KEEPING ATHLETES ON THE FIELD;
AN EXAMINATION OF PRIMARY AND SECONDARY ANTERIOR

CRUCIATE LIGAMENT PREVENTION OUTCOMES

by

Amelia J.H. Arundale

A dissertation submitted to the Faculty of the University of Delaware in partial
fulfillment of the requirements for the degree of Doctor of Philosophy in
Biomechanics and Movement Science

Summer 2017

©2017 Amelia J.H. Arundale
All Rights Reserved



KEEPING ATHLETES ON THE FIELD;
AN EXMINATION OF PRIMARY AND SECONDARY ANTERIOR

CRUCIATE LIGAMENT PREVENTION OUTCOMES

by

Amelia J.H Arundale

Approved:

Samuel C.K. Lee, Ph.D.
Chair of the Biomechanics and Movement Science Program

Approved:

Kathleen S. Matt, Ph.D.
Dean of the College of Health Sciences

Approved:

Ann L. Ardis, Ph.D.
Senior Vice Provost for Graduate and Professional Education



Signed:

Signed:

Signed:

Signed:

I certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Lynn Snyder-Mackler, Sc.D.
Professor in charge of dissertation

I certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Stefano Della Villa, M.D.
Member of dissertation committee

I certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Karin Grévare Silbernagel, Ph.D.
Member of dissertation committee

I certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Daniel White, Sc.D.
Member of dissertation committee



ACKNOWLEDGMENTS

This work would not have come to fruition were it not for my family and
friends. Mom, Dad, Moose, Karen, Achim, Eric, Susan, Erica, Jay, Beth, Meaghan,
and Travis, | wouldn’t have been able to finish without you! Thanks to my mentors
(clinical and life) Chuck Thigpen, Robert Schneider, Brian Beatty, and Joe Black, and
my lab/BIOMS family Pete, Holly, Ryan, Jake, Jess, Liz, Mat, Patrick, Adam, Dave,
Amelia, and Brian. Thanks to Martha for being lab mom, and Ang for making sure we
didn’t screw up too badly. Thank you so much to Lynn, for the mentorship,
stewardship, advising, and support, as well as to my committee. Thanks to the NIH, the
Foundation for Physical Therapy, and SPTS for funding. To Celeste Dix, the only
other person who has put as much time into the FIFA11+ project as | have, | can’t
thank you enough - I would honestly not have a dissertation without you! And to

Sarah, my driving inspiration. Impossible is Nothing.



TABLE OF CONTENTS

LIST OF TABLES ...ttt bbb viii
LIST OF FIGURES. .......ooi ittt e e e X
ABSTRACT ettt bbbttt b e sttt nb e b bbb ene s Xi
Chapter
1 KEEPING ATHLETES ON THE FIELD .....cccvviiiiieec e 1
INEFOAUCTION ..o 1
Aim 1: Primary Prevention (Chapters 2-3) ......cccooevirienenieniee e 3
Aim 2: Return to Sport, Subsequent Injuries, and Secondary Prevention
(CRAPLEIS 4) ettt bt b e nreas 6
Aim 3: Rehabilitation, Return to Sport, and Secondary Prevention (Chapters
SR ) SRRSO 9
SUMMIAIY ...ttt st sab e e sab e e asb e e e nbb e e s bb e e s bn e e annes 11
2 SMALLEST DETECTABLE CHANGE AND MINIMAL IMPORTANT

DIFFERENCE VALUES FOR BIOMECHANICAL TESTING OF A
DROP JUMP LANDING TASK IN COLLEGIATE WOMEN SOCCER

P LAY ERS ..o 13
INEFOAUCTION ... 13
1Y/ L] 0 [0 To E TR 15
RESUILS ..ttt nesnnememnnnnnnnne e 18
IS CUSSION. ...ttt et e e e e e e e et e e e e e e e e e et e e e e e e e aeeeeees 26

INJURIES AND CHANGES IN BIOMECHANICAL KNEE INJURY
RISK FACTORS ACROSS TWO COLLEGIATE SOCCER SEASONS

USING THE FIFA11+ PREVENTION PROGRAM IN WOMEN................. 32
INEFOTUCTION ..ottt e e e e e ettt e e e e e e e e e eeeens 32
IVTEENOAS ...ttt e e e e e nnnnnenens 35
RESUILS ...ttt e e e e e et e e e e e e e e e e eeees 41
IS CUSSION. ..ttt e et e e e e e e e e nennnnnnnnnn e 54

CAREER LENGTH AND INJURY INCIDENCE IN MAJOR LEAGUE
SOCCER AFTER ANTERIOR CRUCIATE LIGAMENT

RECONSTRUCTION ...ttt e s 61
INEFOAUCTION <. 61
1Y/ L] 0 [0 To E TR 63
RESUILS ..ttt nesnnememnnnnnnnne e 68



IS CUSSION. ..ttt e et e e e e e e e e nennnnnnnnnn e 79

5 FUNCTIONAL OUTCOMES WITH PERFORMANCE OF THE ACL-
SPORTS TRAINING PROGRAM IN MEN AND WOMEN .......cccooevveeeeen. 85
INEFOTUCTION ..ot ettt e e e e e e ettt e e e e e e e e e eeeens 85
IVTEENOOS ...ttt s e e snnnennene e 87
RESUILS ...ttt e e e e e e e et e e e e e e e e e e eeees 93
DI CUSSION. ..ttt e e e e e e e s e e e nnnnnnnnnenn e 97

6 ACL-SPORTS PROGRAM RESULTS IN 95% RETURN TO PREINJURY
LEVEL OF SPORT AND 2.5% SECOND ACL INJURY INCIDENCE IN
MALE ATHLETES. ..o oottt e e e e e e e, 102
INEFOAUCTION <. 102
IVIBENOOS ..ot e e et e e e ettt e e e e e e e et e e e e e e neeannes 104
RESUILS ..ttt e e e e s e nenennnnnnns 109
DISCUSSION. ..ottt ettt e e e e e e e e et et e e e e e e et e eeaeeeeeannes 112

