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ABSTRACT

MICHELLE C. BOLING: A Prospective Investigation of Biomechanical Risk Factors for
Anterior Knee Pain (Under the direction of Dr. Darin A. Padua)

Anterior knee pain is one of the most common chronic knee conditions in the United
States; however, little research has been done to determine the risk factors for this injury.
The main objective of this investigation was to determine the biomechanical risk factors for
anterior knee pain in a military population. We assessed lower extremity kinematics,
kinetics, muscle strength, and postural measures as risk factors for the development of
anterior knee pain. A total of 1597 participants were enrolled in this investigation. Each
participant underwent baseline data collection during their first summer of enrollment at the
United States Naval Academy. Baseline data collection included three-dimensional motion
analysis during a jump-landing task, six lower extremity isometric strength tests, and
measurement of navicular drop and Q-angle. Following baseline data collection participants
were followed from their date of enrollment to January 15, 2008. Due to the enrollment of
participants over the summers of 2005, 2006, and 2007, the follow up time for participants
varied. Forty (females=24, males=16) of the enrolled participants were diagnosed with
anterior knee pain over the course of the follow up period. Due to incomplete data collection
for some of the participants, the cohort of non-injured subjects reduced to 1279. Poisson
regression analyses were performed to determine the risk factors for the development of
anterior knee pain. We also performed a 2x2 (gender x group) ANOVA to determine if there
was a difference between genders for the risk factors for anterior knee pain. Poisson and

logistic regression analyses were performed to determine if gender significantly predicted the



incidence rate or prevalence of anterior knee pain. Risk factors for the development of
anterior knee pain included decreased knee flexion angle and vertical ground reaction force
and increased hip internal rotation angle during the jump-landing task. Additionally,
decreased knee flexion and extension strength, increased hip external rotation strength, and
increased navicular drop were risk factors for the development of anterior knee pain. There
were no significant differences between males and females who developed anterior knee pain
for the risk factor variables. The incidence rate of anterior knee pain in females was
significantly greater than males, with females having 2.23 times (95% ClI: 1.19, 4.20) the rate
of anterior knee pain compared to males. There was no difference in the prevalence of
anterior knee pain between males and females. Decreased strength, increased hip internal
rotation angle, and increased navicular drop may be predisposing individuals to the
development of anterior knee pain due to these muscle imbalances and malalignments
leading to patellar malalignment. This suggests that prevention programs should focus on
increasing strength of the lower extremity musculature along with instructing proper
mechanics during dynamic movements in order to decrease the incidence of anterior knee
pain. Additionally, targeting prevention programs towards females may help to decrease the

incidence rate of anterior knee pain.
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CHAPTER ONE

INTRODUCTION

Anterior knee pain is one of the most common lower extremity conditions reported in
the general United States population.(Devereaux & Lachman, 1984) Anterior knee pain
encompasses disorders in which signs and symptoms present in or around the patellofemoral
joint. Disorders that are commonly grouped under the term anterior knee pain are
patellofemoral pain syndrome and chondromalacia patella.(Fulkerson & Arendt, 2000;
Sandow MJ & Goodfellow JW, 1985) The prevalence of anterior knee pain has been
reported to be one in four in the general population and higher among recreational
athletes.(Devereaux & Lachman, 1984) Taunton et al. (2002) reported 46% of knee injuries
in 2,002 patients were due to anterior knee pain. Researchers and clinicians need to gain a
better understanding of risk factors for this disorder in order to reduce the prevalence of
anterior knee pain.

A higher prevalence of anterior knee pain is reported in females as compared to their
male counterparts.(Baker MM & Juhn MS, 2000; Fulkerson & Arendt, 2000; Tumia &
Maffulli, 2002) Over a seven year observation of individuals reporting to a sports medicine
clinic, 33.2% of females and 18.1% of males presented with anterior knee pain.(DeHaven KE
& Lintner DM, 1986) In addition to these findings, Taunton et al. (2002) reported that 62%
of all patients who reported to a clinic with anterior knee pain were females. These
investigations report the prevalence of anterior knee pain but do not provide information on

the occurrence of anterior knee pain over a specific period of time (incidence). To our



knowledge no investigations have been performed to determine if gender differences exist in
the incidence of anterior knee pain. In addition to determining if differences exist in the
incidence of anterior knee pain between genders, research is needed to quantify the
differences in risk factors for anterior knee pain between males and females.

The development of anterior knee pain can be devastating due to the common
recurrence of symptoms and its association with the development of patellofemoral
osteoarthritis. In a retrospective case-control analysis of patients diagnosed with anterior
knee pain following 4-18 years after initial presentation, 91% of patients still had knee pain
(68% of these were females), and in 36% of the patients anterior knee pain restricted their
physical activity.(Stathopulu & Baildam, 2003) In addition to the recurrence of symptoms,
anterior knee pain has recently been reported to have an association with the development of
patellofemoral osteoarthritis.(Utting MR, Davies G, & Newman JH, 2005) Utting et al.
(2005) reported that 22% of patients with patellofemoral osteoarthritis reported suffering
from anterior knee pain as an adolescent. Based on these findings, anterior knee pain is
considered a public health concern due to its detrimental affect on physical activity and its
association with patellofemoral osteoarthritis. The development of prevention programs may
be an effective strategy to decrease the occurrence of anterior knee pain and in turn the
occurrence of patellofemoral osteoarthritis.

In order to develop prevention strategies for anterior knee pain, there is a need to
understand the risk factors for this disorder. Proposed risk factors for anterior knee pain
include lower extremity structural abnormalities, muscle weakness, and dynamic
malalignment (EI-Metwally A, Salminen JJ, Auvinen A, Kautiainen H, & Mikkelson M,

2006; Mikkelson LO et al., 2006; Thomee, Augustsson, & Karlsson, 1999; Witvrouw,



Lysens, Bellemans, Cambier, & Vanderstraeten, 2000; Milgrom C, Kerem E, Finestone A,
Eldad A, & Shlamkovitch N, 1991); however, few studies have prospectively evaluated all of
these risk factors.(Witvrouw et al., 2000; Shrier I, Ehrmann-Feldman D, Rossignol M, &
Abenhaim L, 2001; Milgrom C et al., 1991) The few prospective cohort investigations that
have been performed report decreased quadriceps flexibility, shortened reflex time of the
vastus medialis oblique, reduction of vertical jump performance, increased medial patellar
mobility, increased medial tibial intercondylar distance, and increased quadriceps strength as
factors associated with the incidence of anterior knee pain.(Witvrouw et al., 2000; Milgrom
Cetal, 1991) Although these risk factors provide some information for the development of
a prevention program for anterior knee pain, some of these factors are non-modifiable.
Therefore, there is a need for researchers and clinicians to better understand the modifiable
risk factors for anterior knee pain.

The modifiable risk factors that have been theorized to play a role in the development
of anterior knee pain include altered kinematics and kinetics during functional tasks and
decreased strength of the hip and knee musculature.(Powers, 2003) Alterations in kinematics
and kinetics may lead to increased loads being placed across the patellofemoral
joint.(Powers, 2003) Increased loading at the patellofemoral joint, increases the stresses
placed on the patellofemoral cartilage and surrounding retinaculum, and may ultimately lead
to anterior knee pain.(Lee, Anzel, Bennett, Pang, & Kim, 1994) Weakness of the hip
musculature has been proposed to change the alignment of the patella within the femoral
trochlea due to abnormal movements of the femur, leading to abnormal patellar
tracking.(Fulkerson, 2002) It is also theorized that a decrease in strength of the quadriceps

musculature, specifically the vastus medialis, may lead to abnormal tracking of the



patella.(Grabiner MD, Koh TJ, & Draganich LF, 1993) Abnormal tracking of the patella
leads to increased stresses being placed on the lateral patellar facet, leading to anterior knee
pain.(Lee et al., 1994; Huberti & Hayes, 1984) Research is needed to determine if the above
listed modifiable factors are associated with the incidence of anterior knee pain.

Two additional variables that we feel may predispose individuals to anterior knee
pain are excessive pronation and increased Q-angle. Researchers have reported that
excessive pronation is associated with prolonged internal rotation of the lower extremity and
an increased valgus position at the tibiofemoral joint.(McClay | & Manal K, 1998; Tiberio D,
1987) This internal rotation and valgus position of the lower extremity is associated with an
increased Q-angle.(Post WR, 1999; Fulkerson & Arendt, 2000) Theoretically, increased Q-
angle causes an increase in the lateral pull of the patella, compressing the patella against the
lateral femoral condyle, predisposing individuals to anterior knee pain.(Fulkerson & Arendt,
2000; Livingston LA, 1998; Huberti & Hayes, 1984) Excessive pronation has yet to be
evaluated as a risk factor for the incidence of anterior knee pain and although Q-angle has
been investigated, researchers have not reported a clear association with an increased
incidence of anterior knee pain.(Fairbank JT, Pynset PB, van Poortvliet JA, & Phillips H,
1984; Witvrouw et al., 2000)

The overall goal of this investigation was to determine the biomechanical risk factors
for anterior knee pain. More specifically, we examined modifiable and non-modifiable risk
factors for anterior knee pain. The factors we examined included lower extremity movement
patterns during a jump-landing task, Q-angle, navicular drop, and the strength of the hip and
knee musculature (hip abductors, hip extensors, hip external rotators, hip internal rotators,

knee flexors, and knee extensors). We also examined differences in risk factors for anterior



knee pain between males and females and compared the incidence rate of anterior knee pain

between males and females.

1.1. Operational Definitions

Anterior knee pain: A condition in which pain presents in and/or around the patellofemoral
joint. This condition encompasses patellofemoral pain syndrome and chondromalacia
patella. The following criteria were used to define anterior knee pain for this investigation.

Must Demonstrate Both During Evaluation:

1) Retropatellar knee pain during at least 2 of the following activities:
ascending/descending stairs, hopping/jogging, prolonged sitting, kneeling, and
squatting.

2) Negative findings on examination of knee ligament, menisci, bursa, synovial plica,
quadriceps, or hamstring.

Must Demonstrate 2 of the Following During Evaluation:

1) Pain on palpation of patellar facets

2) Pain on palpation of femoral condyles
Navicular drop: The difference between the navicular tuberosity height in a non-weight
bearing subtalar joint neutral position and a weight bearing position. The distance between
the two measurements will be measured in millimeters.
Q-angle: The angle formed by the quadriceps musculature and the patellar tendon. This

angle will be measured in degrees with participants in a standing position.



Kinematics: Three-dimensional movements of a body segment in space. An example of
lower extremity kinematics is the maximum amount of knee flexion occurring during a jump-
landing task.

Kinetics: The moments and forces occurring in the lower extremity during static and
dynamic conditions. An example of lower extremity kinetics is the maximum vertical
ground reaction force occurring during the jump-landing task.

Jump-landing task: Jumping from a 30-cm high box from 50% of the individual’s height,
landing on the ground, and immediately rebounding to jump vertically for maximum height.
Stance phase: The time period between initial contact with the force plate until takeoff for
the rebound jump.

Initial contact: The time point when vertical ground reaction force exceeds 10 Newtons (N)
as the subject lands on the force plate from the 30-cm high platform.

Takeoff: The time point during the first landing in which the ground reaction force drops
below 10 N. This point in time signifies when the participant is taking off from the force
plate to perform the jump for maximum height.

Isometric strength test: A method of assessing strength of specific musculature when the
joint angle and muscle length do not change during the test. Isometric strength will be
measured in Newtons (N).

Dominant leg: The leg used to kick a ball for maximum distance.

1.2. Assumptions
The following assumptions apply to this study:

1) Subjects provide their best effort during the isometric strength testing



2) Subjects perform the jump-landing task as they would outside of a laboratory setting

3) Subjects in the injured cohort do not have any other lower extremity injuries at the
time of diagnosis.

4) Subjects in the healthy cohort group have never been diagnosed with anterior knee
pain.

5) Subijects truthfully answer questions on the baseline questionnaire that are in
reference to a previous history of anterior knee pain.

6) At the time of baseline testing, all subjects are free of lower extremity injury/ies.

1.3. Limitations

The following limitations apply to this study:

1) Some subjects may more experience performing the jump-landing task than others

2) Subjects who have a previous history of anterior knee pain but not in the previous six
months to filling out the baseline questionnaire are not excluded from this
investigation.

3) All subjects who develop anterior knee pain may not report to Brigade medical or the
athletic training staff for care and the occurrence of anterior knee pain will not be

known.

1.4. Delimitations
1) Cohort population is restricted to midshipmen at the United States Naval Academy.
2) The physical activity demands placed on midshipmen are increased compared to the

general population.



1.5. Independent Variables
1) Diagnosis of anterior knee pain

2) Gender

1.6. Dependent Variables
Kinematics
1) Peak knee flexion angle
2) Peak knee valgus angle
3) Peak knee rotation angle
4) Peak hip flexion angle
5) Peak hip adduction angle
6) Peak hip rotation angle
Kinetics
7) Peak vertical ground reaction force
8) Peak knee extension moment
9) Peak knee varus moment
10) Peak hip abduction moment
11) Peak hip external rotation moment
Strength
12) Peak isometric knee flexion strength
13) Peak isometric knee extension strength

14) Peak isometric hip abduction strength



15) Peak isometric hip extension strength

16) Peak isometric hip internal rotation strength

17) Peak isometric hip external rotation strength
Static Alignment

18) Q-angle

19) Navicular drop

1.7. Research Questions
1) What are the associations between biomechanical risk factors and the incidence of
anterior knee pain?

a. Determine the association between peak knee flexion, knee valgus, knee
internal rotation, hip flexion, hip adduction, and hip internal rotation angle
during the jJump-landing task and the risk of anterior knee pain.

b. Determine the association between peak vertical ground reaction force, peak
knee extension, knee varus, hip abduction, and hip external rotation moment
during the jump-landing task and the risk of anterior knee pain.

c. Determine the association between peak isometric knee flexion, knee
extension, hip abduction, hip extension, hip internal rotation, and hip external
rotation strength and the risk of anterior knee pain.

d. Determine the association between Q-angle and navicular drop and the risk of
anterior knee pain.

2) Do the risk factors for anterior knee pain differ between males and females who

develop anterior knee pain?



a. Compare peak knee flexion, knee valgus, knee rotation, hip flexion, hip
adduction, and hip rotation angle during the jump-landing task across genders
in the injured group.

b. Compare peak vertical ground reaction force during the jump-landing task
across genders in the injured group.

c. Compare peak knee extension, knee varus, hip abduction, and hip external
rotation moment during the jump-landing task across genders in the injured
group.

d. Compare peak isometric knee flexion, knee extension, hip abduction, hip
extension, hip internal rotation, and hip external rotation strength across
genders in the injured group.

e. Compare Q-angle and navicular drop measurements across genders in the
injured group.

3) Isthere an association between gender and the incidence of anterior knee pain and the
prevalence of anterior knee pain?

a. Determine the association between gender and the incidence of anterior knee
pain.

b. Determine the association between gender and the prevalence of anterior knee

pain.

1.8. Research Hypotheses

Research Question 1:

Kinematics

10



1) Anterior knee pain will be associated with decreased knee flexion angle during the
jump-landing task

2) Anterior knee pain will be associated with increased knee valgus angle during the
jump-landing task.

3) Anterior knee pain will be associated with increased knee internal rotation angle
during the jJump-landing task.

4) Anterior knee pain will be associated with decreased hip flexion angle during the
jump-landing task.

5) Anterior knee pain will be associated with increased hip adduction angle during the
jump-landing task.

6) Anterior knee pain will be associated with increased hip internal rotation angle during
the jJump-landing task.

Kinetics

1) Anterior knee pain will be associated with increased vertical ground reaction force
during the jump-landing task.

2) Anterior knee pain will be associated with increased knee extension moments during
the jJump-landing task.

3) Anterior knee pain will be associated with increased knee varus moments during the
jump-landing task.

4) Anterior knee pain will be associated with decreased hip abduction moments during
the jJump-landing task.

5) Anterior knee pain will be associated with decreased hip external rotation moments

during the jump-landing task.
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Strength
1) Anterior knee pain will be associated with decreased peak isometric knee flexion
strength.
2) Anterior knee pain will be associated with decreased peak knee extension strength.
3) Anterior knee pain will be associated with decreased peak hip extension strength.
4) Anterior knee pain will be associated with decreased peak hip abduction strength.
5) Anterior knee pain will be associated with decreased peak hip internal rotation
strength.
6) Anterior knee pain will be associated with decreased peak hip external rotation
strength.
Static Alignment
1) Anterior knee pain will be associated with increased Q-angle.
2) Anterior knee pain will be associated with increased navicular drop.
Research Question 2:
Kinematics
1) Baseline measures of peak knee flexion angle during the jump-landing task will be
decreased in females who develop anterior knee pain compared to males who develop
anterior knee pain.
2) Baseline measures of peak knee valgus angle during the jump-landing task will be
increased in females who develop anterior knee pain compared to males who develop

anterior knee pain.
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3)

4)

5)

6)

Baseline measures of peak knee rotation angle during the jump-landing task will be
increased in females who develop anterior knee pain compared to males who develop
anterior knee pain.

Baseline measures of peak hip flexion angle during the jump-landing task will be
increased in females who develop anterior knee pain compared to males who develop
anterior knee pain.

Baseline measures of peak hip adduction angle during the jump-landing task will be
increased in females who develop anterior knee pain compared to males who develop
anterior knee pain.

Baseline measures of peak hip internal rotation angle during the jump-landing task
will be increased in females who develop anterior knee pain compared to males who

develop anterior knee pain.

Kinetics

1)

2)

3)

4)

5)

Baseline measures of peak vertical ground reaction force will be increased in females
who develop anterior knee pain compared to males who develop anterior knee pain.
Baseline measures of peak knee extension moment will be increased in females who
develop anterior knee pain compared to males who develop anterior knee pain.
Baseline measures of peak knee varus moment will be increased in females who
develop anterior knee pain compared to males who develop anterior knee pain.
Baseline measures of peak hip abduction moment will be increased in females who
develop anterior knee pain compared to males who develop anterior knee pain.
Baseline measures of peak hip external rotation moment will be increased in females

who develop anterior knee pain compared to males who develop anterior knee pain.
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Strength
1) Peak isometric knee flexion strength will be decreased in females who develop
anterior knee pain compared to males who develop anterior knee pain.
2) Peak isometric knee extension strength will be decreased in females who develop
anterior knee pain compared to males who develop anterior knee pain.
3) Peak isometric hip extension strength will be decreased in females who develop
anterior knee pain compared to males who develop anterior knee pain.
4) Peak isometric hip abduction strength will be decreased in females who develop
anterior knee pain compared to males who develop anterior knee pain.
5) Peak isometric hip internal rotation strength will be decreased in females who
develop anterior knee pain compared to males who develop anterior knee pain.
6) Peak isometric hip external rotation strength will be decreased in females who
develop anterior knee pain compared to males who develop anterior knee pain.
Static Alignment
1) Q-angle will be increased in females who develop anterior knee pain compared to
males who develop anterior knee pain.
2) Navicular drop will be increased in females who develop anterior knee pain compared
to males who develop anterior knee pain.
Research Question 3:
1) A higher incidence of anterior knee pain will be observed in females relative to
males.
2) A higher prevalence of anterior knee pain will be observed in females relative to

males.
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CHAPTER TWO

REVIEW OF LITERATURE

Anterior knee pain is one of the most common causes of knee pain in males and
females in the United States.(Devereaux & Lachman, 1984) Although this condition is
common, the incidence of this condition and its etiology are not well understood. This
literature review will provide information on the epidemiology of anterior knee pain,
etiologic factors of anterior knee pain, gender differences in etiologic factors, methods for
analyzing risk factors associated with anterior knee pain, and statistical considerations for

assessing risk factors.

2.1. Epidemiology of Anterior Knee Pain
2.1.1. Incidence and Prevalence of Anterior Knee Pain

The incidence and prevalence of a condition provides information on the occurrence
of a specific condition within a population. More specifically, prevalence describes the
number of individuals within a population that has a specific condition at a specific time,
while incidence describes the number of new onsets of a specific condition within a
population over a period of time.(Hennekens & Buring, 1987) The epidemiologic incidence
proportion (IP) is the most common measure of incidence that has been reported by

researchers investigating anterior knee pain.(Witvrouw et al., 2000; Milgrom C et al., 1991)



The epidemiologic IP is described as the number of individuals with an injury divided by the
number of individuals at risk.(Knowles, Marshall, & Guskiewicz, 2006) Most commonly, the
epidemiologic IP and prevalence of anterior knee pain have been investigated in physically
active individuals due to the common occurrence of chronic injuries in this
population.(Witvrouw et al., 2000; Milgrom C et al., 1991; DeHaven KE & Lintner DM,
1986; Devereaux & Lachman, 1984)

Anterior knee pain is one of the most commonly diagnosed injuries in physically
active individuals between the ages of 15 and 30 years.(DeHaven KE & Lintner DM, 1986)
Fairbank et al. (1984) report that the prevalence of anterior knee pain ranges from 7% to 41%
in individuals between the ages of 13 and 17. Sports injury clinics have reported the
prevalence of anterior knee pain to be approximately 25% in physically active individuals,
accounting for 19.6% of all injuries in females and 7.4% of all injuries in males.(Devereaux
& Lachman, 1984; DeHaven KE & Lintner DM, 1986) Additionally, anterior knee pain has
been reported to account for 33.2% and 18.1% of all knee injuries in females and males,
respectively.(DeHaven KE & Lintner DM, 1986) The results from these investigations
highlight the discrepancy in the prevalence of anterior knee pain in males and females.

The epidemiologic IP of anterior knee pain has previously been investigated in
physically active adolescents and young adults; however, investigators have reported a wide
range of epidemiologic incidence proportions. Witvrouw et al. (2000) reported an 8.5% IP
for anterior knee pain in students participating in physical activity classes. Most commonly,
investigators have reported epidemiologic incidence proportions for anterior knee pain in
military populations. Investigations within military populations have reported incidences of

this condition ranging from 4%-17% during basic training.(Milgrom C et al., 1991; Jordaan
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& Schwellnus, 1994; Wills, Ramasamy, Ewins, & Etherington, 2004) Studies have focused
on military populations because this is a unique population due to the physical activity
demands placed on them on a daily basis. Also, many of the physical activities performed
are repetitive, leading to an increased incidence of overuse conditions in this population
compared to the civilian population.(Jones, 1983)
2.1.2. Anterior Knee Pain in Sports

Anterior knee pain is commonly reported in sports such as football, soccer,
basketball, track/running, and baseball.(DeHaven KE & Lintner DM, 1986; Taunton et al.,
2002; Devereaux & Lachman, 1984) This condition has the highest prevalence as compared
to all other knee injuries in track/running athletes.(DeHaven KE & Lintner DM, 1986;
Devereaux & Lachman, 1984) In a retrospective investigation of 2002 running injuries,
anterior knee pain was the most commonly diagnosed injury accounting for 16% of all
running injuries.(Taunton et al., 2002) A discrepancy in the prevalence of this condition was
noted between males and females with 62% of the cases of anterior knee pain occurring in
females. This finding highlights another instance of females being reported as having a
higher prevalence of anterior knee pain compared to males. In basketball, soccer, and
baseball the prevalence of anterior knee pain is second to only internal derangement of the
knee.(DeHaven KE & Lintner DM, 1986) These results suggest that anterior knee pain is a
common occurrence in many different sports, however its prevalence is higher in sports
where athletes are repetitively loading the lower extremity over an extended period of
time.(DeHaven KE & Lintner DM, 1986; Devereaux & Lachman, 1984)

2.1.3. Follow-up Investigations of Anterior Knee Pain
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Anterior knee pain also demonstrates a high rate of recurrence in addition to being
one of the most commonly diagnosed knee injuries. Over 91% of patients reported continued
symptoms of anterior knee pain following 4-18 years after initial diagnosis of anterior knee
pain.(Stathopulu & Baildam, 2003) In this same investigation 36% of patients reported that
anterior knee pain restricted their physical activity. In a similar study, adolescents diagnosed
with anterior knee pain between the ages of 10 and 20 years were followed for 2-8 years after
initial diagnosis.(Sandow MJ & Goodfellow JW, 1985) The results showed that 94% of
patients still had knee pain at follow-up and 51.9% of patients reported their restriction in
sports participation ranged from occasional to severe restriction.(Sandow MJ & Goodfellow
JW, 1985) In a separate study, the same patients from the previous study were followed for
14-20 years after the initial diagnosis of anterior knee pain and the presence of anterior knee
pain was reported by 77.6% of patients.(Nimon G, Murray D, Sandow M, & Goodfellow J,
1998) These results show that approximately 16% of the anterior knee pain patients no
longer had knee pain following the increased follow-up period from 2-8 years to 14-20
years.(Nimon G et al., 1998) Additionally, occasional to severe restriction in physical
activities decreased from 51.9% of patients to 36.5% of patients in the latter
investigation.(Nimon G et al., 1998) These data seem to support that anterior knee pain
symptoms will decrease over time; however, the consequences of decreased physical activity
(increased risk of obesity, heart disease, etc) due to anterior knee pain may occur and
predispose these patients to a continued sedentary lifestyle.

2.1.4. Anterior Knee Pain and Osteoarthritis
The common recurrence of anterior knee pain has most recently been associated with

the development of patellofemoral osteoarthritis (OA). In a retrospective investigation of
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individuals with patellofemoral OA, 22% of these individuals reported anterior knee pain as
an adolescent. Additionally, severe patella maltracking has been associated with
patellofemoral joint degeneration, leading to patellofemoral joint arthritis.(Christoforakis &
Strachan, 2005) Arthritic conditions, including osteoarthritis, are reported to cost the United
States 86.2 billion per year in medical expenses and indirect costs.(Yelin et al., 2007)
Additionally, the total cost annually for someone with OA has been reported to be as high as
$5700.(Maetzel, Li, Pencharz, Tomlinson, & Bombardier, 2004) The results of these
investigations suggest that anterior knee pain is not a benign condition and the long term
affects of this condition can be devastating due to the high medical expenses.
2.1.5. Summary of Epidemiology of Anterior Knee Pain

The high prevalence of anterior knee pain, recurrence of symptoms in these patients,
and the link between anterior knee pain and osteoarthritis support the notion that anterior
knee pain can be a devastating condition. No investigations have yet to report the medical
expenses incurred by patients with anterior knee pain. Therefore, more investigations are
needed to determine the costs of this condition and also determine the risk factors for this
condition in order to develop prevention programs for anterior knee pain. Additionally,
females are reported to have a higher prevalence of anterior knee pain compared to males;
however no investigations have determined gender differences in the incidence of anterior
knee pain. Future investigations need to determine if the gender discrepancies reported in the

prevalence of anterior knee pain are also evident in the incidence of anterior knee pain.

