter,
differences were seen for certain measures ofeiwjs, and trunk range of motion
Moderate correlations were also found between séwsgasures of strength and
kinematics, most notably between hip abductor gtfeand hip adduction range of
motion, between hip abductor strength and pelMati@n range of motion, and between
hip external rotation strength and trunk rotatiange of motion.

While data from this study help elucidate the relahip between hip strength
and kinematics, no causal conclusions can be giealmeorder to study this question of
cause and effect, future studies should examinefteet of muscle strengthening on
kinematics in healthy runners. Mixed data frombssiudies to date (Snyder et. al, 2009;
Ferber et al., 2011; Willy & Davis, 2011) suggesbist hip muscle strength may not be

the sole determinant of proximal kinematics (Noahekal., 2010; Wouters et al., 2011).
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Thus, future studies should also examine the effefctors other than muscle strength

on kinematics, such as motor control, flexibiliéyd anthropometric variation.
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APPENDIX
INFORMED CONSENT

CONSENT FORM

You are invited to participate in a research stadpducted by Drs. Li-Shan Chou, Louis
Osternig, Stan James, and graduate student Jaroksr Begarding the role of foot pronation in
running injuries. We hope to understand how theatthm of foot pronation can be quantified
from both clinical and biomechanical perspectivesw it may be different in injured and
uninjured runners, and how it may affect muscledsrin the lower limb while running. You are
being invited to participate because you are eghausrrently healthy runner or because you are
currently an injured runner with either medial albstress syndrome or an Achilles tendon

injury.

If you decide to participate, you will be testedthre Motion Analysis Laboratory at the
University of Oregon. This study is longitudinalriature, meaning we will follow up and retest
you at regular intervals throughout the year. Iexpected that the follow up visits will be
conducted approximately every three months; howthese is some leeway in this time frame
depending on your individual schedule and ne®ds.anticipate recruiting a total of 150
subjects for this study, 20 currently symptomatic with medial tibial stress syndrome or
Achillestendinopathy, and 130 healthy subjects.

TESTING PROCEDURESThe assessments in the Motion Analysis Lab witlude both
clinical and biomechanical evaluations. The cliheealuation will include measures of your
body alignment, joint range of motion, and musdiergth. For the running gait analysis
reflective markers will be placed on selected btanydmarks to record the motion of each
individual body segment. You will run laps arouritk tlaboratory space and your body
movement (indicated by motion of reflective maketsgjing running will be recorded by our
cameras for further analysis. We will also recoodiryrunning with traditional video cameras
and, with your permission, may take photographthefmarker set up placed on your body.
Your will run both while wearing running shoes dvatefoot. When you run with shoes on we
will cut holes in the shoe to allow us to place keas directly on your foot. Therefore you will
be required to provide an old pair of running shaesdo not mind having cut up. It is expected
that you will run approximately 30 short laps arduhe laboratory under each condition, with
each lap being approximately 25 meters. You wibabe asked to complete short bouts of
treadmill running, also with and without shoe. Hinawhile running on a treadmill we will
measure the pressure distribution under your feitguspecialized insoles which we will place
inside your shoe.

You will wear normal running shoes for these prared. You will be asked to wear a pair of
paper physical therapy shorts and sleeveless ($hik top) or equivalent clothing of your
choice during testing to allow the cameras to tlesge the markers. It is expected each testing
session will require approximately 2.5 hours ofryiime.

COMPENSATION:You will be compensated $20 for each visit to lti@ratory. You should
understand that your old shoes will no longer ablesafter your participation in the study.
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RISKS AND DISCOMFORTSWe expect that there will be no more risk for yhuing these
tests than there normally is for you when outsiti¢he laboratory. However, running in the
laboratory is different than running outside. Yoll be asked to speed up then slow down over
a 25 meter distance. Running laps in the laboratglfyrequire negotiating tight corners. We
will do our best to arrange the lab equipment amditure to minimize any discomforts and
provide as much room as possible. If you are notfadgable you may stop the trials at any
time. Additionally, running on a treadmill is alsot the same as running outside, however you
may stop the treadmill at any time if you feel uméortable. You may feel fatigue during or
after the testing. Our staff member will check wyibu frequently and provide any required
assistance. You will be given frequent breaks gaasted. Cutting the holes in your running
shoes will require the removal of the inner linisg there is the possibility of rubbing or
discomfort on your feet. We will do our best touee these effects, and should they still be
present you may request additional modificationstop the trials at any time. There is also the
possibility of discomfort involved in removing adiiee tape (used for marker placement) from
skin at the end of the experiment.