7 AN EXAMINATION OF PRIMARY AND SECONDARY ACL INJURY
PREVENTION PROGRAMS OUTCOMES......oo oo, 119
PUIPOSE L.t aa e 119
AN L e e e —— 119
AN 2 e e 121
N 1 T 7 124
FULUIE RESBAICN ...t ne e nnenns 125

REFERENGCES ... et e et e e e e e e e e e eeaeenaan 128
Appendix

A RAW INCIDENCE RATES AND RELATIVE RISK RATIOS FOR THE
BPTB AUTOGRAFT, BPTB ALLOGRAFT, AND HAMSTRING
AUTOGRAFT GROUPS ..ot 141

B NUMBER OF INJURIES, INJURY INCIDENCE, AND RELATIVE RISK
OF INJURIES BY SEVERITY FOR BPTB AUTOGRAFT, BPTB
ALLOGRAFT, AND HAMSTRING AUTOGRAFT GROUPS................... 143

C EXERCISES PERFORMED AS PART OF THE ACL-SPORTS
TRAINING PROGRAM ..ottt 144

D IRB APPROVAL AND CONSENT FORMS AIM 1......oooviiiiiiiiieeeeee. 146

E  IRBAPPROVAL FOR AIM 2., 158

F IRB APPROVAL AND CONSENT FORMS AIM 3...oooooiiiiiiieeeeeee. 159

Vi



vii



Table 1
Table 2
Table 3

Table 4

Table 5
Table 6
Table 7

Table 8

Table 9

Table 10

Table 11

Table 12

Table 13

Table 14

Table 15

Table 16

Table 17

LIST OF TABLES

Demographics and anthropomMEtriCS.........ccvvvevivereiieseee e 19
Results of paired t-tests comparing limbs (N=54).........cccccocevvvriinnnnnnn. 20
Reliability analysisS (N=54)......cccccciioiiiieieee e 21
Results of MANOVA comparing Injured and Uninjured groups

(NS54) oot s e ee e ee e 24
Anthropometrics and demographics of athletes ...........cccooeiviiiiienenn 43
Body parts effected and injury types observed over study period........... 44
CONLINUET ... e 45

Results of repeated measures ANOVA comparing the Control (N = 15)
and FIFAL11+ (N = 39) groups change over the first season ................... 46

Results of repeated measures ANOVA examining changes in
biomechanics over the first FIFA11+ season (N=39) compared to the
second FIFALL+ 5eason (N=22)......ccceveiieiieiesie e see e sie e 51

Anthropometrics and demographics of the ACL and Control groups..... 70

Differences between groups in career length and matched period
EXPIOSUIES ...ttt ettt e s r e s a e 71

Number of injuries, incidence, relative risk, and significance for
injuries during the matched period in the ACL and Control groups....... 76

Number of time loss injuries according to injury severity in each
group, relative risk, and SignifiCanCe...........ccoovirieiienieseee e 77

Demographics, injury mechanism, graft type, and time from surgery to
enrollment between men and WOMeN ... 94

Results of repeated measures ANOVA for QI and single-legged hop

LI S TP PP PP UPP PP 95
Results of repeated measures ANOVA for patient-reported outcome

IMBASUIES ...ttt e ettt ettt ettt ettt e e bt e e bt e e s bb e e e be e e s be e e abeeeanneeanes 96
Exercises involved in the ACL-SPORTS training program.................. 108

viii



Table 18

Table 19

Demographics and anthroPOMELIiCS ........ccovevveriereerieiie e

Number of athletes who returned to sport and preinjury level of
activity at each time POINTt.........ccoviiieiieiie e



Figure 1

Figure 2

Figure 3
Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

LIST OF FIGURES
Diagram of ACL injury prevention and study aims............ccocevvvevveinennenn 3

Marker set used for study. Individual markers affixed medially and
laterally to identify joint centers (medial and lateral metatarsal heads,
medial and lateral malleoli, medial and lateral femoral condyles, the
greater trochanters of each hip, and each acromion). Six rigid shells

were affixed to the trunk, pelvis, thighs, and shanks, to track each
SEOMEBNT. ..ttt ettt e e n e e 16

Example of asymmetry during drop jump task ..........ccccoecevviiieneninnnnnn 29
Flow diagram of study, including testing time points and intervention. . 37

Number of athletes at each time point in study and reasons for loss to

TOHOW-UP. .o 42
Change in valgus collapse values on the left and right over the first

season for the FIFAL1+ and Control groups. ......cccoeveveevveveenesiiesnenienns 50
Flow diagram showing inclusion of athletes in study .............ccccccveenneee, 69

Pie charts representing the mean percentage of regular/post-season
games started, substituted, or were unused for each group (N=68) ........ 73

Cumulative number of athletes still playing for each year after the

return to play date (N=76) ......ccvveriiiiiieiiee e 74
The number of athletes who played each percentage of their potential

(072 1T T TP 75
Flow of athletes through study ...........ccccoeiieiiiieic e, 89
CONSORT flow diagram of athletes through study ............cccoceeennen. 106