2.2. Etiology of Anterior Knee Pain

2.2.1. Patellofemoral Joint Stress/Pressure
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Anterior knee pain is commonly characterized as a multifactorial problem (Thomee et
al., 1999); however, malalignment of the patellofemoral joint is the most commonly
proposed underlying cause of this injury.(Fulkerson, 2002; Thomee et al., 1999; Insall,
Aglietti, & Tria, Jr., 1983) Malalignment of the patella within the femoral trochlea is
reported to increase the stresses placed on the underlying cartilage of the patella.(Harilainen,
Lindroos, Sandelin, Tallroth, & Kujala, 2005; Huberti & Hayes, 1984; Lee, Yang, Sandusky,
& McMahon, 2001) Researchers have commonly used the terms patellofemoral contact
stress and pressure synonymously to describe the relationship between force and contact area
at the patellofemoral joint.(Greslamer & Klein, 1998)

Increased patellofemoral contact stress/pressure is a key underlying factor that is
thought to lead to the development of anterior knee pain.(Fulkerson, 2002) When the patella
is not congruently positioned within the femoral trochlea, the patellar cartilage may endure
excessive amounts of stress due to a small contact area between the patella and the femoral
trochlea.(Greslamer & Klein, 1998) More specifically, a laterally positioned patella within
the femoral trochlea is reported to cause excessive shear stress to the lateral patellar cartilage
and lateral trochlea.(Harilainen et al., 2005) This increased stress placed on the
patellofemoral cartilage over time causes cartilage degeneration and may ultimately lead to
anterior knee pain.(Harilainen et al., 2005)

Many factors, such as structural abnormalities, muscle weakness, and dynamic
malalignment, can lead to malalignment of the patella within the femoral trochlea.(Fulkerson
& Arendt, 2000; Duffey MJ, Martin DF, Cannon DW, Craven T, & Messier SP, 2000;

Thomee et al., 1999) The following paragraphs will provide insight into how each of these
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factors may lead to the development of anterior knee pain and also the research supporting
the presence of these factors in individuals with anterior knee pain.
2.2.2. Factors Influencing Patellar Stability

Since the patella is a sesamoid bone which sits within the femoral trochlea there are
several bony and soft tissue structures that influence the mechanics of the patellofemoral
joint and play a major role in maintaining proper patellar function and alignment. The
passive stabilizers surrounding the patellofemoral joint include the femoral trochlea and the
patellar retinaculum. The lateral femoral condyle which is more prominent anteriorly than
the medial femoral condyle, is the main static stabilizer to prevent lateral displacement of the
patella.(Greslamer & Klein, 1998) The patellar retinaculum’s main function is to further
stabilize frontal plane motion of the patella and prevent excessive medial and lateral
displacement of the patella.(Desio, Burks, & Bachus, 1998) Any alterations in the alignment
of the femoral trochlea and or changes to the patellar retinaculum may lead to maltracking of
the patella and the development of anterior knee pain.

Dynamic stabilizers of the patellofemoral joint include the periarticular muscles of
the knee. The quadriceps musculature, most notably the vastus medialis oblique and vastus
lateralis maintain the patella’s position within the femoral trochlea. The vastus medialis
oblique is the main medial dynamic stabilizer to the patella due to the orientation of its fibers
at a 55 degree angle to the vertical.(Bose, Kanagasuntheram, & Osman, 1980) The vastus
lateralis is larger and stronger than the vastus medialis oblique, and therefore any imbalances
between the vastus lateralis and vastus medialis oblique can cause the patella to maltrack
within the femoral trochlea.(Lieb FJ & Perry J, 1968; Sakai, Luo, Rand, & An, 2000) The

iliotibial band is another soft tissue structure that can cause lateral tracking of the patella due
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to the anterior component of this soft tissue attaching to the lateral side of the patella.
Iliotibial band tightness has previously been associated with lateral tracking of the patella in
patients with patellofemoral dysfunction.(Puniello, 1993)

2.2.3. Structural Abnormalities

Lower extremity structural abnormalities that have been proposed to be associated
with anterior knee pain include increased Q-angle and excessive pronation.(Fulkerson &
Arendt, 2000; Thomee et al., 1999; Powers, 2003) Q-angle is the angle formed by force
vectors of the quadriceps musculature and the patellar tendon.(Livingston LA, 1998) A
larger Q-angle is proposed to increase the lateral force vector placed on the patella by the
quadriceps and therefore cause lateral tracking of the patella.(Schulthies, Francis, Fisher, &
Van de Graaff, 1995) In a cadaveric study, Huberti and Hayes (1984) reported that an
increase in Q-angle increases pressure on the lateral facet of the patella. More specifically, a
10° increase in Q-angle with the knee flexed to 20° increased the peak contact pressure of the
patella within the femoral trochlea by 45%. It is important to note that along with these
findings, Huberti and Hayes (1984) also reported an increase in patellofemoral contact
pressures when the Q-angle was decreased by 10°. Based on these findings both an increase
and decrease in Q-angle may increase the patellofemoral contact pressures.(Huberti & Hayes,
1984)

Measures of Q-angle have not clearly been associated with the development of
anterior knee pain in the literature. In a case-control investigation, Aglietti et al. (1983)
reported that the average Q-angle in patients diagnosed with chondromalacia patella was
significantly higher than the average Q-angle in healthy controls. Additionally, Messier et al.

(1991) reported that increased Q-angle measures are a significant discriminator between
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runners with anterior knee pain and non-injured subjects. In contrast to these findings,
Fairbank et al. (1984) and Duffey et al. (2000) reported no significant difference in measures
of Q-angle between individuals with and without anterior knee pain. The above described
findings do not provide strong evidence for or against the presence of increased Q-angles in
an anterior knee pain population.(Messier, Davis, Curl, Lowery, & Pack, 1991; Duffey MJ et
al., 2000; Fairbank JT et al., 1984)

Only one prospective investigation has evaluated Q-angle as a risk factor for anterior
knee pain.(Witvrouw et al., 2000) The investigators reported that Q-angle was not
significantly different between those who developed anterior knee pain and those who did
not develop anterior knee pain.(Witvrouw et al., 2000) One limitation of this study is that Q-
angle was measured in a supine position. (Witvrouw et al., 2000) Supine measurement of Q-
angle does not take into account changes that occur in lower extremity alignment in a weight-
bearing position and research has previously reported significant differences in measures of
Q-angle in a supine and standing position.(Woodland & Francis, 1992) Future research
needs to determine if Q-angle measurements in a weight-bearing position are associated with
the development of anterior knee pain.

Excessive foot pronation has also been theorized to predispose individuals to anterior
knee pain. Subtalar joint pronation is coupled with internal rotation of the tibia while
subtalar joint supination is coupled with external rotation of the tibia.(Nawoczenski,
Saltzman, & Cook, 1998) Pronation initially occurs during the first 30% of the gait cycle and
helps the lower extremity to absorb ground reaction forces.(Tiberio D, 1987; Powers, Chen,
Reischl, & Perry, 2002) If pronation continues after this point in the gait cycle, the tibia

stays internally rotated.(Tiberio D, 1987) Tiberio (1987) proposed that for the knee to extend
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with the tibia in an internally rotated position, the femur must also internally rotate. This
internal rotation of the femur leads to malalignment of the patella within the femoral trochlea
and compression of the lateral patellar facet.(Tiberio D, 1987) Previous research supports
the theory that femoral internal rotation causes an increase in contact pressures on the lateral
facets of the patella (Lee et al., 1994), therefore, excessive pronation may lead to anterior
knee pain.

Researchers have reported that excessive pronation is also associated with an
increased valgus position at the tibiofemoral joint.(McClay | & Manal K, 1998; Tiberio D,
1987; McClay | & Manal K, 1998) Tibial internal rotation in addition to a valgus position of
the knee increases Q-angle.(Post WR, 1999; Fulkerson & Arendt, 2000) As discussed
previously, an increase in Q-angle increases the lateral force vector of the quadriceps on the
patella and in turn may lead to maltracking of the patella within the femoral trochlea.(Huberti
& Hayes, 1984)

Multiple case-control studies have investigated static and dynamic measures of
subtalar joint pronation in individuals with anterior knee pain. Static subtalar joint pronation
measurements that have previously been investigated include measures of rearfoot and
forefoot posture (valgus or varus), navicular drop, and arch index. Powers et al. (1995)
reported a significant increase in prone measures of rearfoot varus angles (increased
pronation when weight bearing) in patients with anterior knee pain as compared to healthy
individuals. In contrast to the above findings, a significantly decreased arch index (higher
arched foot) has been reported in runners with anterior knee pain compared to uninjured
runners.(Duffey MJ et al., 2000) Additionally, Earl et al. (2005) reported that smaller

navicular drop values (less pronation) were associated with anterior knee pain. Although
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Earl et al. (2005) reported smaller navicular drop values in patients with anterior knee pain,
these same patients displayed increased pronation during a dynamic task. Each of these
investigations used different methods for static measures of pronation, which may explain the
conflicting results.(Duffey MJ et al., 2000; Powers, Maffucci, & Hampton, 1995; Earl,
Hertel, & Denegar, 2005) More research needs to determine which static measures of
pronation are the best predictors of pronation during dynamic tasks.

Dynamic measures of subtalar joint pronation have been investigated through
assessment of rearfoot motion during functional tasks.(Powers et al., 2002; Duffey MJ et al.,
2000; Messier et al., 1991; Earl et al., 2005) Powers et al. (2002) reported patients with
anterior knee pain did not exhibit excessive pronation during gait. Additionally, these
patients also did not display increased tibial or femoral internal rotation.(Powers et al., 2002)
In contrast to the proposed theory by Tiberio (1987), the patients with anterior knee pain
displayed increased femoral external rotation. Powers et al. (2002) theorized that the patients
with anterior knee pain displayed increased femoral external rotation due to a compensatory
strategy to decrease Q-angle and therefore decrease the lateral force vector on the patella.
Duffey et al. (2000) and Messier et al. (1991) both concluded that rearfoot motion during
running was not significantly different between those with and without anterior knee pain. In
contrast to the above findings, Earl et al. (2005) reported increased pronation as measured by
rearfoot motion in patients with anterior knee pain during a lateral step-down task. Based on
these findings, there is no conclusive evidence supporting or refuting increased pronation in
patients with anterior knee pain due to rearfoot motion being dependent on the tasks

performed.
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Prospective risk factor investigations have reported no associations between
individuals with anterior knee pain and those without on measures of pronation.(Witvrouw et
al., 2000; Milgrom C et al., 1991) Witvrouw et al. (2000) assessed pronation on a podograph
in a standing position and Milgrom et al. (1991) assessed pronation through measures of arch
height. Both of these investigations used static measures to assess pronation. Additionally
the methods for these measurements were not explained in detail and therefore no
comparisons can be made with the above described case-control investigations assessing
pronation in patients with anterior knee pain. More research needs to investigate both static
and dynamic measures of pronation to determine if excessive pronation is a risk factor for the
development of anterior knee pain.

2.2.4. Muscle Weakness

Muscle imbalances, including decreased strength of the hip and knee musculature,
have also been proposed to be risk factors for anterior knee pain. As mentioned previously
the periarticular muscles of the knee assist in maintaining the patella’s position within the
femoral trochlea. In vivo assessments of the vastus lateralis and vastus medialis oblique have
confirmed their role as the primary dynamic stabilizers of the patella.(Lin, Wang, Koh,
Hendrix, & Zhang, 2004; Koh, Grabiner, & De Swart, 1992) Selective activation of the
vastus medialis oblique and the vastus lateralis is not possible and therefore the strength of
the quadriceps musculature as a whole has been investigated in patients with anterior knee
pain. Case-control investigations have reported that patients with anterior knee pain have
decreased strength of the quadriceps musculature compared to healthy individuals.(Dvir Z et
al., 1990; Callaghan MJ & Oldham JA, 2004; Thomee, Renstrom, Karlsson, & Grimby,

1995) Additionally many intervention studies have reported that quadriceps strengthening
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exercises are effective in reducing pain in patients with anterior knee pain (Harrison,
Sheppard, & McQuarrie, 1999; Arroll, Ellis-Pegler, Edwards, & Sutcliffe, 1997; Crossley,
Bennell, Green, Cowan, & McConnell, 2002); however the mechanism by which quadriceps
strengthening decreases anterior knee pain symptoms is not well understood.

Investigations of quadriceps weakness in prospective investigations have provided
conflicting results. Witvrouw et al. (2000) reported that isokinetic peak torque of the
quadriceps musculature was not a risk factor for the development of anterior knee pain.
These investigators reported no significant differences between those who developed anterior
knee pain and those who did not develop anterior knee pain on measures of peak quadriceps
torque.(Witvrouw et al., 2000) Milgrom et al. (1991) reported isometric strength of the
quadriceps musculature as a risk factor for anterior knee pain development in the military.
Infantry recruits who developed anterior knee pain were 6% stronger than those who did not
develop anterior knee pain. These results of increased quadriceps strength are in contrast to
the proposed risk factor for anterior knee pain; however one limitation to this investigation is
that the strength data was not normalized to body weight or body weight times height, and
therefore comparisons across subjects is difficult. Demographic data shows that the
population that developed anterior knee pain weighed more than those who did not develop
anterior knee pain. This difference in weight may explain the findings of increased
quadriceps strength in those who developed anterior knee pain. More research is needed to
determine if there is an association between quadriceps weakness and the development of
anterior knee pain.

The hip musculature has also been theorized to have an influence on the positioning

of the patella within the femoral trochlea.(Powers, 2003) The hip abductors and external
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rotators play a major role in controlling transverse and frontal plane motion of the femur.
Weakness of the gluteus medius is proposed to cause an increase in hip adduction and knee
valgus angles, and in turn an increase in lateral compressive forces at the patellofemoral
joint.(Ireland, Willson, Ballantyne, & Davis, 2003; Fredericson et al., 2000; Powers, 2003;
Mizuno et al., 2001) Weakness of the deep six hip external rotators (piriformis, obturator
internus and externus, gemellus superior and inferior, and quadratus femoris) are also
proposed to cause an increase in hip internal rotation and knee valgus angles, and in turn
increases in lateral compressive forces at the patellofemoral joint.(Ireland et al., 2003; Lee et
al., 1994; Powers, 2003) Although the gluteus maximus is thought to solely control saggital
plane motion at the hip and trunk (Lieberman, Raichlen, Pontzer, Bramble, & Cutright-
Smith, 2006), researchers have reported that the upper portion of the gluteus maximus
functions like the gluteus medius during walking and stair ambulation.(Lyons, Perry,
Gronley, Barnes, & Antonelli, 1983) Based on these findings, the gluteus maximus also aids
in stabilizing frontal plane motion at the hip; therefore, it may be speculated that weakness of
the hip musculature may lead to increased hip adduction and in turn increased lateral
compressive forces at the patellofemoral joint.

Due to the role of the hip musculature to control frontal and transverse plane motion
of the femur, recent case-control studies have investigated hip muscle weakness in patients
with anterior knee pain.(Ireland et al., 2003; Piva, Goodnite, & Childs, 2005; Robinson &
Nee, 2007) Researchers have reported that females with anterior knee pain are significantly
weaker than healthy females on measures of isometric hip abduction (Ireland et al., 2003;
Robinson & Nee, 2007), external rotation (Ireland et al., 2003; Robinson & Nee, 2007), and

extension strength (Robinson & Nee, 2007). Piva et al. (2005) investigated isometric
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strength of the hip abductors and external rotators in males and females with and without
anterior knee pain, and reported no significant differences in strength of the hip musculature
between groups. Differences in results are most likely attributed to differences in positioning
for isometric strength testing and differences in subject populations. More research needs to
determine if strength of the hip musculature (gluteus medius, hip external rotators, and
gluteus maximus) differs between individuals with and without anterior knee pain.
Additionally, there have been no prospective investigations that have assessed hip muscle
weakness as a risk factor for anterior knee pain. Therefore there is a lack of evidence
supporting the theory of association between hip muscle weakness and the development of
anterior knee pain.

2.2.5. Dynamic Malalignment

Dynamic malalignment is a term used to describe faulty movement patterns of the
lower extremity during functional tasks that may lead to improper tracking of the patella
within the femoral trochlea.(Earl et al., 2005) The influence of lower extremity
malalignments on patellofemoral joint contact forces provides the foundation for the theories
supporting the association between dynamic malalignment and anterior knee pain.

Previous investigations have provided evidence supporting increased patellofemoral
joint contact pressures in various malaligned positions of the lower extremity. Lee et al.
(1994) reported that greater than 30 degrees of femoral internal or external rotation causes a
significant increase in patellofemoral joint contact pressures. Additionally, tibial internal and
external rotation have also been reported to cause increases in patellofemoral joint contact
pressures.(Csintalan, Schulz, Woo, McMahon, & Lee, 2002; Lee et al., 2001) Tibial external

rotation is reported to cause a significant increase in lateral patellar facet contact pressures,
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while tibial internal rotation causes non-significant increases in medial facet contact
pressures.(Csintalan et al., 2002; Lee et al., 2001) As previously discussed, an increase or
decrease in Q-angle has also been reported to cause an increase in patellofemoral contact
pressures.(Huberti & Hayes, 1984) The effect of these malalignments of the femur and tibia
have only been investigated in cadaveric models, and therefore the combined effect of bony
rotations and active/passive soft tissue forces on the in vivo patellofemoral contact pressures
are not well understood.

Multiple cross-sectional studies have investigated the kinematics of the lower
extremity during various functional tasks in patients with anterior knee pain. During a lateral
step-down task, patients with anterior knee pain displayed increased hip adduction and
internal rotation angles, along with decreased knee flexion angles.(Earl et al., 2005)
Similarly, knee flexion angles have also been reported to be decreased in these patients
during stair ambulation and fast-paced level walking.(Nadeau, Gravel, Hebert, Arsenault, &
Lepage, 1997; Powers, Heino, Rao, & Perry, 1999; Crossley, Cowan, Bennell, & McConnell,
2004) Investigators hypothesize that patients with anterior knee pain decrease their knee
flexion angle in order to decrease the patellofemoral joint contact forces and in turn decrease
the stresses placed on the underlying cartilage.(Crossley et al., 2004; Powers et al., 1999;
Earl et al., 2005; Nadeau et al., 1997) No other investigations have been performed to
substantiate the evidence for increased hip adduction and internal rotation angles in
individuals with anterior knee pain.

Lower extremity kinetics during functional tasks are also proposed to influence the
mechanics of the patellofemoral joint. Salsich et al.(2001) reported that patients with

anterior knee pain have decreased internal knee extensor moments compared to healthy
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controls when ascending and descending stairs. The authors hypothesize that these patients
decreased their knee extensor moments by flexing the trunk and moving their center of mass
over the knee joint.(Salsich, Brechter, & Powers, 2001) In contrast to these findings, Nadeau
et al. (1997) reported no differences in saggital plane internal knee moments during walking
in patients with anterior knee pain and healthy subjects. Although these studies reported
differing results for saggital plane internal knee moments, both studies reported no
significant difference in saggital plane hip and ankle internal moments during stair
ambulation and walking.(Nadeau et al., 1997; Salsich et al., 2001)

Frontal and transverse plane moments at the hip and knee have recently received
more attention in patients with anterior knee pain. Salsich et al. (2005) reported that during
fast-paced walking, females with anterior knee pain had decreased internal peak hip
abduction and external rotation moments as compared to healthy females. During free speed
walking, hip abduction and external rotation moments (internal) did not differ between
females with anterior knee pain and healthy females.(Salsich GB, Born K, Ball V, & Long F,
2005) The authors concluded that patients with anterior knee pain have a decreased ability to
control the femur in the frontal and transverse planes when performing tasks that require
rapid weight acceptance.(Salsich GB et al., 2005)

Patients with anterior knee pain have also been reported to display increased knee
abduction impulse as compared to healthy individuals during the stance phase of
running.(Stefanyshyn, Stergiou, Lun, Meeuwisse, & Worobets, 2006) Knee abduction
impulse provides a cumulative representation of internal knee abduction moment during the
stance phase of running.(Stefanyshyn et al., 2006) The authors theorize that the soft tissue

structures that cause an increase in knee abduction impulse overpower the vastus medialis
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oblique, leading to increased lateral patellofemoral contact pressures.(Stefanyshyn et al.,
2006) This investigation also reported increased knee abduction impulse as a risk factor for
anterior knee pain, however this finding was based on comparisons across groups with small
sample sizes (six in each group). More studies need to be performed to determine if hip
abduction impulse differs in individuals with and without anterior knee pain during various
functional tasks.

Reduced ground reaction forces have also been reported in patients with anterior knee
pain. Powers et al. (1999) reported subjects with anterior knee pain have decreased peak
vertical ground reaction forces (normalized to body weight) during fast and free-paced level
walking. However, Nadeau et al. (1997) reported no significant differences in vertical,
anterior/posterior, and mediolateral ground reaction forces (normalized to body weight) in
patients with anterior knee pain compared to healthy controls during free-paced walking.
Powers et al. (1999) attributed the decreased ground reaction forces to the decreased walking
speed in the anterior knee pain group compared to controls. During both the free and fast-
paced walking trials the patients with anterior knee pain walked at an average speed
approximately 90% of the control subjects’ average speed. Nadeau et al. (1997) reported no
significant differences in the speed of walking between the anterior knee pain and control
group. More investigations are needed to provide information on the effect of anterior knee
pain on ground reaction forces during various dynamic tasks, not just walking.

2.2.6. Summary of Etiologic Factors

Multiple case-control investigations have been performed assessing structural

alignment measures, muscle strength, and kinematics and kinetics during functional tasks in

patients with anterior knee pain. These investigations have provided conflicting results on
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the differences between patients with anterior knee pain and healthy controls and therefore it
is difficult to come to any conclusions on what etiologic factors should be expected in these
patients. Additionally, due to the case-control designs of most of these investigations, we
cannot conclude if individuals with anterior knee pain displayed the theorized etiologic
factors prior to or after the development this injury.

Only two prospective cohort studies have investigated risk factors for anterior knee
pain. These investigations assessed multiple physical fitness factors such as vertical jump
performance and maximum number of pushups, and multiple static alignment measures such
as Q-angle and intercondylar distance. Witvrouw et al. (2000) prospectively followed 282
students (151 males, 131 females) between the ages of 17 and 21 for two years to determine
risk factors for anterior knee pain. The baseline measurements assessed in this investigation
included cardiovascular fitness, general joint laxity, lower extremity muscle length, leg-
length, foot posture, Q-angle, genu valgum/varum, isokinetic strength of the quadriceps and
hamstrings, EMG response times of the vastus medialis oblique and vastus lateralis, and
psychological parameters.(Witvrouw et al., 2000) Twenty-four students (11 males, 13
females) were diagnosed with anterior knee pain during the two years of follow-
up.(Witvrouw et al., 2000) A multivariate logistic regression analysis identified the
following variables as risk factors for the development of anterior knee pain: decreased
quadriceps flexibility, shortened response time of the VMO, reduction of vertical jump
performance, and increase in medial patellar mobility.(Witvrouw et al., 2000)

The second prospective risk factor investigation assessed risk factors for anterior knee
pain in the Israeli infantry.(Milgrom C et al., 1991) The investigators prospectively followed

390 male infantry recruits for 14 weeks during basic training.(Milgrom C et al., 1991) The
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baseline measures assessed in this investigation included hip range of motion, thigh and calf
girth, leg length, medial tibial intercondylar distance, foot length and width, and quadriceps
strength. Following 14-weeks of basic training, seventy-seven (15%) males were diagnosed
with anterior knee pain.(Milgrom C et al., 1991) Utilizing logistic regression, the only two
variables significantly associated with anterior knee pain were medial tibial intercondylar
distance and increased isometric quadriceps strength.(Milgrom C et al., 1991)

The findings from the two prospective risk factor investigations support that both
static alignment and strength of the lower extremity musculature may play a role in the
development of anterior knee pain (Milgrom C et al., 1991; Witvrouw et al., 2000); however,
there are multiple theorized risk factors that have yet to be assessed as risk factors. These
investigations did not assess the association between dynamic movement patterns or the
strength of the hip musculature and the risk of anterior knee pain. Due to the small number
of prospective risk factor investigations and the lack of associations between theorized risk

factors and anterior knee pain, more prospective investigations are needed.