ADDITIONAL INFORMATION: Any information that is obtained in connection twihis
study and that can be identified with you will remeonfidential and will not be shared without
your permission.

Subject identities will be kept confidential by augl the data as to study, subject pseudonyms,
and collection date. The code list will be keptesafe and secure from the actual data files.

Your participation is completely voluntary. Yourai@on whether or not to participate will not
affect your relationship with the Department of HamPhysiology or University of Oregon.
You do not waive any liability rights for personajury by signing this form. In spite of all
precautions, you might develop medical complicatitiom participating in this study. If such
complications arise, the researchers will assigtigmbtaining appropriate medical treatment. In
addition, if you are physically injured becauseha project, you and your insurance company
will have to pay your doctor bills. If you are aiuersity of Oregon student or employee and are
covered by a University of Oregon medical plant filan might have terms that apply to your
injury. If you have any questions about your rights a research subject, you can contact
Research Compliance Services, 5237 University @g@m, Eugene, OR 97403, (541) 346-
2510. This office oversees the review of the retesy protect your rights and is not involved
with this study.

If you decide to participate, you are free to withwl your consent and discontinue participation
at any time without penalty. This includes discomitng your participation anytime during the
initial visit or not returning for follow up visitdf you choose not to return for follow up visits
the researchers may discontinue your participatiche studyAdditionally, the researchers
may discontinue your participation in this study if you are not able to provide an old pair

of shoes, or are not capable of running the amount required to complete the testing, either

on thetreadmill or overground.

If you have any questions, please feel free toamnbr. Li-Shan Chou, (541) 346-3391,
Department of Human Physiology, 112C Esslinger ,Hatliversity of Oregon, Eugene OR,
97403-1240. You will be given a copy of this formkeep. Your signature indicates that you
have read and understand the information provideovey that you willingly agree to

participate, that you may withdraw your consentaay time and discontinue participation
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without penalty, that you will receive a copy oistform, and that you are not waiving any legal
claims, rights or remedies.

Name:

Signature:

Date:

AGREEMENT FOR PHOTOGRAPHING OR VIDEOTAPING

| have received an adequate description of theqaarand procedures for photographing
or videotaping sessions during the course of tlopgsed research study. | give my
consent to allow myself to be photographed or uigleed during participation in the
study, and for those photographs or videotapestuidwed by persons involved in the
study, as well as for other professional purposeduding conference presentation and
scientific publication of findings from the studys described to me. | understand that all
information will be kept confidential, that the gbgraphs and videotapes will be edited
to protect my confidentiality, and will be reported an anonymous fashion. | further
understand that | may withdraw my consent at amg ti

Printed name of research participant Date

Signature of research participant

48



REFERENCES CITED

Barton, C. J., Lack, S., Malliaras, P., & MorrissBy (2013). Gluteal muscle activity and
patellofemoral pain syndrome: a systematic revigmtish Journal of Sports
Medicine, 47(4), 207-14.

Bohannon R. W., Vigneault J., & Rizzo J. (2008) ldxternal and internal rotation
strength: consistency over time and between sidalgnetics and Exercise Science,
16, 107-111.

Bolgla, L. A., Malone, T. R., Umberger, B. R., & Ji. L. (2008). Hip strength and hip
and knee kinematics during stair descent in femai#tssand without patellofemoral
pain syndromeThe Journal of Orthopaedic and Sports Physical Therapy, 38(1),
12-8.

Buist, I., Bredeweg, S. W., Bessem, B., van Meahalé., Lemmink, K. aP. M., &
Diercks, R. L. (2010). Incidence and risk factorsumning-related injuries during
preparation for a 4-mile recreational running evBnitish Journal of Sports
Medicine, 44(8), 598-604.

Buist, I., Bredeweg, S. W., Lemmink, K. a P. M.nwdechelen, W., & Diercks, R. L.
(2010). Predictors of running-related injuries ovite runners enrolled in a
systematic training program: a prospective cohoidys The American Journal of
Spoorts Medicine, 38(2), 273-80.