ABSTRACT

Very few injuries have the household recognition or receive the media attention of
anterior cruciate ligament (ACL) injuries. Soccer has a high incidence of ACL injuries
and once an athlete has sustained an ACL injury they are at a high risk for a second;
making primary and secondary prevention programs important. This project explored
the outcomes of a primary prevention program, rehabilitation and return to sport after
ACL reconstruction, and a secondary ACL injury prevention program. The FIFA11+ is
a primary prevention program that reduces knee injuries in men’s collegiate soccer,
however has not been examined in women’s collegiate soccer and it remains unknown
if the program is effective in changing movement patterns associated with ACL
injuries. In its first aim this dissertation established smallest detectable change and
minimal important difference values for motion analysis of a vertical drop jump
landing task. Then using these values to provide clinical context, this study found that
although effective in reducing non-contact lower extremity injuries, the FIFA11+ did
not reduce knee injuries or change biomechanical risk factors, such as valgus collapse.
In the second aim this dissertation explored if professional male athletes in Major
League Soccer (MLS) after ACL reconstruction were at an increased risk for injuries,
beyond their known increased risk for a new knee injury, and how returning to play
after ACL reconstruction affected their career length. This study found that although
not at an increased risk for lower extremity injury, MLS athletes had shorter careers

compared to age matched controls. Seemingly these athletes made a return to sport but

Xi



not a return to their preinjury level of performance. In its third aim this study explored
the outcomes of the Anterior Cruciate Ligament-Specialized Post-Operative Return to
Sports (ACL-SPORTS) program, a secondary prevention program designed to help
bridge the gap between physical therapy discharge and return to sport. This study
found that both men and women had increases in objective and self-reported outcome
measures over the course of the training program, with the exception of quadriceps
strength limb symmetry. Men had an increase in quadriceps strength limb symmetry
with the program, where women’s strength symmetry remained the same. Further
examination of the men found that 95% returned to their preinjury level of sport and
only one had a second ACL injury (incidence 2.5%) in the two years following ACL
reconstruction. The results of this dissertation set out future research goals to optimize
primary and secondary prevention and return to sport, however also provides
recommendations for clinicians on primary and secondary prevention programs that
may benefit their athletes and encourages attention to the return to performance phase

of ACL reconstruction rehabilitation.
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Chapter 1

KEEPING ATHLETES ON THE FIELD

Introduction

Soccer is the most popular sport worldwide.> With an estimated 265 million
players globally,! the Census Bureau estimates more than 13.6 million people play
soccer regularly in the United States.? Soccer dominates American youth sports, with
3.5 million youth players registered with clubs in 2014.2 For comparison there are only
2.5 million registered little league baseball and softball players worldwide.*
Unfortunately, cutting and pivoting sports, such as soccer, carry a high risk for
anterior cruciate ligament (ACL) injuries. Women’s soccer, in particular, has one of
the highest ACL injury risks of any women’s collegiate or high school sport.>’ High
school women’s soccer has an ACL injury rate of 0.42/1000 athletic exposures (AEs).
For a team of 22 athletes this rate is equivalent to one ACL injury every three years.
But there are two important factors this rate excludes: 1) the risk associated with
playing for a club or travel team, outside of high school soccer, which we know many
girls do,® and 2) the risk for second ACL injuries. The rate of primary ACL injuries is
also quite high in National Collegiate Athletics Association (NCAA) women’s soccer
at 0.38/1000AEs.8 This is equivalent to one ACL injury every other season.

Over all sports and activities there are an estimated 250,000 ACL injuries per
year.® ACL reconstruction is often recommended to young active individuals, to help
them regain knee stability and return to sport after ACL injury.l® Ninety one percent of

patients about to undergo an ACL reconstruction expect to return to their same level of



sport after surgery and 98% expect no or only a slight increase in their risk of
developing osteoarthritis.* However, ACL reconstruction does not guarantee an
athlete will return to sport.!? Only approximately 65% of athletes after ACL
reconstruction return to their preinjury level of activity, and even fewer, 55%, return to
their preinjury level of competition.!? Further, ACL reconstruction actually increases
the risk for osteoarthritis development,t31¢ with the majority of individuals after ACL
reconstruction having some degree of osteoarthritis development within 10 years.4-16
Second ACL injuries (graft ruptures or contralateral ACL injuries) are a large
problem in athletes who return to sport, particularly athletes in high risk groups such
as athletes under 20 years old,!” and women athletes.}”*° The highest risk for a second
ACL injury is in the first 72 athletic exposures (AE) after returning to sport.*® In the
first year after returning to sport athletes are fifteen times more likely to sustain a
second ACL injury compared to athletes with no history of ACL injury.'® Women are
at a higher risk compared to both men with a history of ACL injury and their uninjured
female peers.’® To make matters worse, outcomes after ACL reconstruction revisions
are not as good as after primary ACL reconstructions.?®?® Meta-analyses indicate that
after ACL reconstruction revision individuals have lower self-reported outcome
measure scores, lower scores on objective measures of knee function, and increased
risk for radiographic osteoarthritis compared to after primary ACL reconstruction. 202
It is clear that efforts to prevent both primary and secondary ACL injuries are
essential. This dissertation aims to examine the outcomes of primary and secondary
ACL injury prevention programs (0) with the hope that its results will benefit future
athletes and improve future outcomes. Starting with primary prevention in the first

aim, preventing the injury from occurring in the first place, moving through the injury,



and in the second and third aims examining the outcomes of rehabilitation, return to

sport, and secondary ACL prevention.

ACL Injury

Primary Prevention Rehabilitation Return to Sport Secondary Prevention

Aim 1 Aims 2 and 3

Figure 1 Diagram of ACL injury prevention and study aims

Aim 1: Primary Prevention (Chapters 2-3)
Women’s collegiate soccer has an overall injury rate of 8.44/1000 AEs.?*
Although ACL injuries account for only 0.7% of all injuries, they cause the longest
median time off due to injury.?® To prevent ACL injuries, research has examined the

risk factors and mechanisms of injury. Non-modifiable risk factors for ACL injuries




include age, with younger athletes being at a higher risk, and sex, with women being
at a higher risk.® Modifiable risk factors include faulty biomechanics and altered
neuromuscular control.® 2 Hewett et al. identified high peak knee abduction angles
and moments during a vertical drop jump landing task as risk factors for ACL injuries
in high school age female athletes.?® Video analysis studies have identified common
mechanisms of injury in soccer,?” handball,?® and basketball.?® These mechanistic
studies indicate that, particularly in women, valgus collapse (hip adduction, hip
internal rotation, and knee abduction) may place the ACL in a position of high risk.2®