2.3. Gender Differences and Anterior Knee Pain

The prevalence of anterior knee pain has been reported to be higher in females as
compared to males.(Devereaux & Lachman, 1984; DeHaven KE & Lintner DM, 1986)
Anterior knee pain has been reported to be the most common knee injury among females
accounting for 33.2% of all knee injuries; however, anterior knee pain accounts for 18.1% of
all knee injuries in males.(DeHaven KE & Lintner DM, 1986) Multiple theories have

developed to explain why females may be more prone to this condition as compared to
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males. The following paragraphs will provide the theoretical foundation for the previously
reported gender differences in the prevalence of anterior knee pain.
2.3.1. Structural Differences

Researchers theorize that differences between males and females in lower extremity
alignment, predispose females to the development of anterior knee pain.(Fulkerson & Arendt,
2000; Tumia & Maffulli, 2002) Relative to an individual’s body structure, the pelvis in
females is wider than the pelvis in males.(Fulkerson & Arendt, 2000) The wider pelvis in
females places the hip joint at an increased distance away from the center of the patella,
thereby increasing female’s Q-angle. As previously discussed, an increase in Q-angle
increases the lateral force vector of the quadriceps leading to maltracking of the patella, and
increased lateral contact pressures of the patella within the femoral trochlea.(Huberti &
Hayes, 1984) When measured in a supine position, average Q-angle for males and females
has been reported as 14+3 degrees and 17+3 degrees, respectively.(Aglietti, Insall, & Cerulli,
1983) Horton and Hall (1989) report average Q-angles in a standing position as 11.2+3.0
degrees in males and 15.8+4.5 degrees in females. Due to females displaying increased Q-
angle values, researchers theorize Q-angle as a factor that may predispose females to anterior
knee pain.(Fulkerson & Arendt, 2000; Messier et al., 1991; Tumia & Maffulli, 2002; Horton
MG & Hall TL, 1989) Although excessive pronation has not been reported to occur more
frequently in females (Moul, 1998), excessive pronation in conjunction with the increased Q-
angle displayed by females may predispose females to anterior knee pain.(Fulkerson &
Arendt, 2000)

2.3.2. Muscle Strength
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Lower extremity muscle weakness is also a proposed factor that predisposes females
to anterior knee pain. Weakness of the quadriceps musculature is thought to lead to
maltracking of the patella within the femoral trochlea, due to the dynamic stabilizing
functions of the vastus medialis oblique and vastus lateralis on the patella.(Lieb FJ & Perry J,
1968; Sakai et al., 2000) Researchers have reported that after the age of 14, females and
males differ on peak knee extension torque, with females being significantly weaker than
males.(Barber-Westin, Noyes, & Galloway, 2006) Significant differences across genders in
strength of the quadriceps has also been reported in an anterior knee pain population.(Dvir Z
etal., 1990) Females with anterior knee pain were reported to be 25% and 17% weaker as
compared to males on measures of quadriceps concentric and eccentric strength,
respectively.(Dvir Z et al., 1990) Although overall quadriceps strength does not provide
evidence of weakness of the vastus medialis oblique muscle, it may be speculated that weak
quadriceps musculature decreases the ability of the quadriceps to dynamically stabilize the
patella within the femoral trochlea during functional movements, leading to patellar
malalignment and increased contact pressures.

Hip muscle weakness has also been reported as a proposed factor leading to the
higher prevalence of anterior knee pain in females compared to males.(Ireland et al., 2003)
Females have been reported to be significantly weaker than males on measures of hip
external rotation, abduction, and extension strength.(Leetun, Ireland, Willson, Ballantyne, &
Davis, 2004; Claiborne, Armstrong, Gandhi, & Pincivero, 2006) However, when females
with anterior knee pain are compared to males with anterior knee pain, there is no significant
difference between groups on measures of hip abduction and external rotation strength.(Piva

et al., 2005) Based on these findings, it may be speculated that weakness of the hip
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abductors and external rotators is universal across genders in patients with anterior knee pain,
eliminating the gender differences reported in healthy subjects. No other studies have been
performed comparing hip strength between males and females with anterior knee pain.
Therefore, more studies need to be performed to determine if strength of the hip abductors,
hip external rotators, and hip extensors are different between males and females with anterior
knee pain.
2.3.3. Dynamic Malalignment

Altered movement patterns in females during dynamic tasks are also proposed to
predispose females to anterior knee pain. During cutting and jumping tasks, females are
reported to display decreased knee flexion angles and increased knee valgus and hip internal
rotation angles.(Malinzak, Colby, Kirkendall, Yu, & Garrett, 2001; Ford KR, Myer GD, &
Hewett TE, 2003; Lephart, Ferris, Riemann, Myers, & Fu, 2002; Decker MJ, Torry MR,
Wyland DJ, Sterett WI, & Steadman J, 2003; Pollard, Sigward, Ota, Langford, & Powers,
2006) As previously discussed, increased knee valgus and hip internal rotation alter the
position of the patella within the femoral trochlea and can lead to increased patellofemoral
contact pressures.(Lee et al., 1994; Huberti & Hayes, 1984) The decreased knee flexion angle
displayed by females during functional tasks was speculated to cause a decreased ability in
females to absorb ground reaction forces; however, researchers have reported no significant
differences in vertical ground reaction force (normalized to body weight) when comparing
males and females.(Lephart et al., 2002; Decker MJ et al., 2003) Decker et al. (2003)
speculate that females compensate for the decreased knee flexion angle at initial contact by
using pre-planned muscle strategies at the ankle to influence the peak vertical ground

reaction force. Although decreased knee flexion angle is associated with decreased

37



patellofemoral contact pressure, the combination of decreased knee flexion angles and
increased knee valgus and hip internal rotation angles in females may alter the position of the
patella within the femoral trochlea and lead to increased in patellofemoral contact pressures.
These findings of decreased knee flexion and increased knee valgus and hip internal rotation
angles have previously been reported in individuals with anterior knee pain, however, due to
the case-control design of these investigations we do not know if these altered movement
patterns occurred prior to or after the development of anterior knee pain.(Earl et al., 2005;
Powers et al., 1999; Crossley et al., 2004; Nadeau et al., 1997)

Researchers have also investigated if gender differences exist in hip and knee
moments. Females are reported to have significantly higher hip adduction and knee valgus
moments during a side-cut task compared to males.(Pollard et al., 2006; Sigward & Powers,
2006) More specifically females were reported to have two times greater hip adductor and
knee valgus moments when compared to males.(Sigward & Powers, 2006; Pollard et al.,
2006) The increased frontal plane moments reported in females may be influenced by the
decreased strength of the hip abductors and external rotators reported in females.
Researchers theorize that females may not have the strength to overcome these frontal plane
moments, predisposing them to positions of knee valgus and hip adduction, and
malalignment of the patella within the femoral trochlea.(Ireland et al., 2003; Huberti &
Hayes, 1984; Lee et al., 1994)

2.3.4. Summary of Gender Differences

In comparison to males, females have increased static measures of Q-angle, increased

dynamic measures of knee valgus angles, hip internal rotation angles, hip adduction

moments, and knee valgus moments, and decreased dynamic measures of knee flexion angle.
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On measures of strength, females are significantly weaker than males on measures of
quadriceps, hip external rotation, hip extension, and hip abductor strength. Many of these
findings have not been investigated in the anterior knee pain population; however,
researchers theorize that the above listed differences between males and females predispose
females to anterior knee pain. All of the above listed variables have yet to be examined in a

prospective cohort investigation to determine if these are risk factors for anterior knee pain.

2.4. Methodological Considerations for Epidemiologic Investigations

Epidemiology is defined as the “study of the distribution and determinants of disease
frequency.”(MacMahon & Pugh, 1970) There are multiple types of epidemiologic studies
that can be used to determine disease distribution and frequency. These study types include
descriptive, case-control, and cohort. The following paragraphs will describe the information
provided by each type of investigation and the most suitable investigation for the
determination of risk factors.

Descriptive epidemiologic investigations describe patterns or frequency of a disease
in a specified population. These investigations are commonly employed as the first step in
assessing risk factors for diseases because the descriptive data that is provided is the
foundation for the development of future research questions. Researchers may use descriptive
investigations to determine who is getting the disease, where (location) the disease is
common, and when the disease is occurring. This information allows researchers to describe
patterns of diseases among various populations and formulate hypotheses on the etiologic

factors contributing to the development of the disease.(Hennekens & Buring, 1987)
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Descriptive investigations are commonly followed by case-control investigations in
order to determine factors that may be different between a disease population and a healthy
population. Case-control investigations are important to perform when there is not a well
developed understanding of a disease. At this early stage of knowledge development, it is
important to know if the population with a disease is in any way different from a population
who has not developed the disease. Data from case-control investigations provide
associations between a disease and its proposed etiologic factors. It is important to note that
data from case-control studies can only establish associations between specific exposure
factors and a disease, and no causal relationships can be determined.(Hennekens & Buring,
1987)

Case-control investigations began as a way to assess diseases that have long latency
periods. By the use of this type of investigation, researchers could retrospectively assess the
characteristics specific to healthy and diseased individuals and make comparisons between
groups on these characteristics. A major problem with case-control studies is that the
exposure and the disease have already occurred in the case population being investigated,
introducing selection bias. Selection bias occurs because the relationship between the
exposure characteristics and the disease in those who participate in the investigation may be
different from those who are not selected or choose not to participate in the investigation.
Another form of bias that occurs in case-control investigations is observer bias. This bias
may arise due to errors in recollection of exposures to specific factors in the case and control
groups.(Hennekens & Buring, 1987)

Although selection and observer bias are common with case-control investigations,

there are still multiple advantages to this type of investigation. Case-control investigations
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allow for the assessment of multiple etiologic factors in one population. This is
advantageous for diseases in which there are multiple factors hypothesized to lead to the
development of the disease. Another advantage is the decreased cost and short amount of
time required to perform these investigations. Case-control studies allow for the
investigation of diseases that have long latency-periods without the increased costs and time
needed for prospective investigations.(Hennekens & Buring, 1987)

Once the hypothesized risk factors for a disease are determined through case-control
investigations, the next step is to perform a cohort study to determine if the proposed risk
factors are actual risk factors for the disease. Cohort studies are can be performed as a
retrospective or prospective investigation. Retrospective cohort investigations assess the
exposures that have already occurred in a group of individuals who have a disease. This type
of cohort study requires the availability of pre-existing detailed records for those who have
the disease. In prospective cohort investigations, individuals who are free from a disease are
followed for a specified amount of time to ascertain those who develop the disease.
Prospective investigations require more time and higher costs as compared to retrospective
investigations due to the need for a follow-up period. However, the information provided by
prospective investigations is thought to be more reliable and informative due to the control
the investigators have over the information that is recorded.(Hennekens & Buring, 1987)

Methodological considerations for prospective investigations include selection of the
cohort and approaches to follow-up. Selection of the cohort is important because
investigators need to make sure that the population selected has increased exposure to the
risk factors being assessed. If the population has a low exposure to the risk factors, the

follow up time will have to be greatly increased to ascertain data that would provide
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statistically powerful results. The approach used for follow-up is dependent on the disease
being investigated. If a disease has a long latency period, follow-up becomes more difficult
due to the increased chances of subjects losing touch with the investigation which may affect
the validity of the results. Therefore, diseases that have a shorter latency period are ideal for
performing prospective cohort investigations.(Hennekens & Buring, 1987)

When assessing risk factors for a disease it is important to be able to determine a
causal relationship between the risk factors and disease occurrence. Based on the three types
of epidemiologic investigations discussed above, the prospective cohort investigation
provides the most plausible results for the development of a cause and effect relationship for
risk factors in the development of disease. Therefore, this type of investigation is warranted

to determine the risk factors for anterior knee pain.

2.5. Statistical Considerations for Assessment of Risk Factors

When determining a causal relationship between risk factors and a disease or injury,
epidemiologic research commonly utilizes regression models to evaluate this relationship.
Commonly, multiple variables are included in the model, and therefore it is important to
determine which factors are important to include in the model. This can be determined in
various ways, but most commonly the risk factors that are included in the model are
determined based on previous research and/or theories.

Various regression models can be used to assess risk factors for anterior knee pain.
The decision on which regression model to use is based on the data available for calculating
incidence. Incidence can be calculated as a proportion or as a rate. As previously described,

incidence proportion (IP) is the number of individuals with an injury divided by the number
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of individuals at risk.(Knowles et al., 2006) Incidence rate is the number of injuries divided
by the total person-time at risk.(Knowles et al., 2006)

Logistic regression is a mathematical approach to describe a relationship between
predictor variables and a dichotomous dependent variable.(Stokes, Davis, & Koch, 2000)
Poisson regression is a mathematical technique used to describe the relationship between
multiple predictor variables and a count dependent variable, such as an incidence rate.(Stokes
et al., 2000) Therefore, Poisson regression is most commonly utilized to determine risk
factors when an incidence rate can be calculated. If exposure data is not available and an
incidence proportion is calculated, logistic regression is a more appropriate model to use

when determining the association between risk factors and an injury/condition.

2.6. Summary of Literature Review

Although anterior knee pain is a prevalent overuse injury, there is a lack of literature
describing the risk factors for this injury. Additionally, many of the risk factors that are
discussed in the literature are solely based on theory. More prospective risk factor
investigations are needed to determine what biomechanical factors may predispose
individuals to the development of anterior knee pain. Research has described many
biomechanical factors that differ among individuals with and without anterior knee pain;
however this provides no clinical information on how to prevent the development of anterior
knee pain. Future research needs to determine the risk factors for anterior knee pain in order
to develop effective prevention programs.

Gender differences have also been described in the prevalence of anterior knee pain;

however there is a lack of evidence describing why these differences in prevalence exist.
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The theories for the gender differences noted in the prevalence of anterior knee pain have
developed based on the research supporting gender differences in static alignment, muscle
strength, and kinematic and kinetic variables; however, we do not know if the gender
differences in these variables in healthy populations carry over into the anterior knee pain
population. Furthermore, no investigations have determined if there are gender differences in
the incidence of anterior knee pain. There is a need for future investigations to determine if
the risk factors for anterior knee pain differ between males and females and determine if
there is a gender discrepancy in the incidence of anterior knee pain.

Various research designs can be utilized to determine risk factors for anterior knee
pain. Based on the research questions we want to answer, a prospective cohort investigation
is the most appropriate study design to use. Additionally, exposure data will be used to
calculate an incidence rate for anterior knee; therefore, Poisson regression analyses will be

used to determine the risk factors associated with the incidence rate of anterior knee pain.
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CHAPTER THREE

METHODS

3.1. Participants
One thousand five hundred and ninety-seven participants from the United States

Naval Academy (USNA) were enrolled in this investigation. Inclusion criteria for
enrollment into the cohort population included the following: 1) freshman at USNA at time
of enrollment into the investigation, 2) no injury limiting participation in a jump-landing task
and/or lower extremity strength tests. Enrolled participants were spread among three classes
of midshipmen [class of 2009 = 438 participants (females=189, males=249), class of 2010 =
525 participants (females=223, males=302), and class of 2011 = 562 participants
(females=194, males=368)]. Each participant underwent a baseline biomechanical
assessment during their first summer of enrollment (freshman) at the USNA. This baseline
assessment was part of a larger scale investigation in which baseline data was collected for
participants in the classes of 2009, 2010, and 2011 during the summers of 2005, 2006, and
2007, respectively.

Participants in this investigation were followed prospectively for the diagnosis of anterior
knee pain. The diagnosis of anterior knee pain was determined based on a review of medical

records by the Principal Investigator. Participants in each class were followed prospectively



from the time of their enrollment in this investigation to January 15, 2008. The criteria that
were met to be included in the injury group are listed below.

Must Demonstrate Both During Evaluation:

1) Retropatellar knee pain during at least 2 of the following activities:
ascending/descending stairs, hopping/jogging, prolonged sitting, kneeling, and
squatting.

2) Negative findings on examination of knee ligament, menisci, bursa, and synovial
plica.

Must Demonstrate One of the Following During Evaluation:

1) Pain on palpation of medial or lateral patellar facets
2) Pain on palpation of the medial or lateral femoral condyles
3.2. Baseline Data Collection
3.2.1. Instrumentation
A Flock of Birds® (Ascension Technologies, Inc., Burlington, VVT) electromagnetic
motion analysis system controlled by Motion Monitor® software (Innovative Sports Training,
Inc. Chicago, IL) was used to assess lower extremity kinematics at a sampling rate of 144Hz.
A non-conductive force plate (Bertec Corporation, Columbus, OH, Model 4060-NC)
collected ground reaction forces which allowed for the calculation of lower extremity
kinetics through inverse dynamic procedures. Force plate data was collected synchronously
with the kinematic data at a sampling rate of 1440 Hz.
The Flock of Birds® was used to measure the position and orientation of three
electromagnetic tracking sensors placed on the sacrum, femur, and tibia. A standard range

transmitter consisting of three orthogonal coils generated a magnetic field. The three

46



electromagnetic sensors attached to participants collected the changes in the electromagnetic
flux in the field generated by the transmitter. The transmitter conveyed those signals to a
computer via hard wiring. Previous research has reported that electromagnetic tracking
systems provide accurate(Milne, Chess, Johnson, & King, 1996; An, Jacobsen, Berglund, &
Chao, 1988) and reliable(An et al., 1988) data for three-dimensional movement of body
segments and joints.

Electromagnetic sensors were placed on the subjects' skin over the spinous process of
Ls, lateral aspect of the thigh, and anteromedial aspect of the proximal tibia. Data indicating
the orientation and position of each sensor relative to a standard range transmitter were
conveyed back to a personal computer. Each sensor was placed over an area of the least
muscle mass to minimize potential sensor movement and was secured using double sided
tape, pre-wrap, and athletic tape. Six bony landmarks were digitized with the endpoint of a
stylus on which a fourth receiver was mounted. The six bony landmarks were the medial and
lateral condyles of the femur, medial and lateral malleoli of the ankle, and left and right
anterior superior iliac spine (ASIS) of the pelvis. Medial and lateral malleoli and femoral
condyles were digitized to determine the ankle joint center and knee joint center,
respectively. Left and right ASIS were digitized to determine the hip joint center of rotation
using the Bell method.(Bell AL, Pedersen DR, & Brand RA, 1989)

A global reference system was defined using the right hand rule, in which the x-axis
was positive in the anterior direction, the y-axis was positive to the left of each participant,
and the z-axis was positive in the superior direction. Lower extremity joint rotations were
calculated using the Euler rotation method. The order of rotation that was used to calculate

hip and knee joint rotations were Y, X, Z. The y-axis corresponded to the flexion-extension
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axis, the x-axis corresponded to the abduction-adduction axis, and the z-axis corresponded to
the internal-external rotation axis.

A hand-held dynamometer (Chatillon MSC-500, AMETEK, Inc, Largo, FL) was used
to collect peak and mean isometric strength values for six lower extremity motions: hip
extension, hip abduction, hip external rotation, hip internal rotation, knee flexion, and knee
extension. A standard plastic goniometer was used to measure Q-angle.

3.2.2. Testing Procedures
Four stations were utilized to collect demographic and biomechanical data.
Testing station 1: Informed consent and baseline questionnaire

All participants arrived at this station first. Participants completed an informed
consent form. Once the participants read and signed the informed consent they filled out the
baseline questionnaire. Some participants began filtering through the other stations once
they had begun their baseline questionnaire. The baseline questionnaire asked questions in
regards to age, gender, history of participation in athletic activity, mental health, knee and
lower limb injury history, and recent exercise and weight training history (Appendix A).

Prior to arrival at station two, each participant’s height (Seca 206 Bodymeter,
Hanover, MD) and weight (Seca 780, Hanover, MD) were measured using a height gauge
and scale, respectively. Participants were also asked if they would use their right or left
lower extremity to kick a ball for maximum distance. The leg used to kick a ball for
maximum distance was defined as the dominant limb, which we used for testing at stations
two through four.

Testing station 2: Jump-landing Task

At station two, participants were first instructed on performance of the jump-landing
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task. The jump-landing task consisted of participants jumping from a 30-cm high box set at a
distance of 50% of their height, down to a force platform, and rebounding for maximal
vertical height upon landing (Figure 1). Following task instruction, the subject was given as
many practice trials as needed to perform the task successfully. A successful jump was
characterized by landing with the entire foot of the dominant lower extremity on the force
plate, landing with their entire foot of the non-dominant lower extremity off the force plate,
and completing the task in a fluid motion.

Following task instruction and practice, electromagnetic tracking sensors were
attached to the spinous process of Ls, lateral aspect of the thigh, and anteromedial aspect of
the proximal tibia. Digitization of the local segments and joint centers occurred after the
sensors had been secured (see section 3.2.1.). Once digitization was completed, a static trial
was collected for each subject so that static alignment of the lower extremity can be
calculated. Participants performed three successful trials of the jump-landing task.
Kinematic and kinetic data will be averaged over the three data collection trials.

Testing station 3: Muscle strength

The muscle strength testing station was used to assess the isometric strength of the
surrounding hip and knee musculature. This station was always performed after the motion
analysis testing had been performed for each participant. Peak and mean isometric strength
values for two consecutive five-second trials for hip extension, hip abduction, hip external
rotation, hip internal rotation, knee flexion, and knee extension was collected. All strength
data was normalized to the mass of the subject (% body weight). For data analysis the
normalized peak values for each trial were averaged. Intra-rater reliability (ICC,x)

calculated from pilot data for the strength tests range from 0.73-0.98.
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Hip extension (Figure 3): Participants positioned themselves prone on a treatment
table with their trunk secured to the table. The hand-held dynamometer was placed at
the distal end of the posterior aspect of the femur. Participants were instructed to
push up against the dynamometer as hard as they can, extending at the hip, holding

the contraction for five seconds.

Hip abduction (Figure 4): Participants positioned themselves prone on their non-
dominant side on a treatment table so that their dominant leg was facing the ceiling.
Their trunk was secured to the table and the dynamometer was placed at the distal end
of the lateral side of the femur. Participants were instructed to push as hard as they

can, abducting the leg, holding the contraction for five seconds.

Hip external rotation (Figure 5): Participants positioned themselves prone on a
treatment table with their trunk and dominant thigh secured to the table. The knee
was flexed to 90 degrees and the dynamometer was placed on the medial side of the
distal end of the tibia. Participants’ dominant hip was placed in 0 degrees of rotation.
They were instructed to push as hard as they can against the dynamometer, moving

into hip external rotation, holding the contraction for five seconds.

Hip internal rotation (Figure 6): Participants positioned themselves prone on a

treatment table with their trunk and dominant thigh secured to the table. The knee

was flexed to 90 degrees and the dynamometer was placed on the lateral side of the
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distal end of the tibia. Participants’ dominant hip was placed in 0 degrees of rotation.
They were instructed to push as hard as they can against the dynamometer, moving

into hip internal rotation, holding the contraction for five seconds.

Knee flexion (Figure 7): Participants positioned themselves prone on a treatment
table with their trunk and dominant thigh secured to the table. The knee was flexed to
90 degrees. The dynamometer was placed on the posterior side of the distal shank.
Participants were instructed to push as hard as they can, flexing at the knee, holding

the contraction for five seconds.

Knee extension (Figure 8): Participants positioned themselves prone on a treatment
table with there trunk and dominant thigh secured to the table. The knee was flexed
to 90 degrees. The dynamometer was placed on the anterior side of the distal shank.
Participants were instructed to push as hard as they can, extending the knee, holding

the contraction for five seconds.

Testing station 4: Structural alignment

The structural alignment measures that we assessed were Q-angle and navicular drop.

Participants could go through this station at any time after completing the informed consent.

Q-angle angle was measured with participants in a standing position. The midpoint of the

patella and tibial tuberosity were marked along with the most prominent portion of the ASIS.

The axis point of a goniometer was placed at the midpoint of the patella. The stationary arm

of the goniometer was placed in line with the midpoint of the tibial tuberosity and the
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rotating arm in line with the ASIS. Q-angle was recorded in degrees for each trial.
Participants were then asked to march in place a few times and the Q-angle measurement was
repeated. A total of three trials were recorded for this measurement and the average of the
three trials was used for data analysis. Intra-rater reliability from pilot data showed good
reliability for Q-angle measurement (ICC, = 0.83).

Navicular drop was measured as the difference between the navicular tuberosity
height in a non-weight bearing subtalar joint neutral position and a weight bearing position.
Subtalar joint neutral was determined by palpating the medial and lateral sides of the talar
dome when participants were in a seated position. In the seated position, the most prominent
portion of the navicular tuberosity was marked, followed by placing a mark on an index card
indicating the height from the floor to the navicular tuberosity. Participants were asked to
stand and march in place a few times. The height of the navicular tuberosity was then
marked again on the same side of the index card. The difference between the two marks on
the index card was recorded as navicular drop (mm). This process was repeated two more
times. The average of the three navicular drop measurements was used for data analysis.
Intra-rater reliability from pilot data shows good reliability for navicular drop measurement
(ICC,x=0.79).

Participants had time in between stations to continue filling out the baseline
questionnaire if they did not have enough time at station one to complete the questionnaire.

Baseline testing was completed once participants had completed all four stations.

3.3. Biomechanical Data Reduction
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The Principal Investigator for this investigation reduced the biomechanical data
collected during the baseline data collection sessions. All kinematic data was filtered using a
4™ order low pass Butterworth filter at 14.5 Hz. The kinematic and kinetic data was reduced
using custom Matlab software (Mathworks, Natick, MA). The three dimensional peak knee
and hip joint angles were determined during the stance phase. Also, peak vertical ground
reaction force and joint moments for hip abduction, hip external rotation, knee extension, and
knee varus were determined during the stance phase. The stance phase was defined as the
time period between initial ground contact with the force plate until takeoff for the rebound
jump (Figure 9). Initial ground contact was the time when vertical ground reaction force
exceeded 10 N as the subject landed on the force plate from the 30-cm high platform.
Takeoff was identified as the time when vertical ground reaction force dropped below 10 N
following initial contact. The average of the peak values across the 3-trials was calculated
for each of the kinematic and kinetic variables. The peak vertical ground reaction force was
normalized to body weight (N) for each participant (% body weight). Peak joint moment
data was normalized to the product of body weight (N) and body height (m) (body weight *

body height). See Table 1 for a list of dependent variables.

3.4. Data Cleaning

Histograms were plotted for the means of each dependent variable and were checked
for normality. If there was a violation of normality for a dependent variable, the data for the
subjects outside of three standard deviations from the mean were evaluated. Evaluation of
data included assessing the trial data for the variable in question. If the trial data for

kinematic or kinetic data seemed erroneous, each trial for the subject was viewed separately
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in Motion Monitor® software (Innovative Sports Training, Inc. Chicago, IL). The kinematic
or kinetic variable in question was plotted within the software for assessment of spikes or out
of range data. If an error was determined with the data collection, the data for the specific
variable was removed for that subject and the mean of two trials was calculated or one trial
was set as the mean. If the plotted data in the software did not match the data in the data set,
the subject was re-exported from Motion Monitor® software (Innovative Sports Training, Inc.
Chicago, IL) and re-reduced with the custom Matlab program. There were a total of 36
subjects in which there were errors with the data collection. Table 1 lists the subjects along
with the dependent variables in which trial data was removed due to errors with data
collection (spike in data or error with force platform). If trial data for the posture or strength
variables were in question, the tracking sheet in which the data was recorded for each subject
in question was reviewed by the Principal Investigator. If the trial data in the data set
matched the data on the tracking sheet, no changes were made to that subject’s data. If the
data in the tracking sheet did not match the data in the data set, the data was corrected in the
data set. Figure 10 is a flow chart describing the process of data cleaning for all dependent
variables. Two subjects had data that was correct but was still an extreme outlier; therefore,
the data in question was set approximately to three standard deviations from the mean. Table

2 provides the changes made for each subject.