Byrne, D. M., Mulhall, K. J., & Baker, J. F. (201@natomy & biomechanics of the
hip. The Open Sports Medicine Journal, 4, 51-57.

Carson, M. C., Harrington, M., Thompson, E., O'Conrl. J., Theologis, T. N. (2001)
Kinematic analysis of a mulit-segment foot modelresearch and clinical
applications: A repeatability analysigurnal of Biomechanics. 34(10), 1299-307.

Cavanagh P.R., Lafortune M.A. Ground reaction feticedistance runningournal of
Biomechanics. 1980 Jan;13(5):397-406.

Cichanowski, H. R., Schmitt, J. S., Johnson, R& Njemuth, P. E. (2007). Hip strength
in collegiate female athletes with patellofemorailnpMedicine and Sciencein
Soorts and Exercise, 39(8), 1227-32.

Clarkson, H. M. (2000)Muscul oskeletal assessment: Joint range of motion and manual
muscle strength. Philadelphia, PA: Lippincott Williams & Wilkins.

Cuthbert, S. C., & Goodheart, G. J. (2007). Onréti@bility and validity of manual
muscle testing: a literature revie@hiropractic & Osteopathy, 15(4), 1-23.

49



Dierks, T. A, Manal, K. T., Hamill, J., & Davis, §. (2008). Proximal and distal
influences on hip and knee kinematics in runnethk pwatellofemoral pain during a
prolonged runThe Journal of Orthopaedic And Sports Physical Therapy, 38(8),
448-56.

Dugan, S. A., Bhat, K. P. (2005). Biomechanics analysis of running gaiBhysical
Medicine and Rehabilitation Clinics of North America. 16. 603-621.

Ferber, R., Kendall, K. D., & Farr, L. (2011). Clgas in knee biomechanics after a hip-
abductor strengthening protocol for runners wittefp@femoral pain syndrome.
Journal of Athletic Training, 46(2), 142-9.

Finnoff, J. T., Hall, M. M., Kyle, K., Krause, D.,Aai, J., & Smith, J. (2011). Hip
strength and knee pain in high school runnersoagactive studyThe Journal of
Injury, Function, and Rehabilitation, 3(9), 792—-801.

Ford, K. R., Taylor-Haas, J. A, Genthe, K., & Hutgdsler, J. (2013). Relationship
between hip strength and trunk motion in collegessfcountry runnersdedicine
and Science in Sports and Exercise, 45(6), 1125-30.

Fredericson, M., Cookingham, C. L., Chaudhari, A, Dowdell, B. C., Oestreicher, N.,
& Sahrmann, S. A. (2000). Hip abductor weaknesfistance runners with iliotibial
band syndromeClinical Journal of Sport Medicine: Official Journal of The
Canadian Academy of Sport Medicine, 10(3), 169-75.

Gorton, G., Herbert, D., Gannotti, M. (2009). Assasnt of kinematic variability among
12 motion analysis laboratorigSait and Posture. 29, 398—402.

Gottschalk, F., Kourosh, S., & Leveau, B. (1989)eTunctional anatomy of the tensor
fascia latae and gluteus medius and minirdostnal of Anatomy. 166. 179-189.

Grau, S., Krauss, ., Maiwald, C., Best, R., & Horann, T. (2008). Hip abductor
weakness is not the cause for iliotibial band sgnd.International Journal of
Sports Medicine, 29(7), 579-83.

Grood, E. S., & Suntay, W. J. (1983). A joint cdaate system for the clinical
description of three-dimensional motions: applimatio the kneelournal of
Biomechanical Engineering, 105, 136-144.

Heinert, B. L., Kernozek, T. W., Greany, J. F., &ér, D. C. (2008). Hip abductor
weakness and lower extremity kinematics during mgprdour nal of Sport
Rehabilitation, 17(3), 243-56.

Hreljac, A. (2005). Etiology, prevention, and edrtervention of overuse injuries in

runners: a biomechanical perspectivRysical Medicine and Rehabilitation Clinics
of North America, 16(3), 651-67.