In response to risk factor and mechanistic studies, primary injury prevention
programs were developed. One of the first well known programs was the Prevent
Injuries and Enhance Performance Program (PEP).% From the PEP program, the
FIFA11, and subsequently the FIFA11+ programs were developed by the Medical and
Research Committee of the Fédération Internationale de Football Associations (FIFA).
The FIFA11+ was designed to be used as a dynamic warm-up prior to sports training
sessions or games. The program involves active stretching of the lower extremities,
core and leg strengthening, balance, plyometric, and agility exercises. Each exercise
has three levels to facilitate progression in difficulty.®! The primary focus of the
FIFA11+ is on correct performance of each exercise, particularly proper alignment
during single leg activities and proper form during jump landings.

To date much of the research surrounding the FIFA11+ has been on its
efficacy in reducing injuries. Two large scale efficacy studies have been performed. In
high school women’s soccer the FIFA11+ reduced all injuries by 34%,% and in
collegiate men’s soccer the FIFA11+ reduced lower extremity injuries by 92%,3! and

ACL injuries by 76%.% Other smaller scale efficacy studies have been performed,®* %



as well as studies examining implementation, compliance,*®-® and the program’s
effects on physiological preparation of the body for sport,®°4° lower extremity
strength**® and functional performance measures.*? Given the FIFA11+ focus on
proper alignment during single leg and jump landing tasks, however, there is currently
no evidence on whether the program changes movement patterns.

Very few studies have examined the efficacy of injury prevention programs
over multiple seasons.®® 4 Myklebust et al.** examined the use of an injury prevention
program over two handball seasons, however the program was changed from the 1 to
the 2" seasons, so results of each season are in essence the results of two different
programs. Mandelbaum et al.®® explored the efficacy of the PEP program in reducing
injuries over two soccer seasons. They found an 88% decrease in injuries in the first
season and a 74% in the second season.*® To the author’s knowledge there are no
studies on the effects of the FIFA11+ over multiple seasons, and no studies on the
biomechanical changes over multiple seasons with use of any injury prevention
program.

Aim: Determine kinetic and kinematic changes that occur with FIFA11+
utilization over two soccer seasons in collegiate women soccer players.

Hypothesis 1.1 Smallest detectable change and minimal important difference
scores can be calculated for the vertical drop jump landing task, so that meaningful
and clinically meaningful change can be established.

Hypothesis 1.2 After using the FIFA11+ for one season athletes will have a
lower non-contact lower extremity injury incidence rate, particularly a lower knee

injury incidence rate, than athletes in the control group.



Hypothesis 1.3 After using the FIFA11+ for a second season athletes will have
a lower non-contact lower extremity injury incidence rate, particularly a lower knee
injury incidence rate, than after the first season of FIFA11+ use.

Hypothesis 1.4 After using the FIFA11+ for one season athletes will have
smaller peak knee abduction, hip adduction, and hip internal rotation angles and
moments than athletes in the control group.

Hypothesis 1.5 After using the FIFA11+ for a second season athletes will have
smaller peak knee abduction, hip adduction, and hip internal rotation angles and

moments compared to after the first season of FIFA11+ use.

Aim 2: Return to Sport, Subsequent Injuries, and Secondary Prevention
(Chapters 4)

Injuries cost athletes physically and emotionally, as well as costing teams
financially and in teams’ performance.* In professional European men’s soccer,
players incur, on average, two injuries per year or approximately 50 injuries per team
per year.*® Proportionally, eight of each team’s injuries will be severe, causing players
to miss >28 days of training and competition.*® Muscle injuries account for one third
of all time-loss injuries in European men’s professional soccer, with hamstring and
quadriceps injuries accounting for almost 20% of all time-loss injuries.*® 4" Work by
Hagglund et al.*® in European men’s professional soccer found that a previous muscle
injury was a risk factor for a future injury in that same muscle group. But more
importantly, injury to any muscle group increased risk for a lower extremity injury in
the subsequent season.*®

ACL injuries occur at a rate of 0.07/1000AEs in European men’s professional

soccer.>® While these injuries aren’t common, ACL injuries are still of grave concern



due to the impact on a player’s career, the long time-loss, and the high risk of second
ACL injury.® Second ACL injuries have been a common outcome measure used to
assess ACL reconstruction and rehabilitation.}”19515% A recent meta-analysis found
that approximately 20% of all athletes returning to sport after ACL reconstruction
incurred second ACL injuries (8% ipsilateral/12% contralateral).>® Although the
reinjury rate may be lower in men’s professional soccer than amateur level play, with
6.7% of male European professional players requiring subsequent knee surgery after
ACL reconstruction,® these elite athletes are still at risk. Walden et al.>® found that
male Swedish professional soccer players after ACL reconstruction were at 7.9 times
greater risk for a new knee injury and 4.8 times greater risk for a knee overuse injury
compared to athletes with no history of ACL reconstruction. This high risk for a new
knee injury after ACL reconstruction prompts questions as to whether the knee is the
only joint at increased risk. For a clinician to fully educate their athletes on the risks of
returning to sport, more knowledge is needed on the type and severity of injuries that
athletes incur after ACL reconstruction, rehabilitation, and return to sport. Further, it is
important to explore if there is a relationship between graft type and injury. For
example, if athletes with a hamstring autografts are at greater risk for hamstring
injuries compared to athletes with other graft types.