3.5. Follow-up of Cohort

Physicians at USNA diagnosed cases of anterior knee pain. A general knee pain
template to aim to standardize the diagnosis of common chronic and acute knee injuries was
added to the Armed Forces Health Longitudinal Technology Application (AHLTA) to be

utilized by the physicians (Appendix B). AHLTA captures most illnesses and injuries in the

54



United States Armed Forces resulting in a hospitalization or an ambulatory care facility visit
to a military hospital or military clinician.

During the summer, not all medical records are entered into the AHLTA database due
to clinics being held outside of the medical clinic. Therefore, a “Standard Form 600”
(SF600) was used by the physicians to document knee injuries (Appendix C). This form was
similar in content to the AHLTA knee pain template. The SF600 form was filed within the
medical record charts for midshipmen in Brigade Medical at the USNA. The ICD 9 code for
the diagnosis on the SF600 was entered into the Defense Medical Surveillance System
(DMSS) which also includes records within AHLTA. A search through the DMSS was
conducted every 2 months to extract the following ICD 9 codes: 726.69 (Unspecified knee
enthesopathy), 726.64 (patellar tendonitis), 717.7 (patella chondromalacia) and 719.46
(patellofemoral syndrome). See Figure 11 for anterior knee pain data collection flowchart.

The Principal Investigator searched through AHLTA using the social security number
of the study participant to find the medical record that was associated with the ICD-9 code
extracted from DMSS. If the medical record associated with the ICD-9 code was not within
the AHLTA database, the Principal Investigator had access to the hard copy of medical
records which was stored at Brigade Medical at the USNA. Medical record notes were
matched with the criteria for inclusion into the anterior knee pain group. The Principal
Investigator accessed AHLTA and medical record charts once every two months by traveling
to the USNA or Uniformed Services University of the Health Sciences (USUHS) to
determine the enrolled participants that were diagnosed with anterior knee pain.

Athletic injuries that were evaluated and treated by the certified athletic trainers at the

USNA are not included in the medical records for midshipmen. The certified athletic trainers
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use SportsWare™ (Computer Sports Medicine, Inc, Stoughton, MA) to record the athletic
injuries they evaluate and treat. The Principal Investigator searched through SportsWare™
to determine the varsity athletes who were diagnosed with anterior knee pain. Due to
variability in documentation by the certified athletic trainers in SportsWare™, another
version of the SF600 was used by the certified athletic trainers to document specific
evaluative findings for acute and chronic knee injuries (Appendix D). Copies of these forms
were collected for the purposes of this study to determine the athletes who met the inclusion
criteria for the anterior knee pain group. The Principal Investigator extracted information

from SportsWare™ and the SF600s used by the certified athletic trainers every two months.

3.6. Cohort Selection

The total number of participants enrolled in this investigation was 1597
(females=632, males=965). Seventy-two of these participants (females=26, males=46) did
not complete one or more of the baseline testing stations and were eliminated from the
cohort. None of the eliminated participants were diagnosed with anterior knee pain during
the follow-up period. Additionally, 201 (females=90, males=111) participants in the non-
injured cohort reported a history of anterior knee pain in the previous six months on the
baseline questionnaire and therefore these participants were eliminated from the cohort, since
the focus of the research was incidence. A total of 45 (females=27, males=18) participants
with complete baseline testing met the inclusion criteria for the injured group; however, five
(females=3, males=2) of these subjects reported a history of anterior knee pain on the

baseline questionnaire, so they were removed from the injured group. The injured cohort
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included 40 participants (females=24, males=16) and the non-injured cohort included 1279

(females=489, males=790) participants.

3.7. Statistical Analysis

All enrolled participants who were identified as having one of the specified ICD-9
codes from July 2005-January 15, 2008, underwent a medical record review by the Principal
Investigator. This included a search through AHLTA, medical record charts, and
SportsWare™. Participants with a history of anterior knee pain prior to the start of this
investigation were not included in the cohort. Statistical analyses were performed using SAS
9.1 (SAS Institute, Inc., Cary, NC). An a priori alpha level for all analyses was set at 0.05.
3.7.1. Research Question 1 Analysis

A two-way (gender: male and female, group: injured and uninjured) analysis of
variance was performed for each dependent variable. The main effect for group was assessed
for descriptive purposes only for this research question. Separate Poisson regression
analyses were performed for each risk factor variable. Additionally, multivariate Poisson
regression models were used to model the rate of anterior knee pain as a function of domain
specific risk factors. Domain specific models were developed to determine the risk factors
associated with anterior knee pain when adjusting for the other risk factor variables within
each domain. See Table 3 for the dependent variables within each domain. Based on the
findings from the domain specific Poisson regression models, two final multivariate models
were developed including risk factors across multiple domains. For model building
purposed, the risk factors that were included in the two final multivariate models had a P-

value less than 0.20 in the domain specific Poisson regression models.
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3.7.2. Research Question 2 Analysis

To determine if risk factors for anterior knee pain differ between males and females
in those who develop anterior knee pain, separate two-way (gender: male and female, group:
injured and uninjured) analysis of variances (ANOVA) were performed for each dependent
variable. The interaction between gender and group was assessed for this research question.
A total of 19 separate ANOVAs were performed to answer this research question.
3.7.3. Research Question 3 Analysis

A Poisson regression analysis was performed to determine if there was an association
between gender and the incidence of anterior knee pain. The incidence rate for anterior knee
pain was calculated by adding up the total follow up time for all participants, and dividing
the number of individuals diagnosed by the total follow-up time multiplied by 1000 [(# of
injuries/total follow-up time)*1000]. We also calculated the incidence rate for males and
females. A logistic regression analysis was performed to determine if there was an
association between gender and the prevalence of anterior knee pain.
3.8. Power Analyses
3.8.1. Power Analysis for Research Question 1

We anticipated approximately 7% of the tested cohort withdrawing from this
investigation or being eliminated due to prior history of anterior knee pain. This would have
decreased our estimated cohort to 1302. We expected 10% (130 participants) of our tested
cohort to be diagnosed with anterior knee pain. This is based on previous research that has
reported incidences ranging from 8.5-15% in physically active individuals.(Witvrouw et al.,
2000; Milgrom C et al., 1991) Table 2 provides the study’s power based on the estimated

incidence of anterior knee pain and prevalence of a risk factor.
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3.8.2. Power Analysis for Research Question 2

For kinematic and kinetic variables, data from Decker et al. (2003) were used to
calculate the expected power. Based on an a priori power analysis, the study would have had
100% power if there was a difference of 4 degrees, 1% BW, or 4% BW*height across
genders. Data from Earl et al.(2005) and Witvrouw et al. (2000) were used to calculate
expected power for navicular drop and Q-angle, respectively. A 1 mm difference in
navicular drop between genders could be identified with 100% power and a 3 degree
difference in Q-angle measurement could be identified with 95% power. Muscle strength
pilot data from the USNA revealed 100% power for a difference of 3% BW for all strength
measurements between males and females.
3.8.3. Power Analysis for Research Question 3

Based on previous reports of the difference in the prevalence of anterior knee pain
between males and females, we anticipate 60% of the injured population to be
females.(Taunton et al., 2002) Sixty percent of our expected 10% incidence (40% of total
cohort includes females) would have yielded an incidence proportion of 15% in females and
6% in males. If these estimations held true, we would have had a significant difference

between the incidence proportion in males and females with 75% power.
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CHAPTER FOUR

SUMMARY OF RESULTS

4.1. Introduction

This chapter will provide the results for research questions one through three.
Minimal interpretation will be provided along with the results because the two manuscripts
that follow this chapter interpret the results in more detail. The most important findings from
this investigation was that the risk factors for anterior knee pain include: decreased isometric
knee extension and flexion strength, increased isometric hip external rotation strength,
increase hip internal rotation angle during a jump-landing task, decreased knee flexion and
vertical ground reaction force during a jump-landing task, and increased navicular drop.
Another important finding was that females had a significantly higher incidence of anterior

knee pain compared to males.

4.2. Results
4.2.1. Research Question 1

The first analysis was to determine differences between injured and non-injured
groups for each risk factor variable. There were no significant group main effects for the
following variables: knee flexion angle (F11315=3.82, p=0.051), knee valgus angle

F11315=0.14, p=0.708), knee internal rotation angle (F11315=3.39, p=0.066), hip flexion angle



(F1.1315=2.18, p=0.140), hip adduction angle (F11315=0.76, p=0.384), hip internal rotation
angle (F1,1315=0.09, p=0.759), g-angle (F11314=0.22, p=0.636), hip internal rotation strength
(F11315=1.31, p=0.252), hip external rotation strength (F;1314=0.99, p=0.319), hip extension
strength (F1,1314=2.09, p=0.149), knee varus moment (F; 129:=0.00, p=0.978), and hip
abduction moment (F1120:=0.99, p=0.319). A significant group main effect was found for
knee extension strength (F;1315=13.22, p=0.001), knee flexion strength (F; 1314=7.67,
p=0.006), hip abduction strength (F; 1315=3.83, p=0.050), knee extension moment
(F1,1315=4.70, p=0.030), hip external rotation moment (F 1291=4.64, p=0.032), vertical ground
reaction force (Fy 1315=4.40, p=0.036), and navicular drop (Fs131,=4.24, p=0.040). For the
strength variables, individuals who developed anterior knee pain were significantly weaker
than those who did not develop anterior knee pain. For the kinetic variables, individuals who
developed anterior knee pain had significantly less vertical ground reaction force, knee
extension moment, and hip external rotation moment compared to those who did not develop
anterior knee pain. Furthermore those who developed anterior knee pain had significantly
more navicular drop compared to those who did not develop anterior knee pain. Means,
standard deviations, and 95% confidence intervals for each dependent variable are presented
in Table 5.

Separate Poisson regression models for each dependent variable and domain specific
Poisson regression models were analyzed. Table 6 includes rate ratios (RR), confidence
limit ratios (CLR), and P-values for the separate Poisson regression models for each risk
factor variable. Table 7 includes the RR, CLR, P-values for each risk factor variable in the
domain adjusting for the other variables in the model, and the p-value for the domain specific

model. A significant Poisson regression model was found for knee flexion strength
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(P=0.01), knee extension strength (P=0.01), hip internal rotation strength e (P=0.04), and
navicular drop (P=0.01). Participants with increased knee flexion strength had 0.30 times the
rate of anterior knee pain compared to those with decreased knee flexion torque. Participants
with increased knee extension strength had 0.19 times the rate of anterior knee pain
compared to those with decreased knee extension torque. Participants with increased internal
rotation strength had 0.42 times the rate of anterior knee pain compared to those with
decreased hip internal rotation strength. Participants with a higher navicular drop
measurement had 1.5 times the rate of anterior knee pain compared to those with a lower
navicular drop measurement. There were no significant domain specific Poisson regression
models (P>0.05), however, navicular drop and knee extension strength were significant risk
factors for the development of anterior knee pain in the posture and strength domains,
respectively.

Two final multivariate Poisson regression models were created based on the results
from the domain specific models. We chose to create two final models with five or less
independent variables in each model due to the small number of subjects who developed
anterior knee pain (n=40). The two final models were a kinematics/kinetics/posture model
and a muscle strength/posture model. The independent variables included in the
kinematics/kinetics/posture model were hip internal rotation angle, knee flexion angle,
vertical ground reaction force, navicular drop, and gender. The independent variables
included in the muscle strength/posture model were knee flexion peak strength, knee
extension peak strength, hip external rotation peak strength, navicular drop, and gender.
Gender was included in both models due to the inherent differences between males and

females for many of the independent variables in the models. Navicular drop was also
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included in both models because navicular drop seemed to have the most influence on the
development of anterior knee pain compared to all other independent variables. Table 8
provides the RR, CLR, and P-values for the kinematic/kinetic/posture model and the muscle
strength/posture model. Each model significantly predicted the development of anterior knee
pain (P<0.05)

Interpretation: Based on the final Poisson regression models, decreased knee flexion
angle and vertical ground reaction force and increased hip internal rotation angle during the
jump-landing task were significant risk factors for the development of anterior knee pain.
Additionally, decreased knee flexion and extension strength, increased hip external rotation
strength, and increased navicular drop were risk factors for the development of anterior knee
pain. The following paragraphs will provide a comparison of our results with previous
prospective cohort investigations assessing risk factors for the development of anterior knee
pain.

Two prospective investigations have assessed strength of the surrounding knee
musculature as a risk factor for anterior knee pain. Milgrom et al. (1991) reported that knee
extension isometric strength was significantly higher in those who developed anterior knee
pain compared to those who did not develop anterior knee pain, however, when knee
extension strength was normalized to body weight, this variable was no longer a risk factor
for anterior knee pain. Witvrouw et al. (2000) assessed isokinetic concentric torque of the
quadriceps and hamstring musculature as risk factors for the development of anterior knee
pain. They reported that peak torque of the quadriceps and hamstring musculature were not
significant risk factors for the development of anterior knee pain.(Witvrouw et al., 2000)

These findings reported by previous investigations are in disagreement with the findings
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from our investigation. Based on the results from our investigation, decreased isometric
strength of the quadriceps and hamstring musculature are risk factors for the development of
anterior knee pain.

Although, navicular drop has not specifically been assessed by previous prospective
investigations, foot posture has been assessed through various measures. Witvrouw et al.
(2000) assessed foot posture through the use of a podograph and reported that foot posture
was not a risk factor for anterior knee pain. Milgrom et al. (1991) also assessed foot posture,
however they did this by measuring arch height. They reported that arch height was not a
risk factor for the development of anterior knee pain.(Milgrom C et al., 1991) In a more
recent prospective investigation, Thijs et al. (2007) assessed multiple plantar pressure
variables during gait as risk factors for anterior knee pain. These authors concluded that
individuals who developed anterior knee pain had less pronation during the first 10% of
stance and therefore, these individuals may not effectively absorb ground reaction forces
during gait, leading to increased shock placed on the lower extremity and the development of
anterior knee pain. (Thijs Y, Van Tiggelen D, Roosen P, Clercq DD, & Witvrouw E, 2007).
The findings of increased navicular drop (increased pronation) as a risk factor for anterior
knee pain in our investigation disagrees with the results from previous prospective
investigations. We also assessed was Q-angle, and although increased Q-angle has been
proposed to be a risk factor for the development of anterior knee pain, no investigations have
reported this as a risk factor for the development of anterior knee pain. This is consistent
with our investigation.(Witvrouw et al., 2000)

The contrasting results between our investigation and previous investigations on

measures of quadriceps and hamstring strength, and navicular drop are most likely due to
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differences in testing procedures, and underlying differences in the cohort populations that
were followed for the development of anterior knee pain. First of all, Witvrouw et al. (2000)
assessed isokinetic strength of the quadriceps and hamstring musculature, while we assessed
isometric strength of the quadriceps and hamstring musculature. Additionally, Milgrom et al.
(1991) assessed the isometric strength of the quadriceps musculature in a seated position with
the hips and knees flexed to approximately 90 degrees and we assessed strength of the
quadriceps musculature in a prone position with the hips at 0 degrees of flexion and the knee
at approximately 90 degrees of flexion. Furthermore, the assessment of foot posture has also
varied greatly across previous investigations.(Milgrom C et al., 1991; Thijs Y et al., 2007,
Witvrouw et al., 2000) These differences in assessment of knee extension and knee flexion
strength, and navicular drop may provide an explanation for the differing findings between
our investigation and previous investigations. Future investigations should attempt to utilize
standardized assessment techniques when assessing the above variables as risk factors for the
development of anterior knee pain.

Differences in the cohort populations assessed for the development of anterior knee
pain may also provide an explanation for the differing results between our investigation and
previous investigations. Milgrom et al. (1991) prospectively followed male Israeli infantry
recruits for the development of anterior knee pain. Variations in the physical activity
requirements in the Israeli infantry and midshipmen at the USNA may contribute to the
differing findings in comparison to our investigation. Additionally, Witvrouw et al. (2000)
prospectively followed male and female college students participating in physical activities
classes. One limitation of our investigation is the inability to generalize the results we report

to a civilian population due to the drastic differences in physical activity demands placed on
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those in the military and civilians participating in physical activities classes. These
underlying differences in cohort populations may also explain the conflicting risk factors
reported by our investigation and previous investigations. There is a need for more
prospective risk factor investigations to be performed in both the military and general
populations to better understand the risk factors for anterior knee pain.

Although we report additional variables as risk factors for the development of anterior
knee pain, no previous prospective cohort studies have investigated lower extremity kinetics,
kinematics, or hip muscle strength as risk factors for anterior knee pain; therefore, no further
comparisons can be made with previous literature. Future investigations should assess
similar biomechanical variables in order to validate our findings of increased hip external
rotation strength, decreased vertical ground reaction force, increased hip internal rotation
angle, and decreased knee flexion angles as risk factors for the development of anterior knee
pain.

4.2.2. Research Question 2

Two by two analyses of variances (gender (male and female x group (injured and
non-injured) were performed to assess the interaction between gender and group for each
dependent variable. No significant interactions were revealed for the dependent variables.
F-values, P-values, and power for group x gender interactions for each dependent variable
are reported in Table 9. Figures 12-17 present the means for males and females in the injured
group for each risk factor variable.

Interpretation: Although research supports significant differences between healthy
males and females on the biomechanical variables we assessed, there were no significant

differences for these variables between males and females who developed anterior knee pain.
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One limitation of this analysis was that the power was very low for each gender x group
interaction. The low power is most likely due to the small number of subjects in the injured
group (n=40) compared to the non-injured group (n=1279). To obtain a power of 0.80, we
would need greater than 1000 subjects in the injured group. Based on the gender x group
interaction results, we can conclude that the proposed risk factors for anterior knee pain do
not differ between males and females who develop anterior knee pain.
4.2.3. Research Question 3

Based on the medical record review by the Principal Investigator, there were 45
participants (females=27, males=18) who were diagnosed with anterior knee pain and met
the criteria for inclusion in the anterior knee pain group. Five (females=3, males=2) of these
individuals reported a previous history of anterior knee pain, and therefore they were
removed from the injured cohort. Also, 201 individuals (females=90, males=111) reported a
history of anterior knee pain and were removed from the analysis of incidence. A total of
1319 participants were included in the Poisson regression model for incidence. Forty of
these participants were diagnosed with anterior knee pain (females=24, males=16). The
Poisson regression analysis revealed that gender was a significant predictor of the
development of anterior knee pain (P=0.01), with females being 2.23 times more likely to
develop this injury compared to males. The incidence rate for anterior knee pain was
22/1000 person-years (95% CI: 15/1000 person-years, 29/1000 person-years). The incidence
rate in females was 33/1000 person-years (95% CI: 20/1000 person-years, 45/1000 person-
years) and the incidence rate in males was 15/1000 person-years (95% CI: 7/1000 person-

years, 22/1000 person-years).

67



A total of 1525 participants were included in the logistic regression model for
prevalence. Two-hundred and six participants (females=93, males=113) reported a history of
anterior knee pain. The logistic regression analysis revealed that gender was not a significant
predictor of the prevalence of anterior knee pain (Odds ratio= 1.3, P=0.09). Although not
significant, females were approximately 25% more likely to have a history of anterior knee
pain compared to males. The prevalence of anterior knee pain was calculated by dividing the
number of individuals who reported a history of anterior knee pain (n=206) by the total
number of individuals in the cohort (n=1525). The prevalence of anterior knee pain in the
cohort was 13.5% (95% CI: 11.7%, 15.3%). The prevalence of anterior knee pain in females
and males was 15.3% (95% ClI: 13.7%, 16.9%) and 12.3% (95% CI: 11.1%, 13.4%),
respectively.

Interpretation: This is the first investigation to determine if gender is a significant
predictor of the incidence rate and prevalence of anterior knee pain. The results from this
investigation revealed a significant association between gender and the incidence rate of
anterior knee pain; however, there was no significant association between gender and the
prevalence of anterior knee pain. Females were more likely to develop anterior knee pain
compared to males, but neither males nor females were more likely to have a history of
anterior knee pain.

There are many factors that may have played into finding an association between
gender and the incidence rate of anterior knee pain but not finding an association between
gender and the prevalence of anterior knee pain. First of all, the service academies enroll
significantly more males than females. The reason for this is most likely that the service

academies have historically been male dominated schools and therefore, many females do
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not apply. Additionally, the service academies place high activity demands on their students,
which may cause females who are typically less physically active than males to not
apply.(Cox JS & Lenz HW, 1979; Cox JS & Lenz HW, 1984) Also, due to these high
activity demands, if an individual has a history of anterior knee pain, they may not apply
because they do not feel they could keep up with the physical activity demands that would be
placed on them. Therefore, the USNA may selectively reduce the individuals who enter with
a history of anterior knee pain based on the physical activity that would be required of these
individuals. Also, the lack of a gender difference in the prevalence of anterior knee pain may
be due to individuals being able to control their physical activity demands prior to entering
the USNA, however, once they entered the USNA all individuals are required participate in
the same physical activity. All of the reasons described above may provide insight into why
we found a gender difference in the incidence of anterior knee pain however there was not
gender difference in the prevalence of anterior knee pain. Future investigations should
assess gender differences in the incidence rate and prevalence of anterior knee pain in
civilians so that the results from this investigation may be compared to results within the

general population.
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Subject ID  Problem variable/s Correction Made

217127 Knee varus moment Trial 2 and 3 set to missing
217167 Hip ER moment Trial 2 and 3 set to missing
317014 Hip and knee transverse and frontal plane moments  All trials set to missing
317015 Hip and knee transverse and frontal plane moments  All trials set to missing
317016 Hip and knee transverse and frontal plane moments  All trials set to missing
317017 Hip and knee transverse and frontal plane moments  All trials set to missing
317018 Hip and knee transverse and frontal plane moments  All trials set to missing
317020 Hip and knee transverse and frontal plane moments  All trials set to missing
317021 Hip and knee transverse and frontal plane moments  All trials set to missing
317022 Hip and knee transverse and frontal plane moments  All trials set to missing
317023 Hip and knee transverse and frontal plane moments  All trials set to missing
317025 Hip and knee transverse and frontal plane moments  All trials set to missing
317026 Hip and knee transverse and frontal plane moments  All trials set to missing
317030 Hip and knee transverse and frontal plane moments  All trials set to missing
317031 Hip and knee transverse and frontal plane moments  All trials set to missing
317032 Hip and knee transverse and frontal plane moments  All trials set to missing
317033 Hip and knee transverse and frontal plane moments  All trials set to missing
317034 Hip and knee transverse and frontal plane moments  All trials set to missing
317035 Hip and knee transverse and frontal plane moments  All trials set to missing
317036 Hip and knee transverse and frontal plane moments  All trials set to missing
317037 Hip and knee transverse and frontal plane moments  All trials set to missing
317038 Hip and knee transverse and frontal plane moments  All trials set to missing
317039 Hip and knee transverse and frontal plane moments  All trials set to missing
317040 Hip and knee transverse and frontal plane moments  All trials set to missing
317041 Hip and knee transverse and frontal plane moments  All trials set to missing
317042 Hip and knee transverse and frontal plane moments  All trials set to missing
317043 Hip and knee transverse and frontal plane moments  All trials set to missing
317044 Hip and knee transverse and frontal plane moments  All trials set to missing
317045 Hip and knee transverse and frontal plane moments  All trials set to missing
317088 Sagittal plane hip moments Trial 3 set to missing
317130 Hip extension and hip external rotation moments Trial 3 set to missing
317196 Transverse plane hip and knee moments Trial 1 set to missing
317331 Hip and knee transverse and frontal plane moments  All trials set to missing
317476 Hip extension, knee ER and varus moments Trials 2 and 3 set to missing

Table 1. Problem variables listed by subject ID in which trial data was set to missing.
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Subject ID Variable Original Value  Changed Value

117297 Knee flexion angle 30 degrees 38 degrees
317170 Hip extension strength 0.733%BW 0.645 %BW

Table 2. Changes made for Subject ID’s with extreme outliers.
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Domain Dependent Variables

Hip flexion angle (°)

Hip abduction angle (°)

Hip internal rotation angle (°)

Kinematic Variables
Knee flexion angle (°)

Knee valgus angle (°)

Knee internal rotation angle (°)

Vertical ground reaction force (%BW)

Hip abduction moment (%BW*ht)

Kinetic Variables Hip external rotation moment (%BW*ht)

Knee extension moment (%BW*ht)

Knee varus moment (%BW*ht)

Knee flexion strength (%BW)

Knee extension strength (%BW)

Hip extension strength (%BW)
Muscle Strength Variables

Hip internal rotation strength (%BW)

Hip external rotation strength (%BW)

Hip abduction strength (%BW)

Q-angle (°)

Static Alignment Variables
Navicular Drop (mm)

Table 3. Dependent variables organized into each domain
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Prevalence of Risk
Factor in Cohort

Odds Ratio

1.75 2.00 2.25
10% 38% 54% 67%
20% 63% 84% 95%
30% 85% 98% 100%
40% 98% 100% 100%
50% 100% 100% 100%

Table 4. Power analysis for research question one
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Domain Dependent Variable Group Mean + SD 95% CI
. . . Injured -67.04+19.78 -95.16, -34.93
Hip flexion angle (*) Non-injured 71.76220.12 210361, -39.05
. . : Injured 1.87+7.18 -10.45, 11.11
Hip adduction angle () Non-injured 2.80+6.67 7.69, 13.93
- . ) Injured 7.57+8.91 -9.98, 25.19
o Hip internal rotation angle () Non-injured 7.15+8.41 75.65, 21.55
Kinematic Variables _ ) Injured 76.46+11.73 54,72, 99.36
Knee flexion angle (°) Non-injured 80.84+14.28 57.9, 106.13
: Injured -13.58+7.83 -25.88, -1.23
Knee valgus angle (*) Non-injured ~14.05+7.85 -27.93,-1.08
. . o Injured 12.26+8.04 1.39, 27.59
Knee internal rotation angle (*) Non-injured 14.67+8.36 1.38, 28.52
Vertical ground reaction force (%BW)* Inj ure_zd. 2.57£0.52 18,34
Non-injured 2.86+0.87 1.72,4.53
Hip abduction moment (%BW*ht) Injur(?d_ 0.1320.08 0.29, -0.95
Non-injured -0.14+0.07 -0.27, -0.05
inetic Vari _ . Injured -0.060.03 -0.12,-0.03
Kinetic Variables Hip external rotation moment (%BW*ht)* Non-injured 0.0820.05 017 0.02
. Injured -0.210.05 -0.30,-0.16
Knee extension moment (%BW*ht)* Non-injured 20.23+0.05 20.32,-0.16
Kinee varus moment (BW0) injured 0.05+0.03 0.01, 0.11
Non-injured 0.05+0.03 0.01,0.11
Muscle Strength K ) o N Injured 0.23+0.06 0.16, 0.35
Variables nee flexion strength (%BW) Non-injured 0.25%0.05 0.17, 0.35
Knee extension strength (%BW)* Inj ure_zd_ 0.46+0.09 0.35, 0.62
Non-injured 0.52+0.12 0.34,0.74
. . Injured 0.30£0.07 0.20, 0.44
Hip extension strength (%BW) Non-injured 0.32+0.09 0.20, 0.48
Hip internal rotation strength (%BW) Injured 0.21+0.04 0.16, 0.27
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Non-injured 0.22+0.04 0.15, 0.30

Hip external rotation strength (%BW) Inj ure_zd_ 0.21+0.04 0.15,0.29

Non-injured 0.22+0.05 0.15, 0.29

Hip abduction strength (%BW)* Injur(_ad. 0.35£0.09 0.28,0.50

Non-injured 0.38+0.09 0.23, 0.53
Injured 10.09+4.20 3.33, 16.67

L Q-angle (°) —

Static Alignment Non-injured 9.77+4.31 3.33,17.33
Variables Navicular Drop (mm)* Injured 8.05+3.24 3.67, 14.50
Non-injured 7.16x2.67 3.33,12.00

Table 5. Means, standard deviations, and 95% confidence intervals for each dependent variable.