50



Ireland, M. L., Willson, J. D., Ballantyne, B. &,Dauvis, I. M. (2003). Hip strength in
females with and without patellofemoral paiournal of Orthopaedic and Sports
Physical Therapy, 33(11), 671-676.

Jacobs S. & Berson B. (1986) Injuries to Runnerstuly of entrants to a 10,000 meter
race.American Journal of Sports Medicine. 14(2), 151-5.

Kadaba, M. P., Ramakrishnan, H. K., & Wootten, M(E290). Measurement of lower
extremity kinematics during level walkingpurnal of Orthopaedic Research(1:
8(3), 383-92.

Kadaba M. P., Ramakrishnan H. K., Wooten M. E.n@gj J., Gorton, G., & Cochran,
G. V. (1989). Repeatability of kinematic, kinet@)d electromyographic data in
normal adult gaitJournal of Orthopedic Research. 7, 849-60.

Krebs, D. E., Robbins, C. E., Lavine, L., & Mann,\R. (1998). Hip biomechanics
during gait.The Journal of Orthopaedic and Sports Physical Therapy, 28(1), 51-9.

Leetun, D. T., Ireland, M. L., Willson, J. D., Batityne, B. T., & Davis, I. M. (2004).
Core stability measures as risk factors for loweéresnity injury in athletes.
Medicine and Science in Sports and Exercise, 36(6), 926—934.

Le-Ngoc, L., & Janssen, J. (2012). Validity andatellity of a hand-held dynamometer
for dynamic muscle strength assessment. In C. ) (Rehabilitation Medicine.
InTech Books.

Martin, H., Yule, V., Syddall, H., Dennison, E., &@xer, C. & Aihie Sayer, A. (2006).
Is hand-held dynamometry useful for the measuremieguadriceps strength
in older people? a comparison with the gold stash@iéérdex dynamometry,
Gerontology 52(3): 154-159.

McClay, I. S., Lake, M. J., & Cavanagh P. R. (199)scle activity in running. In P. R.
Cavanagh (Ed.Biomechanics of Distance Running (pp.165-186). Champaign, IL:
Human Kinetics.

McClay, I., & Manal, K. (1998). A comparison of #&a-dimensional lower extremity
kinematics during running between excessive prasatnd normal<linical
Biomechanics, 13(3), 195-203.

Milliron, M. J., & Cavanagh, P. R. (1990). Sagiftédne kinematics of the lower
extremity during distance running. In P.R. Cavanggyh), Biomechanics of
Distance Running (pp. 65-106). Champaign, IL: Human Kinetics.

Niemuth, P. E., Johnson, R. J., Myers, M. J., &htman, T. J. (2005). Hip muscle
weakness and overuse injuries in recreational msn@&nical Journal of Sport
Medicine: Official Journal of The Canadian Academy of Sport Medicine, 15(1), 14—
21.

51



Noehren, B., Davis, I., & Hamill, J. (2007). ASBratal biomechanics award winner
2006 prospective study of the biomechanical facissociated with iliotibial band
syndrome(Clinical Biomechanics, 22(9), 951-6.

Noehren, B., Pohl, M. B., Sanchez, Z., Cunninghun& Lattermann, C. (2011).
Proximal and distal kinematics in female runnerthwiatellofemoral pairClinical
Biomechanics, 27(4), 366—71.

Noehren, B., Scholz, J., & Davis, I. (2010). Thi=ef of real-time gait retraining on hip
kinematics, pain and function in subjects with patemoral pain syndromeBritish
Journal of Sports Medicine, 45(9), 691—6.

Piva, S., Goodnite, E. A., & Childs, J. D. (2008)ength around the hip and flexibility
of soft tissues in individuals with and without @ié&dfemoral pain syndrome.
Journal of Orthopaedic and Sports Physical Therapy, 35(12), 793-801.

Prins, M. R., & van der Wurff, P. (2009). Femalagwpatellofemoral pain syndrome
have weak hip muscles: a systematic revigive Australian Journal of
Physiotherapy, 55(1), 9—-15.

Robinson, R. L., & Nee, R. J. (2007). Analysis gf strength in females seeking
physical therapy treatment for unilateral patelo@eal pain syndromelournal of
Orthopaedic and Sports Physical Therapy, 37(5), 232—-238.