Currently only one study has examined ACL injuries in Major League Soccer
(MLS),%® the highest men’s professional soccer league in the United States. However,
this study only used publically available online data. The study found no significant
difference in career length between athletes after ACL reconstruction and matched
controls;*® a contrasting finding to European men’s professional soccer where only

two-thirds of athletes were still playing at the highest level three years after ACL



reconstruction.> Research in other professional sports, such as the NBA and NFL,
indicates that ACL reconstruction may negatively affect performance and career
longevity,>”° however accurate analysis of return to play and career length is still
needed in MLS. Thus, this study will explore the impact of ACL reconstruction on
return to play, career length, and injury incidence in MLS athletes.

Aim: Establish the incidence of lower extremity injuries, time loss, and career
duration after ACL reconstruction, rehabilitation, and return to sport in Major League
Soccer (MLYS).

Hypothesis 2.1 From the time of their return to play, athletes after ACL
reconstruction will have shorter careers in the MLS than athletes with no history of
ACL injury

Hypothesis 2.2 In the first two years after ACL reconstruction and return to
play athletes will have a higher incidence of lower extremity time-loss injuries than
athletes with no history of ACL injury.

Hypothesis 2.3 In the first two years after ACL reconstruction and return to
play athletes will have a higher incidence of time-loss injuries to the thigh muscles
than athletes with no history of ACL injury

Hypothesis 2.4 In the first two years after ACL reconstruction and return to
play athletes will have a higher number of severe lower extremity time-loss injuries
than athletes with no history of ACL injury

Hypothesis 2.5 Injury incidence in the first two years after ACL reconstruction

and return to play will differ between athletes who received different graft types



Aim 3: Rehabilitation, Return to Sport, and Secondary Prevention (Chapters 5-6)

Rehabilitation and return to sport criteria used after ACL reconstruction are not
standardized. Slight differences are necessary in order to tailor treatments to athletes’
specific needs and progress, however a 2011 systematic review found that of 264
studies identifying factors used in return to sport decision-making, 40% provided no
return to sport criteria, 32% used time from surgery, and only 13% used objective
return to sport criteria.®® More recently, a 2016 study found that only 19% of ACL
reconstruction protocols available online recommended passing strength and activity
criteria prior to return to sport.®* Although peer reviewed literature on rehabilitation
following ACL reconstruction exists, much of it is level five evidence.%? Particularly
in the return to sport phases of ACL reconstruction rehabilitation, a large portion of
the literature consists of clinical commentaries.®3%¢ There are very few studies
examining the outcomes of specific physical therapy interventions during the return to
sport phase of ACL reconstruction rehabilitation.

With the low return to sport rates and high second ACL injury risk there is
clearly room for improvement in ACL reconstruction outcomes. Over the first two
years after ACL reconstruction strength imbalances, influenced by graft type, have

68 69 and

been observed.®” These imbalances are seen to effect functional performance
self-reported outcomes.”® Resolution of strength asymmetries are crucial, as
symmetrical quadriceps strength upon return to sport has been seen to reduce the risk
of reinjury.”* Improvements in self-reported outcomes may also be needed. Twelve
months after ACL reconstruction almost 22% of an international cohort still rated their
knee function as below age-matched norms, using the International Knee

Documentation Committee 2000 Subjective Knee Form.”? Thus, there are clear



reasons to examine the outcomes of interventions used during ACL reconstruction
rehabilitation.

In addition to exploring effects on function, return to sport, and second ACL
injury, the differential effects of sex must also be taken into consideration when
studying ACL reconstruction rehabilitation interventions. Beyond being at a higher
risk for a second ACL injury,*® women have lower odds of returning to their
preinjury level of sport than men.*? The impact of ACL reconstruction on activity may
be long term, as even six years after reconstruction women are more likely to be less
active than their male counterparts.” Women tend to have lower IKDC scores in the
1% year after ACL reconstruction, ° and have greater deficits in knee extensor strength
at the same time point. ’* These results could indicate that men and women rehabilitate
and recover from ACL reconstruction differently and that their outcomes after specific
interventions may need to be examined separately.

Aim: Quantify the effects of a specialized return to sport training and second
injury prevention program on function, return to sport, and second ACL injury
incidence in athletes after ACL reconstruction.

Hypothesis 3.1 The Anterior Cruciate Ligament Specialized Post-Operative
Training (ACL-SPORTS) program will improve functional and self-reported
outcomes from pre-training to post-training.

Hypothesis 3.2 Men and women who undergo the ACL-SPORTS program will
have different changes in functional and self-reported outcomes from pre-training to

post-training.
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Hypothesis 3.3 Men who undergo the ACL-SPORTS program will return to
sport at higher rates and have a lower second ACL injury incidence in the first two

years after ACL reconstruction, when compared to the previously reported data.

Summary
Few injuries have the household recognition or receive the media coverage of
ACL injuries. With approximately 250,000 ACL injuries,® an estimated 130,000 ACL

reconstructions,’® 76

and around 19,500 second ACL injuries each year in the United
States,> implementing and optimizing primary and secondary prevention strategies is
paramount. Although the scope is quite broad, the information gained from this study
and its three aims will directly impact primary and secondary prevention practices.
Examining the biomechanical changes that occur with use of a primary prevention
program will help clinicians and researchers understand the mechanism by which the
program protects athletes and its efficacy when used over multiple seasons. Examining
the types and severity of injuries that athletes incur after ACL reconstruction,
rehabilitation, and return to sport will help clinicians accurately educate their athletes
on the risks they face in returning to sport. Additionally, this research may identify
injuries that could be prevented through interventions integrated into ACL
reconstruction rehabilitation or additional return to sport criteria. Examining the
outcomes of a return to sport training and second injury prevention program in men
and women as well as its return to sport and second ACL injury outcomes, will help
clinicians understand the specific benefits of the training program. The results will
also serve as some of the first evidence-based intervention recommendations for the

return to sport phase of ACL reconstruction rehabilitation. Primary and secondary

ACL injury prevention are necessary, and this assessment of outcomes aims will help
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improve their efficacy. The findings of this dissertation will be immediately clinically
applicable, and have the potential to help decrease the number of ACL injuries, ACL

reconstructions, and second ACL injuries that occur each year.
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Chapter 2