Note: * P<0.05
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Independent Variables RR 95%ClI CLR  P-value
Hip flexion angle (°) 147 064,335 518 0.36
Hip adduction angle (°) 086 0.39,1.91 4.90 0.71
Hip internal rotation angle (°) 1.30 0.60,2.82 4.68 0.50
Knee flexion angle (°) 052 022118 5.16 0.12
Knee valgus angle (°) 1.04 0.46,237 5.17 0.92
Knee internal rotation angle (°) 0.70 032,152 4.72 0.37
Vertical ground reaction force (%0BW)* 042 017,103 6.03 0.06
Hip abduction moment (%BW*ht) 119 051279 552 0.69
Hip external rotation moment (%BW*ht)* 175 0.69442 6.37 0.23
Knee extension moment (%BW=*ht) 2.00 0.79,5.05 6.38 0.14
Knee varus moment (%BW*ht) 1.00 046,219 475 0.99
Knee flexion strength (%BW)* 0.30 0.13,068 5.20 0.01
Knee extension strength (%BW)* 0.19 0.07,047 6.46 0.01
Hip extension strength (%BW) 048 0.20,1.18 5.95 0.11
Hip internal rotation strength (%BW) 042 0.18,097 5.37 0.04
Hip external rotation strength (%BW) 047 021,109 5.23 0.08
Hip abduction strength (%BW)* 0.45 0.19,1.02 5.25 0.06
Q-angle (°) 099 047,209 4.42 0.98
Navicular Drop (mm)* 252 1.255.08 4.06 0.01

Table 6. Results from separate Poisson regression models.
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Domain Independent Variables RR 95% CI CLR | P-value | Model P-value
Hip flexion angle (°) 0.89 0.25,3.25 | 13.10 0.87
Hip adduction angle (°) 0.77 0.30,1.97 6.51 0.59
Kinematic Variables Hip internal rotation angle (°) 1.99 0.72,5.50 7.66 0.19 0.83
Knee flexion angle (°) 0.38 0.11,1.37 | 12.71 0.14
Knee valgus angle (°) 0.71 0.23,2.20 9.59 0.55
Knee internal rotation angle (°) 0.63 0.28,1.41 5.02 0.26
Vertical ground reaction force (%BW) 0.42 0.15,1.21 8.26 0.11
Hip abduction moment (%BW*ht) 0.64 0.22,1.81 8.07 0.40
Kinetic Variables Hip external rotation moment (%BW*ht) 1.54 0.54,4.37 8.09 0.42 0.66
Knee extension moment (%BW*ht) 1.69 0.57,5.01 8.80 0.34
Knee varus moment (%BW*ht) 1.53 0.64,3.68 5.73 0.33
Knee flexion strength (%BW) 0.37 0.11,1.21 | 11.21 0.10
Knee extension strength (%BW) 0.13 0.03,0.52 | 16.85 0.01
Mus_cle Strength Hip extension strength (%BW) 1.37 0.44,4.27 9.72 0.59 0.16
Variables Hip internal rotation strength (%BW) 0.94 | 028311 | 11.00 | 0.92
Hip external rotation strength (%BW) 3.34 |0.88,12.67 | 14.42 0.08
Hip abduction strength (%BW) 0.90 0.29,2.84 9.86 0.86
Stat_ic Alignment Q-angle (°) 1.01 0.47,2.15 | 4.54 0.98 021
Variables Navicular Drop (mm) 252 | 1.255.08 | 4.06 | 001

Table 7. Results from domain specific Poisson regression models.
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Model

Final Model Independent Variables RR 95% ClI CLR | P-value P-value
Hip internal rotation angle (°) 1.38 | 0.59,3.23 | 5.47 0.46
Knee flexion angle (°) 0.32 | 0.12,0.86 7.23 0.02
Kinematic/Kinetic/Posture | Vertical ground reaction force (%BW) 0.28 | 0.10,0.79 | 7.87 0.02 0.04
Navicular drop (mm) 3.39 | 1.62,7.11 4.39 0.01
Gender 1.92 | 1.00,3.68 | 3.68 0.05
Knee flexion torque (%BW) 0.34 | 0.11.1.06 9.80 0.06
Knee extension torque (%BW) 0.18 | 0.04,0.70 155 0.01
Muscle Strength/Posture Hip external rotation torque (%BW) 4.02 |1.03,15.72 | 15.29 0.04 0.02
Navicular drop (mm) 2.73 | 1.36,5.49 4.03 0.01
Gender 162 | 0.76,3.45 | 4.56 0.21

Table 8. Results from final multivariate Poisson regression models.
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Dependent Variable Fvalue P-value  Power
Hip flexion angle (°) 0.01 0.91 0.05
Hip adduction angle (°) 0.26 0.61 0.08
Hip internal rotation angle (°) 0.59 0.44 0.12
Knee flexion angle (°) 0.05 0.82 0.06
Knee valgus angle (°) 1.68 0.19 0.25
Knee internal rotation angle (°) 0.28 0.59 0.08
Vertical ground reaction force (%BW) 0.17 0.68 0.07
Hip abduction moment (%BW*ht) 0.05 0.82 0.06
Hip external rotation moment (%BW*ht) 0.01 0.94 0.05
Knee extension moment (%BW*ht) 0.03 0.85 0.05
Knee varus moment (%BW*ht) 0.01 0.91 0.05
Knee flexion strength (%BW) 0.85 0.36 0.15
Knee extension strength (%BW) 0.01 0.96 0.05
Hip extension strength (%BW) 0.08 0.79 0.06
Hip internal rotation strength (%BW) 0.83 0.36 0.15
Hip external rotation strength (%BW) 0.30 0.58 0.09
Hip abduction strength (%BW) 0.16 0.69 0.07
Q-angle (°) 0.10 0.76 0.06
Navicular Drop (mm) 1.99 0.16 0.29

Table 9. F-values, P-values, and power for group x gender interactions for research question 2.
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Figure 1. Station set up
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Figure 2. Jump-landing task (Illustration by Bing Yu, PhD)
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Figure 3. Hip extension strength test

82



Figure 4. Hip abduction strength test
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Figure 5. Hip external rotation strength test
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Figure 6. Hip internal rotation strength test
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Figure 7. Knee flexion strength test
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Figure 8. Knee extension strength test

87



88

Figure 9. Stance Phase
I I
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Figure 10. Data Cleaning
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Figure 11.

Anterior knee pain data collection
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Figure 12. Strength domain means for males (n=16) and females (n=24) who developed
anterior knee pain.
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Figure 13. Moment data means for males (n=16) and females (n=24) who developed anterior

knee pain.
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Figure 14. Kinematic domain means for males (n=16) and females (n=24) who developed
anterior knee pain.
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Figure 15. Navicular drop means for males (n=16) and females (n=24) who developed
anterior knee pain.
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Figure 16. Q-angle means for males (n=16) and females (n=24) who developed anterior knee
pain.
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Figure 17. Vertical ground reaction force means for males (n=16) and females (n=24) who

developed anterior knee pain.
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JUMP-ACL Monitoring and Preventing ACL Injury

ID

BASELINE QUESTIONNAIRE

Today's date:

Month Day

O June Ol o8 Ol15 022 029
O July 02 0% 0Ol6 023 030
03 Ol O17 024 03l
04 Oll Ol18 025
05 012 019 026
o6 013 020 027
o7 Ool4 021 O28

PART 1 - DEMOGRAPHIC INFORMATION

Please answer the following questions.

1. What is your date of birth?

Month Day Year
Q Jan. 01 O13 025 | 01982
Q Feb. 02 Q14 026 | O1983
OMarch | O3 015 027 | Q1984
O April Q4 O16 0228 | 01985
QO May Os Q17 02 | 01986
QO Iune Os Q18 030 | 01987
Q hly 07 Q1w 031 | 01988
O Aug. Os Q20 O 1989
QO Sept. 09 021
O Oct. Q1w 022
QO Nov. o1 O3
Q Dec. Q12 QO 24

© 1990 or after

2. Gender:
Q Female Q Male

3. Are you a graduate of a military academy prep
school (USMAPS, USNAPS, USAFAPS or private
program)?

QO No
Q Yes

'

3a. Ifyes, did you graduate this past May?
ONoe O Yes

PART 2 - HISTORY OF KNEE INJURY

These next questions refer to knee injuries or
conditions that you have ever experienced.

4. Have you ever had an injury to a ligament in
either (or both) knee(s)?

ONo  (IfNeo, go to Question 9.)
O Yes

(2]

. Have you ever had an Anterior Cruciate Ligament
(ACL) injury?

ONo  (If No, go to Question 6.)
QO Yes

5a. Ifves to ACL injury, which knee(s)?
O Right QLeft Q Both

5b. When (what year or years) did the
injury occur?
O 2006 0 2001
O 2005 O 2000
O 2004 O 1999
Q2003 0 1998
02002  © 1997 or before

Sc. Did this ACL injury (or injuries) require
surgery?

ONo O Yss

\i
6. Have you ever had an injury to the Medial Collateral
Ligament (MCL)?

ONo (If Ne, go to Question 7.)
O Yes

6a. Ifyes to MCL injury, which knee(s)?
ORight QLeft QBoth

6b. When (what year or years) did the
injury occur?
O 2006 Q2001
O 2005 QO 2000
O 2004 O 1999
O 2003 O 1998
O 2002 QO 1997 or before

6¢. Did this MCL injury (or injuries) require
surgery?
ONo O Yes

. 1 BLQ4.2006
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7. Have you ever had an injury to the Lateral
Collateral Ligament (LCL)?

QO No
QO Yes

'

7a. If ves to LCL injury, which knee(s)?
O Right Q Left

(If No, go to Question 8.)

Q Both

7b. When (what year or years) did the
injury oceur?
QO 2006 0O 2001
O 2005 O 2000
O 2004 0 1999
QO 2003 O 1998
Q2002 O 1997 or before

surgery?

ONo O Yes

v

8. Have you ever had a Posterior Cruciate
Ligament (PCL) injury?

Q No

O Yes

(If No, go to Question 9.)

8a. If ves to PCL injury. which knee(s)?

ORight QLeft Q Both

8b. When (what year or years) did the
njury occur?

O 2006 O 2001
O 2005 O 2000
QO 2004 0O 1999
O 2003 O 1998
O 2002 O 1997 or before

8c. Did this PCL injury (or injuries) require
surgery?

ONe QO Yes

H z

7c. Did this LCL injury (or injuries) require

BLQ4.2006
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9. Have you gver had an injury to the meniscus of the knee

or knees?
— QO No
Q Yes

(If No, go to Question 10.)

9a. If ves, which knee(s)?

ORight QLeft O Both

9b. When (what year or years) did the injury
(or injuries) occur?

QO 2006 O 2001
O 2005 QO 2000
O 2004 O 1999
Q2003 O 1998
QO 2002 QO 1997 or before

9¢. Did this injury (or injuries) require
surgery?

ONe QO Yes

A

10. Have you ever had an injury to the cartilage of the knee
or knees?

O No
O Yes

(If No, go to Question 11.)

10a. Ifves, which knees?

QORight QlLeft QO Both

10b. When (what year or years) did the
injury (or injuries) occur?

O 2006 O 2001
O 2005 O 2000
O 2004 O 1999
02003 ©O1998
O 2002 O 1997 or before

10c. Did this injury (or injuries) require
surgery?

ONo Q Yes
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11. Have you had knee surgery, within the past 10
years, other than those listed in the previous
questions?

— O No
Q Yes
11a. Ifyes, which knee(s)?
ORight OLeft QO Both

11b. When (what year or years) did the

surgery (or surgeries) occur?
O 2006 O 2000
02005 0O1999
02004 0O1998
02003 0O1997
02002 0199
0 2001

These next questions refer to_ knee injuries or
conditions that you have experienced within the past
six months.

12. Within the past six months, have you had
episode(s) of severe pain in your knee(s) that
lasted for a day or more?

Severe means pain that would make vou stop
what you were doing or limit or interfere with
your activities.

ONo (If No, go to Question 13.)
O Yes

!

12a. If ves, which knee(s)?

ORight OZLeft O Both

12b. How long did/does the pain last?

O less than 1 week
O 1 week to 1 month

O more than 1 month

H ;

ID

12c. Was/Is it worse when you exercise?
ONoe O Yes

12d. Do you currently have this problem. or has
it resolved?

O Still a problem

O Pain has resolved

12e. At its worst, how would you rate the pain?
O 1 (mild)
O 2 (moderate)
O 3 (very bad)
O 4 (debilitating)

13. Within the past six months. have you experienced
the feeling that your ankles are not supporting vou.
or are giving way?

O No (If No, go to Question i4.)
QO Yes

'

13a. Ifyes, which ankle(s)?
ORight OLeft QO Both

13b. How often. on average?

13c. Per:
O Once
Q Twice . O Day
. Week
O 3-4 times O Wee
Q Month
O 5-6 times
Q 7 or more times

BLQ4.2006
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Within the past six months, have you
experienced any of these leg injuries?

14. Shin splints?

— OMNo (If No, go to Question 15.)
O Yes

14a. Ifves, which leg(s)?
ORight OQLefi QBoth

14b. Ifyes, does it currently interfere
with any physical activity?

ONo O Yes

v

15. Lower limb stress fracture?

—— ONe (7 No, go fo Question I16.)
O Yes

'

15a. [fyes, which leg(s)?

ORight QOLeft O Both

15b. Ifves, does it currently interfere
with any physical activity?

ONo O Yes

v

16. Other lower limb bone fracture within
the past six months?

ONo (If No, go to Question 17.)
O Yes

'

16a. If'ves, which leg(s)?
QORight QlLeft QO Both

16b. Ifves, does it currently interfere
with any physical activity?

ONo QO Yes

ID

17. Ankle sprain within the past six months?

ONo  (If No, go to Question 18.)
O Yes

!

17a. Ifyes, which ankle(s)?

ORight QOULeft O Both

17b. Ifves, does it currently interfere
with any physical activity?

ONo QO Yes

\j
18. Hip injury within the past six months?

ONo (If No, go to Question 19.)
O Yes

}

18a. Ifves, which side(s)?
QRight QTleft Q Both
18b. Ifves, does it currently interfere
with any physical activity?

ONo QO Yes

A\

19. Patello-femoral pain (patella maltracking, kneecap
pain. or runner's knee) within the past six months?

ONo (If No, go to Question 20.)
O Yes

.

19a. Ifyes, which knee(s)?

ORight QULefi QO Both

19b. If yes, does it currently interfere
with any physical activity?

ONo QO Yes

101
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20. Swelling. clicking, or popping. or feeling of the

15 o ) 22b. What sprint distance(s)? (Mark all that apply.)
knee giving way within the past six months?

QO <50 meters QO 400-499 m
ONo  (If No, go to Question 21.) O 50-99 m O 500-799 m
Q Yes Q 100-199 m QO 800-999 m
i O 200-299 m QO 1 kilometer +
. Q 300-399 m
20a. Ifyes, which knee(s)?
ORight OLeft QBoth 22c. How many sprints did you run, on average,
per training session?
20b. Ifyes, does it currently interfere 014 01519
with any physical activity? 059 0 20-24
ONo O Yes Q 10-14 QO 25 and over
i 22d. How many days per week did you run
sprints, on average?
21. Any other leg injury? O <1 day/wk O 4 daysiwk
—— ONo (If No, go fo Question 22.) O 1 day/wk O 5 daysiwk
O Yes QO 2 daysiwk Q 6 days/wk
i QO 3 days/iwk Q 7 days/wk

21a. Ifyes, which leg(s)?

23. In the past six months. have you been doing distance
QO PRight QULeft QO Both

running?

O Ne (If No, go to Question 24.)

21b. Ifyes, does it currently interfere O Yes
with any physical activity? l
! ONo O Yes 23a. Ifyes, how many months, out of the
past six. have you distance run?
; O <1 month Q 4 months
PART 3- EXERCISE AND TRAINING O 1 mouth O 5 monthis
2 months QO 6 months

22. In thc.: past six months, have you been O 3 months
running sprints?

ONo (If No, go to Question 23.) 23b. What distance did you run. on average.

O Yes per training session?
Q <1 mile Q 7-9 mi.
QO 1-3 mu. QO 10 mi. or more
O 4-6 mi.
22a. Ifyes, how many months, out of the

past six, have you run sprints? . .
23c. How many days per week did you

O <1 month O 4 months distance run, on average?

Q 1 month Q 5 months _

QO 2 months QO 6 months O <1 day/wk O 4 days/wk

O 3 months O 1 day/wk Q 5 days/wk
O 2 days/wk Q 6 days/wk
O 3 days/wk Q 7 days/wk

. 5 BLQ4.2006 .
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24. How much do you think you exercise. relative to

other people your age?

O A lot less

QO A little less
O Average

O A little more
O A lot more

ID

26c. What type of jumping is involved?
(Mark all that apply.)
O Box jumps
O Star jumps (jumping jacks)
O Frog jumps (squat jumps)
O Double leg vertical jumps

O Double leg sideways/lateral jumps
25. How fit do you think you are, relative to other

O Double leg forward jumps
people your age?

O Single leg vertical jumps

O Alot less O Single leg sideways/lateral jumps
O A little less O Single leg forward jumps
O Average O Tumping rope

O A little more
O A lot more

O Tumping on unstable surface

QO Other (Specify):

26. Inthe past six months. have you used a fraining
program that involves repeated jumping? (Such
programs are sometimes referred to as plyometric

exercises.) 26d. How many jumps.would you perform. on
average, per training session?
ONo  (If No, go to Question 27.)
QO Yes O =50
Q 50-99
l QO 100 or more

26a. Ifves, how many months, out of the
past six, have you been doing this
program? 26

4]

How many days per week did you do this

jumping, on average?
O <1 month

O 1 month
O 2 months
O 3 months

O 4 months
O 5 months

O 6 months

Q <1 day/wk
QO 1 dayfwk

O 2 days/wk
QO 3 days/wk

QO 4 days/iwk
O 5 daysiwk
O 6 days/wk
O 7 daysiwk
26b. What is the name of the program. or its
developer? (Mark all that apply.)

O USNA or prep school
O USMA or prep school
QO USAFA or prep school
O My coach

O My athletic trainer

O Other (Specify):

. 6 BLQ4.2006 .
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27. In the past six months. have you been doing a
fraining program designed to reduce the risk of
ACL injury?

ONo  (If No, go fo Question 28.)
O Yes

!

27a. If yes, how many months, out of the
past six. have you been doing this
program?

O 4 months

O 5 months

QO 6 months

QO <1 month
O 1 month

QO 2 months
QO 3 months

. What is the name of the program. or
its developer? (Mark all that apply.)
O Cincinnati Sports Metrics
O PEP
O USMA or prep school
O USNA or prep school
QO USAFA or prep school
O My coach
O My athletic trainer
O Other (Specify):

27c.
on average?
QO <30 minutes
QO 30-39 minutes
Q 60-89 minutes
O 90-119 minutes

QO 120 minutes or more

27d. How many days per week did you do
the program. on average?

QO <1 daywk
O 1 day/iwk

O 2 days/wk
O 3 days/iwk

Q 4 days/wk
O 5 days/wk
Q 6 days/wk
QO 7 days/wk

H 7

How long did each fraining session last.

D

PART 4 - GENERAL INFORMATION

28. Which leg do you prefer to kick a ball with?
O Right
QO Left
O No preference

For questions 29-30, mark the answer that best
describes how you feel.

29. In general, would you say your health is:

Q Excellent
QO Very good
QO Good

Q Fair

Q Poor

30. Compared to one vear ago. how would you rate
your health in general now?

O Much better than 1 year ago

O Somewhat better than 1 year ago

QO About the same as 1 year ago

O Somewhat worse now than 1 year ago

O Much worse now than 1 year ago

31. Ethnic category:

O Not Hispanic or Latino
O Hispanic or Latino

32. Racial/ethnic category: (Mark all that apply.)
O White
O Black or African American
O American Indian/Alaskan Native
O Asian

(O Native Hawaiian or other Pacific Islander

O Other (Specify):

33. Are youa:
O US Citizen
O Permanent Resident (Green Card)

O Non-citizen

BLQ4.2006
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PART 5 - HISTORY OF SPORTS PARTICIPATION

34. Please indicate all organized sports and physical activities you participated in, on a regular basis, in the past 4
vears. This includes regular solo physical activity, such as regular running. MARK ATT THAT APPLY.

""On a regular basis' means:

for sports: at least one season during the past 4 years
for other activities: at least 8 times over a 4 month period at some point during the past 4 years

ID

Sport or Activity

Mark all that apply.

Aerobics
ONo QO Yes —»

QO At a US military academy prep school
O High School Sports
QO Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Archery
ONo OVYes

QO At a US military academy prep school
O High School Sports
QO Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Badminton
ONo O Yes —»

QO At a US military academy prep school
QO High School Sports
QO Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Baseball
ONo QOYes —p

QO At a US military academy prep school
O High School Sports
Q Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Basketball
ONo OYes —p

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Bowling
ONo O Yes >

O At a US military academy prep school
O High School Sports
QO Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Boxing
ONo O Yes —»

QO At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Calisthenics
(e.g. sit-ups, push-ups)

ONo OYes —»

O At a US military academy prep school
O High School Sports
QO Organized Non-School Sports

o] High School PE Class
O Other Solo or Group Activities

Canoeing/Kayaking
ONo OYes —p

QO At a US military academy prep school
Q High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Cheerleading

ONoe OYes —p

O At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Crew
ONo QO Yes —»

QO At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Cross Country
ONo QO Yes —p

QO At a US military academy prep school
Q High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

8  BLQ4.2006
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Cycling
ONo OQYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Dance
ONo OYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Diving
ONo QYes —p

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Equestrian
ONo OYes —»

O At a US military academy prep school
QO High School Sports
QO Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Fencing

ONo OYes —»

O At a US military academy prep school
O High School Sports
QO Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Field Hockey
ONo QO Yes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Fishing
ONoe OYes —»

O At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Foothall
ONo QOYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Golf
ONo OYes —»

O At a US military academy prep school
O High School Sports
Q Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Gymnastics

ONo OQYes —»

O At a US military academy prep school
O High School Sports
QO Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Hiking
ONo QO Yes —»

O At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

QO High School PE Class
QO Other Solo or Group Activities

Horseback riding
ONo QYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Hunting
ONo QYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Ice Hockey
ONo QYes —»p

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Ice Skating
ONo QYes —»p

O At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Jet Skiing
ONo QYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Kick Boxing
ONo QOYes —»p

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
QO Other Solo or Group Activities

Lacrosse
ONoe OYes —»

O At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

O High School PE Class
Q Other Solo or Group Activities

9  BLQ4.2006
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Martial Arts
ONoe QOVYes —»

O At a US military academy prep school
O High School Sports
QO Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Pilates
ONo OYes —»

QO At a US military academy prep school
QO High School Sports
QO Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Rafting
ONe OYes —»

O At a US military academy prep schoal
Q High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Rockelimbing/ Wallelimbing
ONo QOYes —  p

O At a US military academy prep schoal
QO High School Sports
O Organized Non-School Sports

O High School PE Class
© Other Solo or Group Activities

Rodeo

ONo OYes —  p

O At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Rugby
ONo OVYes —p

O At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Running/ Jogging
ONo OYes —  »

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Sailing

ONo OYes — »

O At a US military academy prep school
O High School Sports
© Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Scuba Diving/ Snorkeling
ONo QOVYes — »

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Shooting
ONo OYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Skiing/ Snowboarding
ONe OYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Soccer

ONe OQYes —»

O At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

O High School PE Class
Q© Other Solo or Group Activities

Softball
ONo OYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Squash/ Racquetball
ONe OYes —»

O At a US military academy prep school
QO High School Sports
Q Organized Non-School Sports

O High School PE Class
© Other Solo or Group Activities

Swimming

ONo OYes —»

QO At a US military academy prep school
O High School Sports
Q Organized Non-School Sports

O High School PE Class
© Other Solo or Group Activities

Table Tennis
ONoe OYes — »

O At a US military academy prep schoal
Q High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

Tennis

ONo QYes — »

O At a US military academy prep schoal
Q High School Sports
O Organized Non-School Sports

O High School PE Class
O Other Solo or Group Activities

10 BLQ4.2006
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Track and Field
ONo QO Yes

e

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

QO High School PE Class
© Other Solo or Group Activities

Treadmill/ Stepper/ Stationary Bile
ONo QYes — »

O At a US military academy prep school
QO High School Sports
O Organized Non-School Sports

O High School PE Class
Q Other Solo or Group Activities

Ultimate Frisbee / Frishee /
Frisbee Golf

QONoe QYes —  »

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
Q Other Solo or Group Activities

Volleyball / Beach volleyball

QO At a US military academy prep school
O High School Sports

QO High School PE Class
Q Other Solo or Group Activities

O Organized Non-School Sports

ONo O Yes O Organized Non-School Sports
Walking (fitness) (@] AT a US military academy prep school QO High School PE Class o
ONo O Yes O High School Sports O Other Solo or Group Activities
- QO Organized Non-School Sports
. O At a US military academy prep school QO High School PE Class
Water Polo O High School Sports O Other Solo or Group Activities
ONoe OYes —» O Organized Non-School Sports
Water Skiing O At a US military acadeniy prep school Q High School PE Class
ONo O Y! O High School Sports Q Other Solo or Group Activities
No s —>

Weight & Resistance Training

ONoe O Yes

—

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

QO High School PE Class
Q Other Solo or Group Activities

Windsurfing / Surfing

ONo QYes —

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
Q Other Solo or Group Activities

Wrestling

ONo OYes —»

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

O High School PE Class
Q Other Solo or Group Activities

Yoga/ Tai Chi

O At a US military academy prep school
O High School Sports

O High School PE Class
O Other Solo or Group Activities

O At a US military academy prep school
O High School Sports
O Organized Non-School Sports

ONe OYes e O Organized Non-School Sports
Other: - .
O At a US military academy prep school O High School PE Class
| | | | | | | | | QO High School Sports Q Other Solo or Group Activities
O Organized Non-School Sports
Other: - .
O At a US military academy prep school Q High School PE Class
| | | | | | | | | O High School Sports Q Other Solo or Group Activities
O Organized Non-School Sports
Other:

O High School PE Class
O Other Solo or Group Activities

MEN, STOP HERE. Thank you!