Running USA (2013). 2013 State of the Sport. Regdefrom http://www.runningusa.org
/annual-reports

Schache, A. G., Blanch, P., Rath, D., Wrigley,& Bennell, K. (2002). Three-
dimensional angular kinematics of the lumbar sginé pelvis during running.
Human Movement Science, 21(2), 273-93.

Schmitz, R. J., Riemann, B. L, & Thompson, T. (20@uteus medius activity during
isometric closed-chain hip rotatiofournal of Soort Rehabilitation. 11(3), 179-188.

Shinkle, J., Nesser, T. W., Demchak, T. J., & Mckas, D. M. (2012). Effect of core
strength on the measure of power in the extremil@snal of Strength and
Conditioning Research. 26(2), 373-80.

Snyder, K. R., Earl, J. E., O’'Connor, K. M., & Ebele, K. T. (2009). Resistance training
is accompanied by increases in hip strength andgesain lower extremity
biomechanics during runnin@linical Biomechanics, 24(1), 26—-34.

Souza, R. B., & Powers, C. M. (2009). Predictorkipfinternal rotation during running:
an evaluation of hip strength and femoral structaneomen with and without
patellofemoral painThe American Journal of Sports Medicine, 37(3), 579-87.

52



Thijs, Y., Pattyn, E., Van Tiggelen, D., Rombaut, & Witvrouw, E. (2011). Is hip
muscle weakness a predisposing factor for patefofal pain in female novice
runners? a prospective studye American Journal of Sports Medicine, 39(9),
1877-82.

Thorborg, K., Bandholm, T., & HoImich, P. (2013)ipHand knee-strength assessments
using a hand-held dynamometer with external beéition are inter-tester reliable.
Knee Surgery, Sports Traumatol ogy, Arthroscopy: Official Journal Of The ESSKA,
21(3), 550-5.

Thorborg, K., Petersen, J., Magnusson, S. P., &tifl, P. (2010). Clinical assessment
of hip strength using a hand-held dynamometerliaghile. Scandinavian Journal of
Medicine & Science In Sports, 20(3), 493-501.

Tyler, T. F., Nicholas, S. J., Mullaney, M. J., &Mugh, M. P. (2006). The role of hip
muscle function in the treatment of patellofemgraih syndromeThe American
Journal of Sports Medicine, 34(4), 630—6.

Van Gent, R. N., Siem, D., van Middelkoop, M., v@s, A. G., Bierma-Zeinstra, S. M.,
& Koes, B. W. (2007). Incidence and determinantafer extremity running
injuries in long distance runners: a systematiger@vBritish Journal of Sports
Medicine, 41(8), 469-80.

Van Middelkoop, M., Kolkman J., Van Ochten, J.,fBi@-Zeinstra, S. M., & Koes, B.
W. (2007) Course and Predicting Factors of Lowerdinity Injuries After Running
a MarathonClinical Journal of Sports Medicine. 17(1), 25-30.

Verrelst, R., & Willems, T. (2013). The role of hgpductor and external rotator muscle
strength in the development of exertional medtahtipain: a prospective study.
British Journal of Sport, 00, 1-7.

Willson, J. D., & Davis, I. S. (2008). Utility ohe frontal plane projection angle in
females with patellofemoral paifhe Journal of Orthopaedic and Sports Physical
Therapy, 38(10), 606—15.

Willson, J. D., Kernozek, T. W., Arndt, R. L., Reamek, D. A. & Straker, J. S. (2011).
Gluteal muscle activation during running in femaleth and without patellofemoral
pain syndromeClinical Biomechanics, 26(7), 735-40.

Willy, R. W., & Davis, I. S. (2011). The effect afhip-strengthening program on
mechanics during running and during a single-lagatdhe Journal of Orthopaedic
and Sports Physical Therapy, 41(9), 625-32.

Wouters, I., Almonroeder, T., Dejarlais, B., Laagk, Willson, J. D., & Kernozek, T. W.
(2012). Effects of a movement training program gnand knee joint frontal plane
running mechanicgnternational Journal of Sports Physical Therapy, 7(6), 637—-46.

53



Wu, G. (2002). ISB recommendation on definitiongofit coordinate system of various
joints for the reporting of human joint motion—partankle, hip, and spindournal
of Biomechanics, 35(3), 543-548.

54