SMALLEST DETECTABLE CHANGE AND MINIMAL IMPORTANT
DIFFERENCE VALUES FOR BIOMECHANICAL TESTING OF A DROP
JUMP LANDING TASK IN COLLEGIATE WOMEN SOCCER PLAYERS

Introduction

Biomechanics of ACL injury and ACL injury prevention is of great interest to
athletes, coaches, clinicians, and researchers. In 2005 Hewett et al.?® examined
biomechanical risk factors for ACL injury using a vertical drop jump landing task
(drop jump). Subsequently the drop jump has been used as a screening tool for risky
biomechanics. Myer et al.”” used 3D motion analysis of a drop jump to classify
athletes with a knee abduction moment >25.25 Nm as having high ACL injury risk
with 73% sensitivity and 70% specificity. The Landing Error Scoring System (LESS)
used 2D cameras recording in the sagittal and frontal planes to assess drop jump
biomechanics and identify athletes at risk for ACL injury in a clinical setting.”® In
addition to being used as a screening tool, the drop jump has been employed to assess
changes in movement patterns. Barber-Westin et al.”® used 2D analysis of the drop
jump to assess changes in knee separation distance after an injury prevention program.
Several other studies have examined changes in drop jump kinematics and kinetics
with 3D motion analysis.”’ 808!

Previous work has established that 3D motion analysis of a drop jump is
reliable.82-84 These reliability studies found higher within-session than between-session
reliability,%2-8* with both Mok et al.® and Ford et al.®* finding good to excellent
intraclass correlation coefficients (ICCs) for knee angles and moments. Ford et al.®

also found good to excellent ICCs for hip angles and moments.
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These reliability studies suggest that the drop jump may have the necessary
measurement properties to serve as a valuable screening tool.8284 Literature reporting
on use of the drop jump to assess change indicates that modifications to movement
patterns occur,’” 881 put there are no published smallest detectable change (SDC) or
minimal important difference (MID) values for the drop jump to give clinical meaning
to the size of these reported changes. The SDC (also known as the minimal detectable
change) represents the smallest change that can be considered ‘real,” given the error of
a measurement.8® 8’ Lower extremity joint angle and moment SDCs have been
published for walking gait, but not for the drop jump.888 The MID represents the
smallest improvement that a patient or clinician would consider worthwhile, and is
also known as the minimal clinically important difference.*® MIDs are used frequently
in patient-reported outcome measures,®! % but have also been established in walking
gait after ACL injury.8 SDC and MID values for the drop jump would help clinicians
and researchers assess if changes in biomechanical variables are meaningful. In
particular, SDC and MID values could help clinicians and researchers assess if an
intervention, such as an injury prevention program, has actually changed risk factors
for ACL injury.

The purpose of this study was to calculate SDC and MID values for knee and
hip angles and moments during a drop jump in collegiate women soccer players. This
study was performed using the baseline data from a cohort study examining the effects
of the FIFA11+ injury prevention program. Thus, this study is an exploration into

whether establishing SDCs and MIDs is feasible for the drop jump.

14



Methods

Athletes from two NCAA Division | and one NCAA Division Il women’s
soccer teams participated in this study. All athletes gave written informed consent
prior to participating, and the study was approved by the institution’s human subjects
review board. Athletes were included regardless of position, academic year, or
injury/surgery history. Athletes were excluded if they were unable to perform the drop
jump. Motion analysis data collection occurred during preseason.

Motion analysis of a drop jJump was performed using an eight camera motion
system (VICON; Oxford Metrics Ltd, London, England) sampled at 240Hz, and two 6
component embedded force plates (Bertec, Worthington, Ohio, USA) sampled
simultaneously at 1080Hz. Athletes wore their own athletic shoes and clothes. Twenty
two retro-reflective markers were affixed, using double sided tape, to identify joint
centers and six rigid shells were affixed using elastic wraps to track segment positions
(Figure 2). Previous research, including a reliability study that calculated SDC and
MID values for walking gait,®® has used this maker set.® %All markers were placed by
one researcher (AA) who had excellent inter-rater (against others who regularly use

this marker set, ICC >0.95) and intra-rater reliability (ICC >0.97).
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Figure 2 Marker set used for study. Individual markers affixed medially and
laterally to identify joint centers (medial and lateral metatarsal heads,
medial and lateral malleoli, medial and lateral femoral condyles, the
greater trochanters of each hip, and each acromion). Six rigid shells were
affixed to the trunk, pelvis, thighs, and shanks, to track each segment.

The drop jump was performed similar to Hewett et al.?® Athletes dropped from
a 40 cm box, landing with one foot on each force plate. Upon landing they
immediately jumped up and again landed with one foot on each force plate. Analysis
focused on the first landing, with initial contact defined by when the vertical force

exceeded 5N. Athletes were given verbal instructions and allowed to practice the drop
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jump. Three trials of the drop jump were then performed with no standardization of
the time between jumps.

Markers were labeled using Vicon Nexus software (v 1.8.5, VICON, Oxford
Metrics Ltd, London, England) and gaps in the signal caused by marker drop out were
filled using the program’s spline filling algorithm. Trials with gaps too large for the
algorithm to fill were excluded from analysis. Rigid-body analysis and inverse
dynamics post-processing was performed using Visual 3D (C-Motion Inc.,
Germantown, Maryland, USA). Kinematic and kinetic data were low pass filtered at 6
Hz and 40 Hz respectively.® External moments were calculated and hip flexion, hip
adduction, hip internal rotation, knee extension, and knee adduction, were presented as
positive values. Variables of interest were the peak hip angles and external moments
in the sagittal, frontal, and transverse planes, as well as peak knee angles and external
moments in the sagittal and frontal planes.