WOMEN, continue to next section.

11 BLQ42006
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PART 6 - MENSTRUAL/CONTRACEPTIVE HISTORY

(WOMEN only)

This next set of questions refers to your menstrual history and
use of hormonal contraceptives.

35. How many complete menstrual cycles have you had in the
last 12 months?

By a "menstrual cycle," we mean the time from the start of
one menstrual period to the start of the next menstrual
period.

Number of Cycles

0o o7

O1 0Os

02 Qo

03 Q10

O4 o1

Os O1n

Os O More than 12

36. In the last 12 months, what was the least number of
davs from the start of one menstrual period to the start of
the next menstrual period?

Number of Days

O <14 0 28-30
O 15-21 Q31-35
QO 22-27 Q 35 or more

37. In the last 12 months, what was the greatest number of
davs from the start of one menstrual period to the start of
the next menstrual period?

Number of Days

Q<14 O 28-30
O 15-21 O 31-35
QO 22-27 O 35 or more

38. Would you describe your menstrual cycles as:

O Very regular

O Somewhat regular
O Somewhat irregular
O Very irregular

n

109
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39. Are you currently using any type of hormonal

contraceptive?
QNo (If No, go to Question 40.)
QO Yes
39a. What type?

O Depo-Provera Injection
O Lunelle injection

O Mirena IUD

O NuvaRing, vaginal ring
O Norplant implants

Q Ortho-Evra patch

Q Oral contraceptives

. How long have you been continuously

using this method?

QO <1 month
O 1 month

O 2 months
O 3 months
QO 4 months
O 5 months
O 6 months
QO 7 months

QO 9 months

QO 10 months

O 11 months

O 1-2 years (12-23 months)
Q 2-3 years (24-35 months)
QO 3-4 years (36-47 months)
Q 4-5 years (48-59 months)

Q 6 years or more

BLQ4.2006

QO 8 months

. If you are using an oral contraceptive,

which one?

Q Desogen

Q Levora

QO Necon

QO Yasmin

QO Ortho Tri-Cyclen

Q Ontho Tri-Cyelen Lo

QO Nordette

Q Levlite

QO Mircette

Q Triphasil

Q Seasonale (4 menstrual periods per year)
Q Don't Remember Brand
Q Other Brand (Specify):
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40. If you are NOT CURRENTLY using hormonal
contraceptives, have you used any hormonal

contraceptive in the past 12 months?

40d. If you were using an oral contraceptive,
which one?

QO Desogen
ONo  (If No, Stop Here.) O Levora
O Yes QO Necon
l O Yasmin
O Ortho Tri-Cyelen
40a. What type? O Ortho Tri-Cyelen Lo
O Depo-Provera Injection O NOI'd.Lette
O Lunelle injection O Levlite
O Mirena TUD Q Mircette
O NuvaRing, vaginal ring O Triphasil
Q© Norplant implants O Seasonale (4 menstrual periods per year)
Q Ortho-Evra patch O Don't Remember Brand
Q Oral contraceptives O Other Brand (Specify):
40b. How long have you been continuously | | | | | | | | | | |
using this method?
QO <1 month QO 9 months
QO 1| month QO 10 months
QO 2 months QO 11 months
QO 3 months QO 1-2 years (12-23 months)
Q 4 months O 2-3 years (24-35 months)
Q 5 months Q 3-4 years (36-47 months) THANK YOU VERY MUCH!
Q 6 months Q 4-5 years (48-59 months)
QO 7 months QO 6 years or more

QO 8§ months

40c. When did you stop using it?

Q <1 month ago O 7 months ago
QO 1 month ago O 8 months ago
Q 2 months ago O 9 months ago
O 3 months ago O 10 months ago
O 4 months ago O 11 months ago
QO 5 months ago O 12 months ago

O 6 months ago

. 13 BLQ4.2006
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Medical Record

Chronologic Record of Medical Care

Date Symptoms, Diagnosis, Treatment, Treating Organization (Sign each entry)
KNEE INJURY
HPI: MIDN c/o R L B Knee pain Y N Previous h/o knee pain If yes, describe:
Y N AcuteOnset If yes, was it due to a traumatic injury?  yes no
PSHx Other lower extremity pain? ankles hips none
Y N KneeSurgery | -
If yes, describe: Pt.c/o: Y N Kneeswelling Y N Kneelaxity Y N Knee locking Y N Kneegiving V\;

Y N Describes pain with activities

Dlogging

|:| Ascending and/or descending stairs

|:| Kneeling

I:l Squatting

|:| Jumping

|:| After prolonged sitting (cinema sign)

Physical Exam: WD, WN  Male Female Y N Ecchymosis Y N Erythema Y N Effusions
mild moderate  large
Tender topalpation: Y N Medial / Lateral patellar facet Y N Patellar tendon Y N lliotibial band
Meds: Y N Inferior / Superior pole of patella Y N Medial / Lateral jointline Y N MCL Y N LCL
Other physical exam findings:
Specialtests:  + - Clark's sign (pain w/ quad contraction w/ suprapatellar resistance) + - Patellar grind test
+ - Patellar apprehension + - Oberstest + - Lachman test + - McMurrays test
+ - MCLinstability + - Apleys compression + - Apleysdistraction
Vs + - LCLinstability + - Anterior drawer test + - Posterior drawer
BP:
HR: ZSessment Patellofemoral Syndrome (719.46) Patella Chondromalacia (717.7) Patellar Tendonitis (726.64)
RR: lliotibial band friction syndrome/bursitis (726.63) Meniscal tear (836.2) Anterior cruciate ligament sprain (844.2)
We: Medial collateral ligament sprain (844.1) Lateral collateral ligament sprain (844.0) Patellar bursitis (726.65)
Ht:
Plan: |:|Motrin mg PO TID/AQID x days DNaproxyn 500mg PO BID x
- Physical therapy consult: CHIT given days
Limitations:
TGPl of Meaical Faciity Status Depart./Service Records Maintained at
Sponsor's Name SSN/ID NOT- Relationship to Sponsor

Patient's identification: For typed or written entries, give: Name- last, first, middle; ID No or SSN;

Date of birth; Rank/grade

Ward No

Sex: ragistar No.

Chronological record of medical care
Medical Record
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Medical Record

Chronologic Record of Medical Care

Date Symptoms, Diagnosis, Treatment, Treating Organization (Sign each entry)
KNEE INJURY
T [ Male Female Sport: Injury Date: Alpha#:
c/o R L B Knee pain Y N Previous h/oknee pain If yes, describe:
PS Hx Y N Acute Onset If yes, was it due to a traumatic injury?  yes no
¥ N KneeSurgery | MO -
If yes, describe: Pt.c/o: Y N Kneeswelling Y N Knee laxity Y N Knee locking Y N Kneegiving w;

Y N Describes pain with activities

I:IJogging

I:l Jumping

|:| Ascending and/or descending stairs

I:l Kneeling

D After prolonged sitting (cinema sign)

I:l Squatting

Physical Exam: Y N Ecchymosis Y N Erythema Y N Effusions
mild moderate  large
Current Meds: Tender to palpation: Y N Medial / Lateral patellar facet Y N Patellar tendon Y N lliotibial band
Y N Inferior / Superior pole of patella Y N Medial / Lateraljoint line Y N MCL Y N LCL

Other physical exam findings:

Special tests:  +

Clarke's sign (pain w/ quad contraction w/ suprapatellar resistance)

+

Patellar grind test

+ - Patellar apprehension + - Obers test + - Nobles Compression test + - Lachman test
+ - McMurrays test + - Apleys compression + - Apleysdistraction + - MCLinstability
+ - LCLinstability + - Anterior drawer test + - Posterior drawer
Other tests:
Assessment:
Plan:
Referred to: Date: Status:
Hospital or Medical Facility Status Depart./Service Records Maintained at
Sponsor's Name SSN/ID NO. Relationship to Sponsor

Patient's identification: For typed or written entries, give: Name- last, first, middle; ID No or
Rank/grade

SSN; Sex; Date of birth ] Register No. Ward No

Chronological record of medical care
Medical Record

SF 600
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Manuscript One:
Risk factors for development of anterior knee pain in a military population

(American Journal of Sports Medicine)

ABSTRACT

Background: Anterior knee pain is one of the most common chronic knee injuries in the
United States; however, little research has been done to determine the risk factors for this
injury.

Hypothesis: Lower extremity kinematics, kinetics, strength, and postural measurements will
be risk factors for the development of anterior knee pain.

Study Design: Prospective cohort.

Methods: 1597 participants were enrolled in this investigation. Each participant underwent
baseline data collection during their first summer of enrollment at the United States Naval
Academy. Baseline data collection included three-dimensional motion analysis during a
jump-landing task, six lower extremity isometric strength tests, and measurement of
navicular drop and Q-angle. Following baseline data collection participants were followed
from their date of enrollment to January 15, 2008.

Results: Risk factors for the development of anterior knee pain included decreased knee
flexion angle and vertical ground reaction force and increased hip internal rotation angle
during the jump-landing task. Additionally, decreased knee flexion and extension strength,
increased hip external rotation strength, and increased navicular drop were risk factors for the

development of anterior knee pain.
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Conclusions: Multiple modifiable risk factors for anterior knee pain have been identified in
this investigation. In order to decrease the incidence of this chronic injury, the risk factors
for anterior knee pain need to be targeted in injury prevention programs.

Clinical Relevance: Prevention programs should focus on increasing strength of the lower
extremity musculature along with instructing proper mechanics during dynamic movements
in order to decrease the incidence of anterior knee pain.

Key Terms: incidence, anterior knee pain, risk factors
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INTRODUCTION

Anterior knee pain is one of the most common lower extremity conditions reported in
the general United States population.(1) Anterior knee pain encompasses disorders in which
pain and point tenderness present in or around the patellofemoral joint. Disorders that are
commonly grouped under the term anterior knee pain are patellofemoral pain syndrome and
chondromalacia patella.(2;3) The prevalence of anterior knee pain has been reported to be
one in four in the general population and higher among recreational athletes.(1) Taunton et
al. (2002) reported 46% of knee injuries in 2,002 patients were due to anterior knee pain.
Researchers and clinicians need to gain a better understanding of risk factors for this disorder
in order to reduce the incidence of anterior knee pain.

The development of anterior knee pain can be devastating due to the common
recurrence of symptoms and its influence on physical activity levels. In a retrospective case-
control analysis of patients diagnosed with anterior knee pain following 4-18 years after
initial presentation, 91% of patients still had knee pain (68% of these were females), and in
36% of these patients anterior knee pain restricted their physical activity.(4) In addition,
anterior knee pain has been demonstrated to have an association with the development of
patellofemoral osteoarthritis.(5) Utting et al. (2005) reported that 22% of patients with
patellofemoral osteoarthritis suffered from anterior knee pain as an adolescent. Based on
these findings, anterior knee pain is considered a public health concern due to its detrimental
affect on physical activity and its association with patellofemoral osteoarthritis. The
development of prevention programs may be an effective strategy to decrease the occurrence

of anterior knee pain and in turn the occurrence of patellofemoral osteoarthritis.
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There is a need to understand the risk factors for this disorder to develop effective
prevention strategies. Many different risk factors for anterior knee pain have been proposed,
including lower extremity structural abnormalities, muscle weakness, and dynamic
malalignment (6-10); however, few studies have prospectively evaluated all of these risk
factors.(9-11) The few prospective cohort investigations that have been performed indicate
decreased quadriceps flexibility, shortened reflex time of the vastus medialis oblique,
reduction of vertical jump performance, increased medial patellar mobility, increased medial
tibial intercondylar distance, and increased quadriceps strength as factors associated with the
incidence of anterior knee pain.(9;10) Although these risk factors provide some information
for the development of a prevention program for anterior knee pain, several of these factors
are non-modifiable. Therefore, there is a need for research which aims to identify modifiable
risk factors for anterior knee pain.

The modifiable risk factors that have been theorized to play a role in the development
of anterior knee pain include altered kinematics and kinetics during functional tasks and
decreased strength of the hip and knee musculature.(12) Alterations in kinematics and
kinetics may lead to increased loads being placed across the patellofemoral joint.(12)
Increased loading at the patellofemoral joint, increases the stresses placed on the
patellofemoral cartilage and surrounding retinaculum, and may ultimately lead to anterior
knee pain.(13) Weakness of the hip musculature has been proposed to change the alignment
of the patella within the femoral trochlea due to abnormal movements of the femur, leading
to abnormal patellar tracking.(14) It is also theorized that a decrease in strength of the
quadriceps musculature, specifically the vastus medialis, may lead to abnormal tracking of

the patella.(15) Abnormal tracking of the patella leads to increased stresses being placed on
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the lateral patellar facet, leading to anterior knee pain.(13;16) Research is needed to
determine if the above listed modifiable factors are associated with the incidence of anterior
knee pain.

Two additional risk factors that have been theorized to predispose individuals to
anterior knee pain are excessive pronation and increased Q-angle. Researchers have reported
that excessive pronation is associated with prolonged internal rotation of the lower extremity
and an increased valgus position at the tibiofemoral joint.(17;18) This internal rotation and
valgus position of the lower extremity is associated with an increased Q-angle.(2;19)
Theoretically, increased Q-angle causes an increase in the lateral pull of the patella,
compressing the patella against the lateral femoral condyle, predisposing individuals to
anterior knee pain.(2;16;20) Excessive pronation has yet to be evaluated as a risk factor for
the incidence of anterior knee pain and although Q-angle has been investigated, researchers
have not reported a clear association with an increased incidence of anterior knee pain.(9;21)

The overall purpose of this investigation is to determine the biomechanical risk
factors for anterior knee pain. More specifically, we will examine whether or not there is a
relationship between the development of anterior knee pain and modifiable risk factors. The
specific factors we will examine include lower extremity kinematics and kinetics during a
jump-landing task, Q-angle, navicular drop, and the strength of the hip and knee musculature
(hip abductors, hip extensors, hip external rotators, hip internal rotators, knee flexors, and
knee extensors). We hypothesize individuals who develop anterior knee pain will have
altered kinematics and Kinetics, increased Q-angle, increased navicular drop, and decreased

lower extremity strength compared to the individuals who do not develop anterior knee pain.
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METHODS
Participants
One thousand five hundred and ninety-seven participants from the United States

Naval Academy (USNA) were enrolled in this investigation. Inclusion criteria for
enrollment into the cohort population included the following: 1) freshman at USNA at time
of enrollment into the investigation, 2) no injury limiting participation in a jump-landing task
and/or lower extremity strength tests. Enrolled participants were spread among three classes
of midshipmen [class of 2009 = 438 participants (females=189, males=249), class of 2010 =
525 participants (females=223, males=302), and class of 2011 = 562 participants
(females=194, males=368)]. Each participant underwent a baseline biomechanical
assessment during their first summer of enrollment at the USNA. This baseline assessment is
part of a larger scale investigation in which baseline data was collected for participants in the
classes of 2009, 2010, and 2011 during the summers of 2005, 2006, and 2007 respectively.

Participants in this investigation were followed prospectively for the diagnosis of anterior
knee pain. The diagnosis of anterior knee pain was determined based on a review of medical
records by the Principal Investigator. Participants in each class were followed prospectively
from the time of their enrollment in this investigation to January 15, 2008. The criteria that
were met to be included in the injury group are listed below.

Must Demonstrate Both During Evaluation:

1) Retropatellar knee pain during at least 2 of the following activities:
ascending/descending stairs, hopping/jogging, prolonged sitting, kneeling, and

squatting.
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2) Negative findings on examination of knee ligament, menisci, bursa, and synovial
plica.

Must Demonstrate One of the Following During Evaluation:

1) Pain on palpation of medial or lateral patellar facets
2) Pain on palpation of the medial or lateral femoral condyles
Instrumentation

A Flock of Birds® (Ascension Technologies, Inc., Burlington, \VT) electromagnetic
motion analysis system controlled by Motion Monitor® software (Innovative Sports Training,
Inc. Chicago, IL) was used to assess lower extremity kinematics at a sampling rate of 144Hz.
A non-conductive force plate (Bertec Corporation, Columbus, OH, Model 4060-NC)
collected ground reaction forces to allow for the calculation of lower extremity kinetics
through inverse dynamic procedures. Force plate data was collected synchronously with the
kinematic data at a sampling rate of 1440 Hz.

The Flock of Birds® was used to measure the position and orientation of three
electromagnetic tracking sensors placed on the sacrum, femur, and tibia. A standard range
transmitter consisting of three orthogonal coils generated a magnetic field. The three
electromagnetic sensors attached to participants collected the changes in the electromagnetic
flux in the field generated by the transmitter. The transmitter conveyed those signals to a
computer via hard wiring. Previous research has reported that electromagnetic tracking
systems provide accurate(22;23) and reliable(23) data for three-dimensional movement of
body segments and joints.

Electromagnetic sensors were placed on the subjects' skin over the spinous process of

Ls, lateral aspect of the thigh, and anteromedial aspect of the proximal tibia. Data indicating
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the orientation and position of each sensor relative to a standard range transmitter was
conveyed back to a personal computer. Each sensor was placed over an area of the least
muscle mass to minimize potential sensor movement and was secured using double sided
tape, pre-wrap, and athletic tape. Six bony landmarks were digitized with the endpoint of a
stylus on which a fourth receiver was mounted. The six bony landmarks were: medial and
lateral condyles of the femur, medial and lateral malleoli of the ankle, and left and right
anterior superior iliac spine (ASIS) of the pelvis. Medial and lateral malleoli and femoral
condyles were digitized to determine the ankle joint center and knee joint center,
respectively. Left and right ASIS were digitized to determine the hip joint center of rotation
using the Bell method.(24)

A global reference system was defined using the right hand rule, in which the x-axis
was positive in the anterior direction, the y-axis was positive to the left of each participant,
and the z-axis was positive in the superior direction. Lower extremity joint rotations were
calculated using the Euler rotation method. The order of rotation that was used to calculate
hip and knee joint rotations was Y, X, Z. The y-axis corresponded to the flexion-extension
axis, the x-axis corresponded to the abduction-adduction axis, and the z-axis corresponded to
the internal-external rotation axis.

A hand-held dynamometer (Chatillon MSC-500, AMETEK, Inc, Largo, FL) was used
to collect peak and mean isometric strength values for six lower extremity motions: hip
extension, hip abduction, hip external rotation, hip internal rotation, knee flexion, and knee
extension. A standard goniometer was used to measure Q-angle.

Testing Procedures

Four stations were utilized to collect demographic and biomechanical data.
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Testing station 1: Informed consent and baseline questionnaire

All participants arrived at this station first. Participants completed an informed
consent form. Once the participants read and signed the informed consent they filled out the
baseline questionnaire. Some participants began filtering through the other stations once
they had begun their baseline questionnaire. The baseline questionnaire asked questions in
regards to age, gender, history of participation in athletic activity, mental health, knee and
lower limb injury history, and recent exercise and weight training history.
Testing station 2: Jump-landing Task

Prior to arrival at station two, each participant’s height (Seca 206 Bodymeter,
Hanover, MD) and weight (Seca 780, Hanover, MD) were measured using a height gauge
and scale, respectively. Participants were also asked if they would use their right or left
lower extremity to kick a ball for maximum distance. The leg used to kick a ball for
maximum distance was defined as the dominant limb, which was used for testing at stations
two through four.

At station two, participants were first instructed on performance of the jump-landing
task. The jump-landing task consisted of participants jumping from a 30-cm high box set at a
distance of 50% of their height, down to a force platform. Once subjects landed on the force
platform, they were instructed to jump vertically for maximum height (Figure 1). Following
task instruction, the subject was given as many practice trials as needed to perform the task
successfully. A successful jump was characterized by landing with the entire foot of the
dominant lower extremity on the force plate, landing with their entire foot of the non-

dominant lower extremity off the force plate, and completing the task in a fluid motion.
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Following task instruction and practice, electromagnetic tracking sensors were
attached to the lower extremity as described above. Digitization of the local segments and
joint centers occurred after the sensors were secured. Once digitization was complete, a
static trial was collected for each subject so that static alignment of the lower extremity could
be calculated. Participants performed three successful trials of the jump-landing task.
Kinematic and kinetic data were averaged over the three data collection trials.

Testing station 3: Muscle strength

The muscle strength testing station was used to assess the isometric strength of the
surrounding hip and knee musculature. This station was always performed after the motion
analysis testing had been performed for each participant. In order for the testing to run
efficiently with the large number of participants being tested, the lower extremity strength
tests were always performed in the following order: knee extension, knee flexion, hip internal
rotation, hip external rotation, hip extension, and hip abduction. During each test,
participants were instructed to push as hard as they can, holding the contraction for five-
seconds. Peak and mean isometric strength values for two consecutive five-second trials for
each strength test were collected. All strength data were normalized to the mass of the
subject. For data analysis the normalized peak values for each trial were averaged. Intra-
rater reliability (ICC,) calculated from pilot data for the strength tests ranged from 0.73-
0.98.

Knee extension (Figure 2): Participants positioned themselves prone on a treatment

table with there trunk and dominant thigh secured to the table. The knee was flexed

to 90 degrees. The dynamometer was placed on the anterior side of the distal shank.
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Knee flexion (Figure 3): Participants positioned themselves prone on a treatment
table with their trunk and dominant thigh secured to the table. The knee was flexed to
90 degrees. The dynamometer was placed on the posterior side of the distal shank.
Hip internal rotation (Figure 4): Participants positioned themselves prone on a
treatment table with their trunk and dominant thigh secured to the table. The knee
was flexed to 90 degrees and the dynamometer was placed on the lateral side of the
distal end of the tibia. Participants’ dominant hip was placed in 0 degrees of rotation.
Hip external rotation (Figure 5): Participants positioned themselves prone on a
treatment table with their trunk and dominant thigh secured to the table. The knee
was flexed to 90 degrees and the dynamometer was placed on the medial side of the
distal end of the tibia. Participants’ dominant hip was placed in 0 degrees of rotation.
Hip extension (Figure 6): Participants positioned themselves prone on a treatment
table with their trunk secured to the table. The hand-held dynamometer was placed at
the distal end of the posterior aspect of the femur.

Hip abduction (Figure 7): Participants positioned themselves on their non-dominant
side on a treatment table so that their dominant leg was facing the ceiling. Their
trunk was secured to the table and the dynamometer was placed at the distal end of

the lateral side of the femur.

Testing station 4: Structural alignment

The structural alignment measures that were assessed included Q-angle and navicular

drop. Participants were allowed to go through this station at any time after completing the

informed consent. Q-angle angle was measured with participants in a standing position. The

midpoint of the patella and tibial tuberosity were marked along with the most prominent
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portion of the ASIS. The axis point of a goniometer was placed at the midpoint of the
patella. The stationary arm of the goniometer was placed in line with the midpoint of the
tibial tuberosity and the rotating arm in line with the ASIS. The Q-angle was recorded in
degrees for each trial. Participants were then asked to march in place a few times and the Q-
angle measurement was repeated. A total of three trials were recorded for this measurement
and the average of the three trials was used for data analysis. Intra-rater reliability from pilot
data showed good reliability for Q-angle measurement (ICC, = 0.83).

Navicular drop was measured as the difference between the navicular tuberosity
height in a non-weight bearing subtalar joint neutral position and a weight bearing position.
Subtalar joint neutral was determined by palpating the medial and lateral sides of the talar
dome when participants were in a seated position. In the seated position, the most prominent
portion of the navicular tuberosity was marked, followed by placing a mark on an index card
indicating the height from the floor to the navicular tuberosity. Participants were then asked
to stand and march in place a few times. The height of the navicular tuberosity was marked
again on the same side of the index card. The difference between the two marks on the index
card was recorded as navicular drop (mm). This process was repeated two more times. The
average of the three navicular drop measurements was used for data analysis. Intra-rater
reliability from pilot data showed good reliability for navicular drop measurement (ICC, =
0.79).