Statistical analyses were performed in SPSS version 24 (Microsoft, Redmond,
Washington, USA) and Microsoft Excel 2013 (Redmond, Washington, USA). In order
to determine if SDCs could be applied bilaterally, paired t-tests were performed to
examine if there were differences between the right and left limbs. Where no
significant difference was found, the limbs were collapsed for reliability analyses, but
where differences were present, the limbs were analyzed separately. ICC(2,1) was
selected for analysis.?® % The standard error of the mean (SEM) was calculated using
the equation SEM = Standard Deviation x V(1-1CC). The SDC was calculated using
the equation SDC = SEM x 1.96 x V(2). 8 ICC analyses were performed on all three
drop jump trials for each variable (data not shown), but there were significant inter-

trial differences for peak hip flexion angle (p<0.01), left peak hip adduction moment
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(p=0.02), right peak hip internal rotation angle (p=0.01), and left peak knee flexion
angle (p=0.02). As a result the analyses were repeated using only the second and third
trials. ICCs were classified as either excellent (>0.75), good (0.60-0.75), fair (0.40-
0.59), or poor (<0.40).%” Effect sizes (Cohen’s D) were classified as small (0.2),
medium (0.5), and large (0.8).%

Two teams participated in the intervention arm of this study, performing the
FIFAL11+. The third team served as a control group (N=20) who participated in
biomechanical motion analysis but did not participate in any intervention. Control
group athletes were monitored throughout the soccer season by a certified athletic
trainer and all injuries/complaints reported to the athletic trainer were recorded. At the
conclusion of the season control group athletes were categorized as to whether they
experienced a non-contact lower extremity injury®® (Injured) or not (Uninjured). All
non-contact lower extremity injuries were included, as they are the target of injury
prevention programs. A MANOVA was used to assess if there were differences
between the Injured and Uninjured groups in the variables of interest at preseason. The
mean difference between the Injured and Uninjured groups was compared to the SDC.
Where the mean difference between the Injured and Uninjured groups was greater
than the SDC it was chosen as the MID.%° Power calculations were performed similar
to Mok et al.®? using sample size calculations specifically designed for reliability
studies.!% Using a confidence interval width of 0.2, a mean ICC value of 0.80, p=0.05,

with two trials of the drop jump a minimum sample size of 50 was needed.

Results
Sixty eight players participated in preseason motion analysis testing of the drop

jump (Table 1). Of those 54 had usable drop jump trials (FIFA11+ = 34, Control = 20
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). The primary reason for exclusion of trials was marker drop out. Marker drop out
was caused by athlete’s arms swinging and obstructing the thigh shells from camera

view.

Table 1 Demographics and anthropometrics

Demographics and Anthropometric Mean £ Standard Deviation
Variables (N=68)
Age 19.4 £ 1.2 years
Height 1.7 £ 0.1 meters
Weight 63.9 £ 6.6 kg
Positions Forwards: 13
Midfielders: 24
Defense: 21
Goalkeepers: 8

There were significant differences between limbs in hip adduction angle
(p<0.01) and moment (p=0.02), hip internal rotation angle (<0.01) and moment
(p<0.01), knee flexion angle (p<0.01) and knee abduction moment (p=0.05) (Table 2).
As a result the separate right and left ICCs, SEMs, and SDCs were calculated for these

variables.
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Table 2 Results of paired t-tests comparing limbs (N=54)

Variable

Left
(Mean =
Standard

Deviation)

Right
(Mean *
Standard

Deviation)

p-value

Cohen’s D

FEELS "'A"npg::e'ex'on 88.83+13.75° | 88.68+13.24° 077 0.03
Peak Hip Flexion 1.08 +0.27 1.09 £ 0.25 0.87 0.12
Moment Nm/kgm Nm/kgm ' '
Peak Hip o i o
Adduction Angle* -4.70 £ 4.40 2.01 £5.04 <0.01 0.57
Peak Hip
. 0.14+£0.10 0.17+0.1
Adduction 0.02 0.38
Moment Nm/kgm Nm/kgm
Peak Hip Internal o i o
Rotation Angle** -8.68 £ 5.91 4.88 + 6.32 <0.01 0.62
Peak Hip Internal 0.16 £ 0.08 0.19+£0.08
Rotation Moment Nm/kgm Nm/kgm <0.01 0.38
Peak Knee Flexion -107.49 £ o
Angle 12 20° -105.90 + 12.12 0.02 0.13
Peak Knee Flexion -0.96 £ 0.15 -0.98 £ 0.17 0.31 0.12
Moment Nm/kgm Nm/kgm ' '
Peak Knee o o
Abduction Angle -1.87 £4.70 -1.76 + 3.80 0.81 0.03
Peak Knee
. -0.17 £0.10 -0.26 £ 0.12
Abduction Nm/kgm Nm/kgm <0.01 0.81
Moment

In accordance with the right hand rule, hip flexion, adduction, internal rotation, knee
extension, and adduction are presented as positive.

* Some athletes performed the drop jump in hip adduction (+) others in hip abduction
(-). As a result the mean peak hip adduction angle was negative, and actually
represents a small hip abduction angle.
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** Similar to the peak hip adduction angle, some athletes performed the drop jump in
hip internal rotation (+) some in hip external rotation (-). As a result the mean peak hip
internal rotation angle was negative, and actually represents a small hip external
rotation angle.

There was a significant difference between trials in right peak hip internal
rotation angle, however, the effect size for this inter-trial difference was small
(Cohen’s D = 0.13). All variables except peak knee flexion moment (ICC 0.43, 95%
confidence interval 0.22-0.58, SEM 0.16, SDC 0.44 Nm/kgm) had good or excellent
ICCs (Table 4). To explore the reason for this low reliability in the knee flexion
moment, the reliability analysis was run again, this time separating the right and left.
The results of this subsequent analysis of peak knee flexion moment found that the

ICCs improved to excellent and SDCs decreased (Table 3).