Participants had time in between stations to continue filling out the baseline
questionnaire if they did not have enough time at station one to complete the questionnaire.
Baseline testing was completed once participants have completed all four stations. This entire

process took approximately 30 minutes per subject.
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Biomechanical Data Reduction

The Principal Investigator for this investigation reduced the biomechanical data
collected during the baseline data collection sessions. All kinematic data were filtered using
a 4" order low pass Butterworth filter at 14.5 Hz. The kinematic and kinetic data were
reduced using custom Matlab software (Mathworks, Natick, MA). The three dimensional
peak knee and hip joint angles were determined during the stance phase. Also, peak vertical
ground reaction force and joint moments for hip abduction, hip external rotation, knee
extension, and knee varus were determined during the stance phase. The stance phase was
defined as the time period between initial ground contact with the force plate until takeoff for
the rebound jump (Figure 8). Initial ground contact was the time when vertical ground
reaction force exceeded 10 N as the subject lands on the force plate from the 30-cm high
platform. Takeoff was identified as the time when vertical ground reaction force dropped
below 10 N following initial contact. The average of the peak values across the 3-trials was
calculated for each of the kinematic and kinetic variables. The peak vertical ground reaction
force was normalized to body weight (N) for each participant (% body weight). Peak joint
moment data was normalized to the product of body weight (N) and body height (m) (body
weight * body height). See Table 1 for a list of dependent variables.
Data Cleaning

Histograms were plotted for the means of each dependent variable and were checked
for normality. If there was a violation of normality for a dependent variable, the data for the
subjects outside of three standard deviations from the mean were evaluated. Evaluation of
data included assessing the trial data for the variable in question. If the trial data for

kinematic or kinetic data seemed erroneous, each trial for the subject was viewed separately
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in Motion Monitor® software (Innovative Sports Training, Inc. Chicago, IL). The kinematic
or kinetic variable in question was plotted within the software for assessment of spikes or out
of range data. If an error was determined with the data then the trial for the specific variable
was removed for that subject and the mean of two trials was calculated or one trial was set as
the mean. If the plotted data in the software did not match the data in the data set, the subject
was re-exported from Motion Monitor® software (Innovative Sports Training, Inc. Chicago,
IL) and re-reduced with a custom Matlab program (Mathworks, Natick, MA). There were a
total of 36 subjects (2% of total cohort) in which there were errors with the data collection.
If trial data for the posture or strength variables were in question, the tracking sheet in which
the data was recorded for each subject in question was reviewed by the Principal
Investigator. If the trial data in the data set matched the data on the tracking sheet, no
changes were made to that subject’s data. If the data in the tracking sheet did not match the
data in the data set, the data was corrected in the data set. Two subjects had data that was
appeared visually acceptable but the data values were extreme outliers; therefore, the data in
question was set approximately to three standard deviations from the mean.
Follow-up of Cohort

Physicians at USNA diagnosed cases of anterior knee pain. Injury data was extracted
for participants in this investigation from each subject’s date of enrollment-January 15, 2008.
All injury information prior to April 2007 was collected through the Defense Medical
Surveillance System (DMSS) and via medical chart review by the Principal Investigator. In
April 2007, a general knee pain template that may be used to diagnose common chronic and
acute knee injuries was added to the Armed Forces Health Longitudinal Technology

Application (AHLTA) to be utilized by the physicians. AHLTA captures most illnesses and
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injuries in the United States Armed Forces resulting in a hospitalization or an ambulatory
care facility visit to a military hospital or military clinician. During the summer, not all
medical records are entered into the AHLTA database due to clinics being held outside of the
medical clinic. Therefore prior to April 2007, a “Standard Form 600” (SF600) was used by
the physicians to document knee injuries. During the summer of 2007, a SF600 similar in
content to the AHLTA knee pain template was used by physician and corpsmen to document
knee injuries. All SF600 forms are filed within the medical record charts for midshipmen in
Brigade Medical at USNA. The ICD-9 code for the diagnosis on the SF600 was entered into
DMSS which also includes records within AHLTA.

A search through the DMSS was conducted to extract the following ICD-9 codes:
726.69 (Unspecified knee enthesopathy), 726.64 (patellar tendonitis), 717.7 (patella
chondromalacia) and 719.46 (patellofemoral syndrome). See Figure 9 for anterior knee pain
data collection flowchart. Each participant’s lower extremity injury history was evaluated
following his/her respective enrollment date in this investigation. For example, if a
participant entered the study July 10, 2006, his or her injury history was evaluated from July
10, 2006 through January 15, 2008.

The Principal Investigator searched through AHLTA using the social security number
of the study participant to find the medical record that was associated with the ICD-9 code
and date of the diagnosis extracted from DMSS. If the medical record associated with the
ICD-9 code was not within the AHLTA database, the Principal Investigator had access to the
hard copy of medical records which are stored in Brigade Medical at the USNA. Medical
record notes were matched with the criteria for inclusion into the anterior knee pain group.

The Principal Investigator accessed AHLTA and medical record charts once every two
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months starting in April 2007 by traveling to the USNA or Uniformed Services University of
the Health Sciences (USUHS) to determine the enrolled participants that had been diagnosed
with anterior knee pain.

Athletic injuries that are evaluated and treated by the certified athletic trainers at the
USNA were not included in the medical records for midshipmen. The certified athletic
trainers use SportsWare™ (Computer Sports Medicine, Inc, Stoughton, MA) to record the
athletic injuries they evaluate and treat. The Principal Investigator searched through
SportsWare™ to determine the varsity athletes who were diagnosed with anterior knee pain.
Due to variability in documentation by the certified athletic trainers in SportsWare™, another
version of the SF600 was used by the certified athletic trainers following April 2007 to
document specific evaluative findings for acute and chronic knee injuries. Copies of these
forms were collected for the purposes of this study to determine the athletes who met the
inclusion criteria for the anterior knee pain group. The Principal Investigator extracted
information from SportsWare™ and the SF600s used by the certified athletic trainers every
two months starting in April 2007.
Cohort Selection

The total number of participants enrolled in this investigation was 1597
(females=632, males=965). Seventy-two of these participants (females=26, males=46) did
not complete one or more of the baseline testing stations and were eliminated from the
cohort. None of the eliminated participants were diagnosed with anterior knee pain during
the follow-up period. Additionally, 201 (females=90, males=111) participants in the non-
injured cohort reported a history of anterior knee pain in the previous six months on the

baseline questionnaire and therefore these participants were eliminated from the cohort. A
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total of 45 (females=27, males=18) participants with complete baseline testing met the
inclusion criteria for the injured group; however, five (females=3, males=2) of these subjects
reported a history of anterior knee pain on the baseline questionnaire, so they were removed
from the injured group. The injured cohort included 40 participants (females=24, males=16)
and the non-injured cohort included 1279 (females=489, males=790) participants.
Statistical Analysis

All enrolled participants who were identified as having one of the specified ICD-9
codes from their date of enrollment to January 15, 2008, underwent a medical record review
by the Principal Investigator. This included a search through AHLTA, medical record charts,
and SportsWare™. Participants with a history of anterior knee pain prior to the start of this
investigation were not included in the cohort. Statistical analyses were performed using SAS
9.1 (SAS Institute, Inc., Cary, NC). An a priori alpha level for all analyses was set at 0.05.

A two-way (gender: male and female, group: injured and uninjured) analysis of
variance was performed for each dependent variable to assess the interactions between group
and gender and the main effects for group. Separate Poisson regression analyses were
performed for each risk factor variable. Additionally, multivariate Poisson regression models
were used to model the rate of anterior knee pain as a function of domain specific risk
factors. Domain specific models were developed to determine the risk factors associated
with anterior knee pain when adjusting for the other risk factor variables within each domain.
See Table 1 for the dependent variables within each domain. Based on the findings from the
domain specific Poisson regression models, two final multivariate models were developed
including the risk factors across multiple domains. The risk factors that were included in the

two final multivariate models had a P-value less than 0.20 in the domain specific models.
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RESULTS

The incidence of anterior knee pain was 3% and the incidence rate was 22
injuries/1000 person-years (95% CI: 15/1000 person-years, 29/1000 person-years). For the
2x2 ANOVA, there were no significant group x gender interactions (P>0.05) (Table 2),
however there were significant group main effects for the following variables: knee extension
strength (F11315=13.22, p=0.001), knee flexion strength (F1 1314=7.67, P=0.006), hip
abduction strength (F1,1315=3.83, P =0.050), knee extension moment (Fy 1315=4.70, P =0.030),
hip external rotation moment (Fy 1291=4.64, P =0.032), vertical ground reaction force
(F1,1315=4.40, P=0.036), and navicular drop (F31312=4.24, P=0.040). There was no significant
group main effect for knee flexion angle (F11315=3.82, P 0.051), knee valgus angle
F11315=0.14, P=0.708), knee internal rotation angle (F1 1315=3.39, P=0.066), hip flexion angle
(F1,1315=2.18, P=0.140), hip adduction angle (F11315=0.76, P=0.384), hip internal rotation
angle (F1,1315=0.09, P=0.759), g-angle (F11314=0.22, P=0.636), hip internal rotation strength
(F11315=1.31, P=0.252), hip external rotation strength (F11314=0.99, P=0.319), hip extension
strength (F11314=2.09, P=0.149), knee varus moment (F1 129:=0.00, P=0.978), and hip
abduction moment (F1,120:=0.99, P=0.319). Means, standard deviations, and 95% confidence
intervals for the significant and non-significant group main effects are presented in Table 1.

Separate Poisson regression models for each dependent variable and domain specific
Poisson regression models were performed. Table 3 includes rate ratios (RR), confidence
limit ratios (CLR), and P-values for the separate Poisson regression models for each variable.
Table 4 includes the RR, CLR, P-values for each variable in the domain adjusting for the
other variables in the model, and the p-value for the domain specific model. A significant

Poisson regression model was found for each of the following variables: knee flexion torque,
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knee extension torque, hip internal rotation torque, and navicular drop. Participants with an
increased knee flexion torque had 0.30 times the rate of anterior knee pain compared to those
with decreased knee flexion torque. Participants with an increased knee extension torque had
0.19 times the rate of anterior knee pain compared to those with decreased knee extension
torque. Participants with an increased internal rotation torque had 0.42 times the rate of
anterior knee pain compared to those with decreased hip internal rotation torque. Participants
with a higher navicular drop had 1.5 times the rate of anterior knee pain compared to those
with a lower navicular drop. There were no significant domain specific Poisson regression
models; however, navicular drop and knee extension torque were significant risk factors for
the development of anterior knee pain in the posture and strength models, respectively.

We created two final multivariate Poisson regression models based on the results
from the domain specific models. Due to the small number of individuals in the injured
group (n=40), we could not include all risk factor variables in one model. Therefore, two
final models were created with five or less independent variables in order to assess the risk
factors across multiple domains. The two final models were a kinematics/kinetics/posture
model and a muscle strength/posture model. Variables included in each model had a P-value
less than 0.20 in the domain specific Poisson models. The independent variables included in
the kinematics/kinetics/posture model were hip internal rotation angle, knee flexion angle,
vertical ground reaction force, navicular drop, and gender. The independent variables
included in the muscle strength/posture model were knee flexion peak torque, knee extension
peak torque, hip external rotation peak torque, navicular drop, and gender. Gender was
included in both models due to the inherent differences between males and females for many

of the independent variables in the models. Navicular drop was also included in both models
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because navicular drop seemed to have the most influence on the development of anterior
knee pain compared to all other independent variables. Table 5 provides the RR, CLR, and
P-values for the kinematic/kinetic/posture model and the muscle strength/posture model.

Each model significantly predicted the development of anterior knee pain (P<0.05)

DISCUSSION

The main objective of this investigation was to determine the biomechanical risk
factors for anterior knee pain. Based on the descriptive analysis, individuals who developed
anterior knee pain were significantly weaker on measures of hip abduction, knee flexion, and
knee extension strength. Additionally, people who developed anterior knee pain had
significantly lower vertical ground reaction force, knee extension moment, and hip external
rotation moment, and displayed significantly more navicular drop at baseline assessment
compared to those who did not develop anterior knee pain. Although the ANOVA can tell us
which proposed risk factors were different at baseline between the injured and non-injured
groups, this analysis does not provide information on the risk factors that predict the
development of anterior knee pain. We used a Poisson regression analysis to determine the
risk factors associated with the development of anterior knee pain. Based on the final
Poisson regression models, the following kinematic variables were found to be risk factors
for the development of anterior knee pain: decreased peak knee flexion angle and increased
peak hip internal rotation angle during the jump-landing task. The only kinetic variable that
was a risk factor for the development of anterior knee pain was decreased peak vertical
ground reaction force during the jump-landing task. For the strength variables, decreased

knee flexion and extension strength, and increased hip external rotation strength were risk
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factors for the development of anterior knee pain. Finally, increased navicular drop was
found to be a significant risk factor for the development of anterior knee pain.

Most of our findings cannot be compared to previous literature because no other
investigations have assessed the biomechanical variables that we assessed. A few studies
have investigated quadriceps and hamstring strength, along with Q-angle and measures of
foot posture (9;10). In comparison to previous investigations, our findings of decreased
knee flexion and extension strength are not in agreement. Milgrom et al. (1991) reported
increased quadriceps strength as a risk factor for anterior knee pain, however, when the
authors normalized the data to body weight, quadriceps strength was no longer a risk factor
for anterior knee pain. Witvrouw et al. (2000) assessed both quadriceps and hamstring
strength as a risk factor for anterior knee pain, however hamstring strength was not a
significant predictor of the development of anterior knee pain.

The finding of increased navicular drop is also not in agreement with previous
investigations. Witvrouw et al. (2000) and Milgrom et al. (1991) both assessed foot posture
as a risk factor for the development of anterior knee pain; however both investigations did
not report an association between foot posture and the development of anterior knee pain. In
a more recent prospective investigation, Thijs et al. (2007) assessed multiple plantar pressure
variables during gait as risk factors for anterior knee pain. These authors concluded that
individuals who developed anterior knee pain had less pronation during the first 10% of
stance and therefore, these individuals may not effectively absorb ground reaction forces
during gait, leading to increased shock placed on the lower extremity and the development of
anterior knee pain. (25) In reference to Q-angle, Witvrouw et al (2000) is the only previous

investigation that has assessed Q-angle as a risk factor for anterior knee pain. These
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investigators did not report Q-angle as a significant predictor of the development of anterior
knee pain, which is in agreement with the findings from our investigation.

Although there are not many investigations for comparison of our results, previous
investigations have theorized many of the biomechanical variables we assessed as risk factors
for anterior knee pain.(8;12;26) The findings of decreased knee flexion and extension
strength, increased navicular drop, decreased knee flexion angle and increased hip internal
rotation angle support the theorized biomechanical risk factors. However, increased hip
external rotation strength and decreased vertical ground reaction force are not in agreement
with the theorized risk factors. The next few paragraphs will provide a brief explanation of
the following variables as risk factors for anterior knee pain.

Excessive foot pronation has been theorized to predispose individuals to anterior knee
pain. Subtalar joint pronation is coupled with internal rotation of the tibia while subtalar
joint supination is coupled with external rotation of the tibia.(27) Pronation initially occurs
during the first 30% of the gait cycle and helps the lower extremity to absorb ground reaction
forces.(18;28) If pronation continues after this point in the gait cycle, the tibia stays
internally rotated.(18) Tiberio (1987) proposed that for the knee to extend with the tibia in
an internally rotated position, the femur must also internally rotate. This internal rotation of
the femur is thought to lead to malalignment of the patella within the femoral trochlea and
compression of the lateral patellar facet.(18) Previous research supports the theory that
femoral internal rotation causes an increase in contact pressures on the lateral facets of the
patella (13), therefore, excessive pronation may lead to the development of anterior knee

pain.
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Muscle imbalances, including decreased strength of the hip and knee musculature,
have also been proposed to be risk factors for anterior knee pain. The periarticular muscles
of the knee assist in maintaining the patella’s position within the femoral trochlea. In vivo
assessments of the vastus lateralis and vastus medialis oblique have confirmed their role as
the primary dynamic stabilizers of the patella(29;30); therefore, weakness in these muscles
may lead to maltracking of the patella. The exact relationship between decreased hamstring
strength and the development of anterior knee pain is not clearly understood, however,
decreased hamstring strength may be due to an overall weakness of the thigh musculature in
individuals who develop anterior knee pain.

The hip musculature has also been theorized to have an influence on the positioning
of the patella within the femoral trochlea.(12) The hip abductors and external rotators play a
major role in controlling transverse and frontal plane motion of the femur. Weakness of the
deep six hip external rotators (piriformis, obturator internus and externus, gemellus superior
and inferior, and quadratus femoris) are also proposed to cause an increase in hip internal
rotation and knee valgus angles, and in turn increases in lateral compressive forces at the
patellofemoral joint.(12;13;31) In this investigation, increased hip external rotation strength
was a risk factor for anterior knee pain, which does not agree with the theorized risk factors
for this injury. We hypothesize that due to the increased hip internal rotation angle displayed
during the jJump-landing task, individuals who developed anterior knee pain were recruiting
the hip external rotators more in order to counteract the increased hip internal rotation angle
during dynamic tasks. If this hypothesis is true, it may explain why individuals who develop

anterior knee pain have increased hip external rotation strength.
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As mentioned previously, evidence does support increased patellofemoral joint
contact pressures in various malaligned positions of the lower extremity. Lee et al. (1994)
reported that greater than 30 degrees of femoral internal rotation causes a significant increase
in patellofemoral joint contact pressures. Although none of the participants in this
investigation displayed greater than 30 degrees of hip internal rotation, we speculate that over
time, the increased hip internal rotation may lead to the development of anterior knee pain.

Although decreased knee flexion angles have not been theorized as a risk factor for
anterior knee pain, many case-control investigations have reported individuals with anterior
knee pain display decreased knee flexion angles during functional tasks. .(32-34)
Researchers have speculated that this is a compensatory strategy to decrease the amount of
contact pressure of the patella in order to decrease pain. .(32-34) However, the findings of
this investigation support decreased knee flexion angles as a risk factor for the development
of anterior knee pain. Based on these results, we speculate that if individuals who ultimately
develop anterior knee pain also have lateral patellar malalignment due to the increased
femoral internal rotation, the patellofemoral contact stress may be even more increased at the
smaller knee flexion angles due to the decreased contact area at these decreased knee flexion
angles.

Research has previously shown that decreased knee flexion angles during dynamic
tasks lead to increased vertical ground reaction forces, however, in this investigation we
found the opposite.(35;36) We assessed peak vertical ground reaction force and peak knee
flexion angle over the stance phase of the jump-landing task. The peak vertical ground
reaction force occurs much earlier than the peak knee flexion angle, therefore, we took steps

to try and understand the decreased vertical ground reaction force in those who developed
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anterior knee pain. We evaluated knee flexion and hip flexion displacement during the
stance phase to determine if individuals who developed anterior knee pain had a decreased
amount of displacement, which may mean they do not efficiently absorb the vertical ground
reaction force; however, there was no difference in the knee flexion and hip flexion
displacements between the injured and non-injured groups. Additionally, we assessed the
knee flexion and hip flexion angles at initial contact during the jump-landing task. Those
who developed anterior knee pain had significantly less knee flexion angle at initial contact
compared to those who did not develop anterior knee pain. There was no difference in hip
flexion angle at initial contact between the two groups. Furthermore, we evaluated
anterior/posterior and medial/lateral ground reaction forces to determine if individuals who
develop anterior knee pain may have increased ground reaction forces in frontal and
transverse planes to compensate for the decreased vertical ground reaction force. We did not
find any differences in peak anterior/posterior or medial/lateral ground reaction forces
between the two groups. Based on our further analysis, decreased vertical ground reaction
force as a risk factor for anterior knee pain warrants further investigation.

Although we have described how each of the risk factors may independently lead to
the development of anterior knee pain, we believe that combining the effects of many of the
risk factor variables may better explain the development of anterior knee pain. See Figure 10
for a flowchart showing how the combination of risk factor variables may ultimately lead to
the development of anterior knee pain. The following paragraph describes our reasoning for
the flowchart.

When performing a dynamic task, individuals who have decreased quadriceps

strength may display decreased knee flexion angles because this demands a large amount of
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eccentric force from the quadriceps musculature and the quadriceps are weak in these
individuals. Although, increased knee extension moment did not predict the development of
anterior knee pain, the individuals who developed anterior knee pain did have significantly
less knee extension moment during the jump-landing task. Decreased knee extension
moment and decreased quadriceps strength may lead to decreased dynamic control of the
patella. Additionally, an increase in hip internal rotation possibly due to the increased
navicular drop, will lead to a laterally aligned patella. The combination of increased hip
internal rotation angle and decreased knee flexion angle, will increase the patellofemoral
contact pressures, and over time repetitive movements in this position may lead to the
development of anterior knee pain. As mentioned previously we speculate that the increased
hip external rotation strength is due to individuals constantly having to control the increased
hip internal rotation angles during dynamic tasks; however, the finding of increased hip
internal rotation angle along with the increased hip external rotation strength leads us to
believe this may be a neuromuscular control issue, in that individuals do not know when to
recruit the hip external rotators during dynamic tasks, leading to the increased hip internal
rotation angle.

Although many of the variables we found to be risk factors for anterior knee pain
agree with theory, our findings should be interpreted with caution. One limitation of this
investigation was the small number of individuals who met the criteria to be included in the
injured group. We anticipated 10% of the cohort to develop anterior knee pain based on the
incidence of anterior knee pain reported by previous investigations performed in the military
(10;37), however, only 3% of the population developed anterior knee pain. Possible

explanations for the decreased incidence of anterior knee pain in this investigation include a
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lack of information in the medical record to be included in the injured group, medical record
charts not available for review, self-treatment for anterior knee pain, and diagnosis by a
physician outside of the USNA. It is very uncommon for individuals to see a physician
outside of the USNA,; therefore, we do not feel that this had a large effect on the number of
diagnoses of anterior knee pain. Additionally, only 5% of the individuals with an ICD-9
code in which we were interested did not have enough information in the medical record,
therefore we also feel that this most likely did not significantly affect the number of
individuals diagnosed with anterior knee pain. A more plausible explanation is that 21
individuals who had an ICD-9 code that we were interested in did not have a medical record
chart that was available for review during the follow up time for this investigation. This is a
major limitation of this study, however only 12% of the medical records in which we
reviewed that had an ICD9 code for anterior knee pain were actual cases that met our criteria.
It is unlikely that this drastically decreased the number of individuals who were included in
the injured group. The most reasonable explanation for the decreased incidence of anterior
knee pain in this investigation is due to self-treatment. Individuals who developed anterior
knee pain may have learned ways to compensate during activities to decrease the pain in their
knee. Also, individuals may have been able to withstand the pain so a visit to a physician
was not needed. Future investigations may attempt to follow individuals more closely with
the use of questionnaires to determine who develops anterior knee pain.

Another limitation of this investigation includes the large variability in some of the
risk factor variables. For example, hip external rotation strength has a CLR of 15.29 in the
final model. In research, a measure is thought to be precise if the confidence interval is

narrow.(38) Very few of the variables in this investigation had a narrow confidence interval,
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therefore, the results of this investigation should be interpreted with caution. One additional
limitation is the low power that was observed for the gender x group interactions. The low
power is most likely due to the small number of subjects in the injured group (n=40)
compared to the non-injured group (n=1279). Based on the number of subjects in each
group, we would need greater than 1000 subjects in the injured group to obtain a power of
0.8.

One final limitation of this investigation is assessment of only the peak kinematic and
kinetics during the jump-landing task. We chose to assess the peak kinematics and kinetics
because theory supports that the peak transverse and frontal plane angles are the factors that
may be leading to the development of anterior knee pain. Future investigations should
determine kinematics and kinetics during various time periods of a dynamic task are risk

factors for the development of anterior knee pain.

CONCLUSIONS

This is the first large scale prospective investigation to assess structural alignment,
muscle strength, and dynamic malalignment as risk factors for anterior knee pain. The
findings of this investigation support strengthening of the quadriceps and hamstring
musculature along with teaching the proper technique for performing dynamic tasks
(decrease hip internal rotation angle, increase knee flexion) to be incorporated in to injury
prevention programs. More research is warranted to determine the effect of each of these
risk factors on the patellofemoral joint. Additionally, future research needs to investigate
biomechanical risk factors in the general population instead of the highly active military

population.
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Domain Dependent Variable Group Mean + SD 95% CI
. . . Injured -67.04+19.78 -95.16, -34.93
Hip flexion angle (*) Non-injured 71.76220.12 210361, -39.05
. . o Injured 1.87+7.18 -10.45, 11.11
Hip adduction angle () Non-injured 2.80+6.67 7.69, 13.93
- . R Injured 7.57+£8.91 -9.98, 25.19
o Hip internal rotation angle () Non-injured 7.15+8.41 75.65, 21.55
Kinematic Variables _ ) Injured 76.46+11.73 54,72, 99.36
Knee flexion angle (°) Non-injured 80.84+14.28 57.9, 106.13
. Injured -13.58+7.83 -25.88, -1.23
Knee valgus angle (*) Non-injured ~14.05+7.85 -27.93,-1.08
. . o Injured 12.26+8.04 1.39, 27.59
Knee internal rotation angle (*) Non-injured 14.67+8.36 1.38, 28.52
Kinetic Variables Vertical ground reaction force (%BW)* Injured 2.57+0.52 1.8,3.4
Non-injured 2.86+0.87 1.72,4.53
Hip abduction moment (%BW*ht) Injur(?d_ 0.1320.08 0.29, -0.95
Non-injured -0.14+0.07 -0.27, -0.05
Hip external rotation moment (%BW=*ht)* Inj ur(?d- 0.0620.03 0.12,-0.03
Non-injured -0.08x0.05 -0.17,-0.02
Knee extension moment (%BW*ht)* Inj ur(?d_ 0.2120.05 0.0, -0.16
Non-injured -0.23£0.05 -0.32,-0.16
Knee varus moment (%BW*ht) Injur(?d' 0.05+0.03 0.01,0.11
Non-injured 0.05+0.03 0.01,0.11
Muscle Strength K ) o N Injured 0.23+0.06 0.16, 0.35
Variables nee flexion strength (%BW) Non-injured 0.25%0.05 0.17, 0.35
Knee extension strength (%BW)* Inj ure_zd_ 0.46+0.09 0.35, 0.62
Non-injured 0.52+0.12 0.34,0.74
Hip extension strength (%BW) Injur(_ad. 0.50£0.07 0.20,0.44
Non-injured 0.32+0.09 0.20, 0.48
Hip internal rotation strength (%BW) Injured 0.21+0.04 0.16, 0.27
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Non-injured 0.22+0.04 0.15, 0.30

Hip external rotation strength (%BW) Inj ure_zd_ 0.21+0.04 0.15,0.29

Non-injured 0.22+0.05 0.15, 0.29

Hip abduction strength (%BW)* Injur(_ad. 0.35£0.09 0.28,0.50

Non-injured 0.38+0.09 0.23, 0.53
Injured 10.09+4.20 3.33, 16.67

L Q-angle (°) —

Static Alignment Non-injured 9.77+4.31 3.33,17.33
Variables Navicular Drop (mm)* Injured 8.05+3.24 3.67, 14.50
Non-injured 7.16x2.67 3.33,12.00

Table 1. Means, standard deviations, and 95% confidence intervals for each dependent variable.

Note: * P<0.05
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Dependent Variable F value P-value Power
Hip flexion angle (°) 0.01 0.91 0.05
Hip adduction angle (°) 0.26 0.61 0.08
Hip internal rotation angle (°) 0.59 0.44 0.12
Knee flexion angle (°) 0.05 0.82 0.06
Knee valgus angle (°) 1.68 0.19 0.25
Knee internal rotation angle (°) 0.28 0.59 0.08
Vertical ground reaction force (%BW) 0.17 0.68 0.07
Hip abduction moment (%BW*ht) 0.05 0.82 0.06
Hip external rotation moment (%BW*ht) 0.01 0.94 0.05
Knee extension moment (%BW*ht) 0.03 0.85 0.05
Knee varus moment (%BW*ht) 0.01 0.91 0.05
Knee flexion strength (%BW) 0.85 0.36 0.15
Knee extension strength (%BW) 0.01 0.96 0.05
Hip extension strength (%BW) 0.08 0.79 0.06
Hip internal rotation strength (%BW) 0.83 0.36 0.15
Hip external rotation strength (%6BW) 0.30 0.58 0.09
Hip abduction strength (%BW) 0.16 0.69 0.07
Q-angle (°) 0.10 0.76 0.06
Navicular Drop (mm) 1.99 0.16 0.29

Table 2. F-values, P-values, and power from the gender x group interactions.
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Independent Variables RR 95% ClI CLR P-value
Hip flexion angle (°) 147 064335 518 0.36
Hip adduction angle (°) 086 0.39,1.91 490 0.71
Hip internal rotation angle (°) 1.30 0.60,2.82 4.68 0.50
Knee flexion angle (°) 052 0.22,1.18 5.16 0.12
Knee valgus angle (°) 1.04 0.46,237 5.17 0.92
Knee internal rotation angle (°) 0.70 0.32,152 4.72 0.37
Vertical ground reaction force (%0BW)* 042 017,103 6.03 0.06
Hip abduction moment (%BW*ht) 1.19 051,279 552 0.69
&%@ﬁ:gﬂ rotation moment 175 0694.42 637  0.23
Knee extension moment (%BW=*ht) 200 0.795.05 6.38 0.14
Knee varus moment (%BW*ht) 1.00 046,219 475 0.99
Knee flexion strength (%BW)* 0.30 0.13,0.68 5.20 0.01
Knee extension strength (%BW)* 0.19 0.07,047 6.46 0.01
Hip extension strength (%BW) 048 0.20,1.18 5.95 0.11
Hip internal rotation strength (%BW) 042 0.18,097 537 0.04
Hip external rotation strength (%BW) 047 0.21,1.09 5.23 0.08
Hip abduction strength (%BW)* 045 0.19,1.02 5.25 0.06
Q-angle (°) 099 047,209 442 0.98
Navicular Drop (mm)* 252 125508 4.06 0.01

Table 3. Results from separate Poisson regression models.
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Domain Independent Variables RR 95% ClI CLR P-value | Model P-value
Hip flexion angle (°) 0.89 0.25,3.25 | 13.10 0.87
Hip adduction angle (°) 0.77 0.30,1.97 6.51 0.59
Kinematic Variables Hip internal rotation angle (°) 1.99 0.72,5.50 7.66 0.19 0.83
Knee flexion angle (°) 0.38 0.11,1.37 | 12.71 0.14
Knee valgus angle (°) 0.71 0.23,2.20 9.59 0.55
Knee internal rotation angle (°) 0.63 0.28,1.41 5.02 0.26
Kinetic Variables Vertical ground reaction force (%BW) 042 | 015121 | 826 0.11
Hip abduction moment (%BW*ht) 0.64 | 0.22,1.81 8.07 0.40
Hip external rotation moment (%BW*ht) 154 | 0.54,4.37 8.09 0.42 0.66
Knee extension moment (%BW*ht) 1.69 0.57,5.01 8.80 0.34
Knee varus moment (%BW*ht) 1.53 0.64,3.68 5.73 0.33
Knee flexion torque (%BW) 0.37 011,121 | 11.21 0.10
Knee extension torque (%BW) 0.13 0.03,0.52 | 16.85 0.01
Mus_cle Strength Hip extension torque (%BW) 137 | 044,427 | 9.72 0.59 016
Variables Hip internal rotation torque (%BW) 0.94 | 0.28,3.11 | 11.00 0.92
Hip external rotation torque (%BW) 3.34 |0.88,12.67 | 14.42 0.08
Hip abduction torque (%BW) 0.90 0.29,2.84 9.86 0.86
Stat_ic Alignment Q-angle (°) 1.01 | 047,215 | 454 0.98 091
Variables Navicular Drop (mm) 252 | 1.255.08 | 4.06 0.01

Table 4. Results from domain specific Poisson regression models.
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Model

Final Model Independent Variables RR 95% ClI CLR | P-value P-value
Hip internal rotation angle (°) 1.38 | 0.59,3.23 | 5.47 0.46
Knee flexion angle (°) 0.32 | 0.12,086 | 7.23 0.02
Kinematic/Kinetic/Posture | Vertical ground reaction force (%BW) 0.28 | 0.10,0.79 | 7.87 0.02 0.04
Navicular drop (mm) 339 | 1.62,7.11 | 4.39 0.01
Gender 1.92 | 1.00,3.68 | 3.68 0.05
Knee flexion torque (%BW) 0.34 | 0.11.1.06 | 9.80 0.06
Knee extension torque (%BW) 0.18 | 0.04,0.70 | 155 0.01
Muscle Strength/Posture Hip external rotation torque (%BW) 4.02 | 1.03,15.72 | 15.29 0.04 0.02
Navicular drop (mm) 2.73 | 1.36,5.49 | 4.03 0.01
Gender 1.62 | 0.76,3.45 | 4.56 0.21

Table 5. Results from final multivariate Poisson regression models.




Figure 1. Jump-landing task (Illustration by Bing Yu, PhD)
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Figure 2. Knee extension strength test
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Figure 3. Knee flexion strength test
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Figure 4. Hip internal rotation strength test
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Figure 5. Hip external rotation strength test
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Figure 6. Hip extension strength test
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Figure 7. Hip abduction strength test
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Figure 8. Stance Phase
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Figure 9. Anterior knee pain data collection
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Figure 10. Flowchart for the interaction of risk factors leading to the development of anterior knee pain.
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Manuscript Two:
Gender and the incidence rate and prevalence of anterior knee pain

(Medicine and Science in Sports and Exercise)

ABSTRACT

Purpose: To determine the association between gender and the prevalence and incidence rate
of anterior knee pain.

Methods: One-thousand five-hundred and twenty-five participants from the United States
Naval Academy were followed for up to 2.5 years for the development of anterior knee pain.
Physicians and certified athletic trainers documented the cases of anterior knee pain.
Participants who developed anterior knee pain must have retropatellar pain during at least
two of the following activities: ascending/descending stairs, hopping/jogging, prolonged
sitting, kneeling, and squatting, negative findings on examination of knee ligament, menisci,
bursa, and synovial plica, and pain on palpation of either the patellar facets or femoral
condyles. Participants were also asked to report if they had a history of anterior knee pain at
the time of enrollment into this investigation. A Poisson regression and logistic regression
analysis was performed to determine the association between gender and the incidence rate
and prevalence of anterior knee pain, respectively.

Results: The incidence rate for anterior knee pain was 22/1000 person-years. A significant
Poisson regression model was found for the incidence rate of anterior knee pain (P=0.01).
Females were 2.23 times (95% ClI: 1.19, 4.20) more likely to develop anterior knee pain
compared to males. The logistic regression analysis revealed that gender was not a

significant predictor of the prevalence of anterior knee pain (P=0.09).
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Conclusions: Females at the USNA are significantly more likely to develop anterior knee
pain than males, however, neither males nor females are more likely to have a history of

anterior knee pain.

Key words: epidemiology, chronic knee injury, incidence rate
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INTRODUCTION

Anterior knee pain is one of the most commonly diagnosed injuries in physically
active individuals between the ages of 15 and 30 years.(1) Anterior knee pain encompasses
disorders in which signs and symptoms present in or around the patellofemoral joint.
Disorders that are commonly grouped under the term anterior knee pain are patellofemoral
pain syndrome and chondromalacia patella.(2;3) Although this injury is very common, there
is a lack of recent literature reporting epidemiologic data supporting the common occurrence
of this condition. Additionally, researchers commonly state that anterior knee pain is more
common in females compared to males; however, there is little recent epidemiologic
evidence that supports this gender discrepancy.

Two forms of epidemiologic evidence that provide information on the occurrence of
anterior knee pain are prevalence and incidence. Prevalence describes the number of
individuals within a population that has a specific condition at a specific time, while
incidence describes the number of new onsets of a specific condition within a population
over a period of time.(4) Based on these definitions, prevalence takes into account both old
and new occurrences of a condition at a point in time. Therefore, prevalence may be an
overestimation of the incidence of anterior knee pain because incidence only takes into
account new onsets of a condition. Epidemiologic incidence proportion (IP) is the most
common measure of incidence that has been reported by researchers investigating anterior
knee pain.(5;6) The epidemiologic IP is described as the number of individuals with an
injury divided by the number of individuals at risk.(7) Incidence rate has not been commonly
reported by investigations assessing anterior knee pain, but this measure takes into account

the amount of follow-up time for each individual prior to the development of anterior knee
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pain. Prevalence and incidence both provide differing information about the occurrence of a
condition and therefore can provide additional information that cannot be assumed through
the presentation of one measure over another.

The prevalence of anterior knee pain has been reported to range from 7% to 41% in
individuals between the ages of 13 and 17.(8) Additionally, a higher prevalence of anterior
knee pain is reported in females as compared to their male counterparts.(2;9;10) Over a
seven year observation of individuals reporting to a sports medicine clinic, 33.2% of females
and 18.1% of males presented with anterior knee pain.(1) In addition to these findings,
Taunton et al. (2002) reported that 62% of all patients who reported to a clinic with anterior
knee pain were females. These investigations report the prevalence of anterior knee pain
which does not provide information on the incidence of anterior knee pain.

The epidemiologic incidence proportion (IP) of anterior knee pain has previously
been investigated in physically active adolescents and young adults; however, investigators
have reported a wide range of epidemiologic incidence proportions. Witvrouw et al. (2000)
reported an 8.5% IP for anterior knee pain in students participating in physical activity
classes. Most commonly, investigators have reported epidemiologic incidence proportions
for anterior knee pain in military populations due to the high demands of physical activity in
the military. Investigations within military populations have reported incidences of this
condition ranging from 4%-17% during basic training.(6;11;12) None of these investigations
have reported if the IP of anterior knee pain differs between males and females. Determining
the difference in the incidence of anterior knee pain between males and females may provide
evidence to support or refute the theory that females are more at risk for anterior knee pain

compared to males.
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Some of these studies reporting on the prevalence of anterior knee pain were
performed more than 20 years ago. Now that more females are participating in sports, the
gender differences in the prevalence of this disorder may be drastically different than has
been previously reported. Furthermore, no studies have reported if the incidence rate of
anterior knee pain is greater in females compared to males. Due to the increased activity
demands in the military, we chose to investigate the prevalence and incidence of this disorder
in a military population. The purpose of this investigation was to determine if there is an
association between gender and the prevalence and incidence rate of anterior knee pain in a
military population. We hypothesized that females would have a higher prevalence and

incidence rate for anterior knee pain.

METHODS
Participants

One-thousand five-hundred and twenty-five participants from the United States Naval
Academy (USNA) were enrolled in this investigation. Inclusion criteria for enrollment into
the cohort population included the following: 1) freshman at USNA at time of enroliment
into the investigation, 2) no injury limiting participation in a jump-landing task and/or lower
extremity strength tests. Enrolled participants were spread among three classes of
midshipmen [class of 2009 = 438 participants (females=189, males=249), class of 2010 =
525 participants (females=223, males=302), and class of 2011 = 562 participants
(females=194, males=368)]. Each participant filled out a baseline questionnaire during their

first summer of enrollment at the USNA. This baseline assessment is part of a larger scale

174



investigation in which baseline biomechanical data was collected for participants in the
classes of 2009, 2010, and 2011 during the summers of 2005, 2006, and 2007 respectively.

Participants in this investigation were followed prospectively for the diagnosis of anterior
knee pain. The diagnosis of anterior knee pain was determined based on a review of medical
records by the Principal Investigator. Participants in each class were followed prospectively
from the time of their enrollment in this investigation to January 15, 2008. The criteria that
needed to be met to be included in the injury group are listed below.

Must Demonstrate Both During Evaluation:

1) Retropatellar knee pain during at least 2 of the following activities:
ascending/descending stairs, hopping/jogging, prolonged sitting, kneeling, and
squatting.

2) Negative findings on examination of knee ligament, menisci, bursa, and synovial
plica.

Must Demonstrate 1 of the Following During Evaluation:

1) Pain on palpation of medial or lateral patellar facets

2) Pain on palpation of the medial or lateral femoral condyles

Baseline Demographic Data Collection

Participants completed an informed consent form approved by the USNA Internal
Review Board. Once the participants read and signed the informed consent they filled out the
baseline questionnaire. The baseline questionnaire asked questions in regards to age, gender,
history of participation in athletic activity, mental health, knee and lower limb injury history,

and recent exercise and weight training history. One of the questions in the baseline
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questionnaire asks specifically on the occurrence of patellofemoral pain (severe knee pain or
runner’s knee) in the previous six months. This data was used to calculate the prevalence of

anterior knee pain in the cohort.

Follow-up of Cohort

Physicians at USNA diagnosed cases of anterior knee pain. Injury data was extracted
for participants in this investigation from each participants date of enrollment in this study to
January 15, 2008. All injury information prior to April 2007 was collected through the
Defense Medical Surveillance System (DMSS) and via medical chart review by the Principal
Investigator. In April 2007, a general knee pain template used to diagnose common chronic
and acute knee injuries was added to the Armed Forces Health Longitudinal Technology
Application (AHLTA) to be utilized by the physicians. AHLTA captures most illnesses and
injuries in the United States Armed Forces resulting in a hospitalization or an ambulatory
care facility visit to a military hospital or military clinician.

During the summer, not all medical records are entered into the AHLTA database due
to clinics being held outside of the medical clinic. Therefore prior to April 2007, a “Standard
Form 600” (SF600) was used by the physicians to document knee injuries. During the
summer of 2007, a SF600 similar in content to the AHLTA knee pain template was
developed and used by physicians and corpsmen to document knee injuries. All SF600s are
filed within the medical record charts for midshipmen in Brigade Medical at the USNA. The
ICD 9 code for the diagnosis on the SF600s is entered into DMSS which also includes

records within AHLTA.
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A search through the DMSS was conducted to extract the following ICD 9 codes:
726.69 (Unspecified knee enthesopathy), 726.64 (patellar tendonitis), 717.7 (patella
chondromalacia) and 719.46 (patellofemoral syndrome). See Figure for anterior knee pain
data collection flowchart. Each participant’s lower extremity injury history was evaluated
following his/her respective enrollment date in this investigation. For example, if a
participant entered the study July 10, 2006, his or her injury history was evaluated from July
10, 2006 through January 15, 2008.

The Principal Investigator searched through AHLTA using the social security number
of the study participant to find the medical record that was associated with the ICD-9 code
and date of the diagnosis extracted from DMSS. If the medical record associated with the
ICD-9 code was not within the AHLTA database, the Principal Investigator had access to the
hard copy of the medical record which is stored at Brigade Medical at the USNA. Medical
record notes were matched with the criteria for inclusion into the anterior knee pain group.
The Principal Investigator accessed AHLTA and medical record charts once every two
months by traveling to the USNA or Uniformed Services University of the Health Sciences
(USUHS) to determine the enrolled participants that had been diagnosed with anterior knee
pain.

Athletic injuries that were evaluated and treated by the certified athletic trainers at the
USNA were not included in the medical records for midshipmen. The certified athletic
trainers use SportsWare™ to record the athletic injuries they evaluate and treat. The
Principal Investigator searched through SportsWare™ to determine the varsity athletes who
were diagnosed with anterior knee pain. Due to variability in documentation by the certified

athletic trainers in SportsWare™, another version of the SF600 was used by the certified
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athletic trainers following April 2007 to document specific evaluative findings for acute and
chronic knee injuries. The Principal Investigator extracted information from SportsWare™
and the SF600s used by the certified athletic trainers every two months starting in April

2007.

Statistical Analysis

The association between the incidence rate of anterior knee pain and gender was
investigated using a Poisson regression analysis. The incidence rate for anterior knee pain
was calculated by adding up the total follow-up time for all participants, and dividing the
number of individuals diagnosed by the total follow-up time multiplied by 1000 [(# of
injuries/total follow-up time)*1000]. The incidence rate for anterior knee pain was also
calculated separately for males and females. The association between prevalence of anterior
knee pain and gender was investigated using a logistic regression analysis. All statistical
analyses were performed using SAS 9.1 (SAS Institute, Inc., Cary, NC). An a priori alpha

level was set at 0.05.

RESULTS

Based on the medical record review by the Principal Investigator, there were 45
participants (females=27, males=18) who were diagnosed with anterior knee pain and met
the criteria for inclusion in the anterior knee pain group. Five of these individuals
(females=3, males=2) reported a previous history of anterior knee pain, and therefore they
were removed from the injured cohort. Also, 201 (females=90, males=111) individuals

reported a history of anterior knee pain and were removed from the analysis of incidence. A
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total of 1319 participants (females=513, males= 806) were included in the Poisson regression
model for incidence. Forty of these participants were diagnosed with anterior knee pain
(females=24, males=16). The Poisson regression analysis revealed that gender was a
significant predictor of the development of anterior knee pain (P=0.01), with females being
2.23 times more likely to develop this injury compared to males. The incidence rate for
anterior knee pain was 22/1000 person-years (95% CI: 15/1000 person-years, 29/1000
person-years). The incidence rate in females was 33/1000 person-years (95% CI: 20/1000
person-years, 45/1000 person-years) and the incidence rate in males was 15/1000 person-
years (95% CI: 7/1000 person-years, 22/1000 person-years).

A total of 1525 participants were included in the logistic regression model for
prevalence. Two-hundred and six participants (females=93, males=113) reported a history of
anterior knee pain. The logistic regression analysis revealed that gender was not a significant
predictor of the prevalence of anterior knee pain (P=0.09). Although not significant, females
were approximately 25% more likely to have a history of anterior knee pain compared to
males. The prevalence of anterior knee pain was calculated by dividing the number of
individuals who reported a history of anterior knee pain (n=206) by the total number of
individuals in the cohort (n=1525). The prevalence of anterior knee pain in the cohort was
13.5% (95% CI: 11.7%, 15.3%). The prevalence of anterior knee pain in females and males

was 15.3% (95% Cl: 13.7%, 16.9%) and 12.3% (95% CI: 11.1%, 13.4%), respectively.

DISCUSSION

The most important finding of this investigation was the significant association

between gender and the incidence rate of anterior knee pain, with females being more likely
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to develop anterior knee pain. There was no significant association between gender and the
prevalence of anterior knee pain. Based on previous research, we hypothesized that the
incidence and prevalence of anterior knee pain would both be significantly different between
males and female. Although previous investigations have not statistically compared the
prevalence of anterior knee pain between males and females, the findings from previous
investigations support females having a higher prevalence of anterior knee pain compared to
males.

Previous investigations have reported the prevalence of anterior knee pain in females
to be as high as 2 times that of males.(1;13) These investigations have calculated the
prevalence of anterior knee pain based on visits to a sports medicine clinic by the general
population. Our investigation used a self report of injury from a baseline questionnaire for an
investigation of risk factors for lower extremity injuries in a military population. Our
findings do not agree with the previous investigations reporting a gender difference for the
prevalence of anterior knee pain. Differences in the populations assessed may have a large
impact on the prevalence reported by our investigation and previous investigations. Also,
one limitation of this investigation is that the prevalence of anterior knee pain was calculated
from those who reported anterior knee pain six months prior to entering the USNA. If
participants had a history of anterior knee pain prior to the six months before entering the
academy, but had not had any symptoms since then, they would have answered no to this
question and are not included in the calculation of prevalence. Based on this, the estimation
of prevalence of anterior knee pain is most likely an underestimation of the true prevalence
of anterior knee pain, and this may partly explain why we did not find a gender difference in

the prevalence of anterior.
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The prospective investigations in which the incidence of anterior knee pain has been
assessed have either not statistically assessed the association between gender and the
incidence of anterior knee pain or the investigation only assessed the incidence of anterior
knee pain in males. We feel it is very important to know that females have 2.23 times higher
incidence of anterior knee pain compared to males. Researchers speculate there are many
factors that may lead to the increased incidence of anterior knee pain in females compared to
males. These factors include differences between males and females on measures of g-angle,
dynamic frontal plane alignment, and lower extremity muscle strength. In comparison to
males, females have increased static measures of Q-angle (14;15), increased dynamic
measures of knee valgus angle, hip internal rotation angle, hip adduction moment, and knee
valgus moment, and decreased dynamic measures of knee flexion angle.(16-21) On
measures of strength, females are have been reported to be significantly weaker than males
on measures of quadriceps, hip external rotation, hip extension, and hip abductor
strength.(22-24) All of these deficits in females are theorized to be risk factors for anterior
knee pain, and therefore, many researchers believe females have a higher prevalence and
incidence of anterior knee pain because they display these risk factors more commonly than
males.

Multiple factors may have played into finding a difference in the incidence of anterior
knee pain between genders but not finding a difference in prevalence of anterior knee pain
between genders. The findings from this investigation of no differences in the prevalence of
anterior knee pain between males and females, does not agree with previous research. One
reason for the differing findings could be that the service academies enroll significantly more

males than females. It may be speculated that this occurs because the service academies
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predominant enrollment are males and therefore, many females do not apply. Additionally,
due to the high physical activity demands placed on students who attend the service
academies, females may be less likely to apply.(25;26) Also, the lack of a gender difference
in the prevalence of anterior knee pain may be due to individuals being able to control their
physical activity demands prior to entering the USNA, however, once they entered the
USNA all individuals are required participate in the same physical activity. All of the
reasons described above may provide insight into why we found a gender difference in the
incidence of anterior knee pain however there was not gender difference in the prevalence of
anterior knee pain.

The gender difference found in the incidence of anterior knee pain in this
investigation may be influenced by the increased reporting of injuries in females compared to
males. Previous investigations have reported that with respect to male military recruits,
female military recruits are significantly more likely to have a reported musculoskeletal
injury than an unreported musculoskeletal injury.(27) It is not clear why this happens,
however many researchers believe the gender discrepancy in reporting of musculoskeletal
injuries may be due to the occupational stress felt by females when entering a field that has
traditionally been male dominant.(27) Furthermore, gender socialization is another factor
that may play into the increased reporting of musculoskeletal injuries by females.(28)
Previous research has reported that males are discouraged from reporting injuries and
illnesses at an early age, but girls are taught that reporting injuries and illnesses is acceptable
and should be done to take care of one’s body.(28) Based on these investigations,
psychosocial parameters are important factors to be considered when investigating gender

differences in the incidence of musculoskeletal injuries.
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Although there are psychosocial factors that should be taken into account when
investigating the prevalence and incidence of anterior knee pain at the USNA, biomechanical
differences between males and females may also explain the gender differences in the
incidence of anterior knee pain. We speculate that females and males most likely had very
difference physical activity levels prior to entering the USNA; however, once they entered
the USNA, females and males asked to perform at the same physical activity levels. The
biomechanical differences that have been reported between males and females may explain
the increased incidence of anterior knee pain in females compared to males once these
individuals were asked to perform at the same physical activity levels. Future investigations
should assess the psychosocial aspects along with the proposed biomechanical risk factors, to
determine what may lead to the increased incidence of anterior knee pain in males compared
to females. Also, future investigations should compare the prevalence of anterior knee pain

in the general population to a military population.

CONCLUSIONS

Females have 2.23 times the incidence rate of anterior knee pain compared to males;
however, there was no gender difference in the prevalence of anterior knee pain. Due to this
increased incidence rate in females, it is important for future investigations to determine the
factors that lead to this gender difference. Many psychosocial and biomechanical factors
may explain the gender differences in the development of anterior knee pain, but at this time,
this difference is not clearly understood. More prospective risk factor investigations need to

be performed in both the military and general population to provide a clearer understanding
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of the factors that lead to a higher incidence of anterior knee pain in females compared to

males.
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Figure. Anterior knee pain data collection
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