Table 3 Reliability analysis (N=54)

] ICC (95% IcC
Confidence A SEM
value Classification
Interval)

Peak Hip o o
Flexion Angle 0.97 | 0.93(0.89 to 0.95) Excellent 1.80 4.99

Peak Hip

Flexion 0.21 | 0.63(0.51t00.74)|  Good 0.8 | 051

Nm/kgm | Nm/kgm
Moment
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Table 3 Continued

value

ICC (95%
Confidence

ICC

Classification

SEM

Peak Left Hip

Interval)

0.82 (0.71 to

Adduction 0.83 Excellent 0.80° 2.23°
0.89)
Angle
Peak Right Hip
Adduction 0.29 0.92 (086 to Excellent 0.45° 1.25°
0.95)
Angle
Peak Left Hip
Adduction | 00g 082070t 1 oyen | 002 - 005
M 0.89) Nm/kgm | Nm/kgm
oment
Peak Right Hip
Adduction 0.78 0.78 (0.66 to Excellent 0.02 0.06
0.88) Nm/kgm | Nm/kgm
Moment
Peak Left Hip
Internal 0.51 0'860(8'27)7 0 Excellent 0.79° 2.19°
Rotation Angle '
Peak Right Hip
Internal 0.03 0'920(8'5?6 o Excellent 0.55° 1.53°
Rotation Angle '
Peak Left Hip
Internal 0.76 (0.61 to 0.02 0.06
Rotation Y 0.85) SEIE Nm/kgm | Nm/kgm
Moment
Peak Right Hip
Internal 0.63 (0.44 to 0.03 0.09
Rotation 0.33 0.77) Good Nm/kgm | Nm/kgm
Moment
Peak Left Knee 0.86 (0.76 to o o
Flexion Angle 0.53 0.91) Excellent 1.73 4.79
Peak Right
Knee Flexion 0.24 | 0.86 (0.77-0.92) Excellent 1.77° 4.92°
Angle
Peak Left Knee 0.82 (0.70 to 0.03 0.08
Flexion Moment 0.52 0.89) e Nm/kgm | Nm/kgm
Peak Right
Knee Flexion 0.12 0.82(0.7010 Excellent 0.03 0.07
0.89) Nm/kgm | Nm/kgm
Moment
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Table 3 Continued.

ICC (95% IcC
Confidence e . SEM
Classification
Interval)
Peak Knee
Abduction | 078 | 0-73(0.6210 Good 208° | 5.78°
0.81)
Angle
Peak Left Knee
) 0.72 (0.56 to 0.03 0.09
Abduction 0.81 0.83) Excellent Nm/kgm | Nm/kgm
Moment
Peak Right
. 0.75 (0.60 to 0.03 0.09
Knee Abduction | 0.34 0.85) Excellent Nm/kgm | Nm/kgm
Moment

The p-value presented is that of the two-way ANOVA used in the ICC calculation, and
represents if there were significant differences between trials. ICCs were classified as
either excellent (>0.75), good (0.60-0.75), fair (0.40-0.59), or poor (<0.40).%’

In the Control group, 11 of 20 athletes experienced non-contact lower
extremity injuries (Injured group), six athletes with multiple injuries. Injuries
included: Achilles pain/calf tightness, lateral ankle sprains, groin, hamstring and
quadriceps strains, patellofemoral pain, peroneal tendonitis, and iliotibial band
syndrome. There were no statistically significant differences between the Injured
(N=11) and Uninjured groups (N=9) at preseason (Table 4), but there were four
measures where the mean differences between groups exceeded the SDC. The Injured
group landed in more hip flexion (86.46 + 11.08° vs Uninjured 80.64 + 17.48), less
right hip external rotation (-3.62 + 3.33° vs Uninjured -7.95 £ 9.06°), and less knee
flexion on both the right (-103.95 + 12.09° vs Uninjured -110.77 £ 14.57°) and left (-
104.21 £ 11.81° vs Uninjured -110.70 + 13.45°) compared to the Uninjured group.
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Thus, MID values of 5.82° for peak hip flexion angle, 4.33° for peak hip internal

rotation angle, and 6.82° for peak knee flexion angle were proposed.

Table 4 Results of MANOVA comparing Injured and Uninjured groups (N=54)
Mean
Smallest Difference Effect
Detectable between I size
Change (from Injured and p-value (Cohen’s
Table 3) Uninjured D)
groups
Pl 4.99° 5.82° * 0.39 0.41
Flexion Angle
Peak Hip
Flexion 0.51 Nm/kgm 0.10 Nm/kgm 0.35 0.46
Moment
Peak Left Hip
Adduction 2.23° 0.67° 0.73 0.20
Angle
Peak Right Hip
Adduction 1.25° 0.71° 0.74 0.20
Angle
Peak Left Hip
Adduction 0.05 Nm/kgm 0.01 Nm/kgm 0.70 0.20
Moment
Peak Right Hip
Adduction 0.06 Nm/kgm 0.004 Nm/kgm 0.93 0.00
Moment
Peak Left Hip
Internal 2.19° 0.58° 0.81 0.10

Rotation Angle
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Table 4 Continued

Mean
Difference Effect
between I size
Injured and p-value (Cohen’s

Smallest
Detectable

Change (from

Peak Right Hip

Internal
Rotation Angle

Table 3)

1.53°

Uninjured
groups

4.33°*

0.18

D)

0.70

Peak Left Hip
Internal
Rotation
Moment

0.06 Nm/kgm

0.03 Nm/kgm

0.17

0.70

Peak Right Hip
Internal
Rotation
Moment

0.09 Nm/kgm

0.01 Nm/kgm

0.79

0.13

Peak Left Knee
Flexion Angle

4.92°

6.49° *

0.28

0.55

Peak Right
Knee Flexion
Angle

4.79°

6.82° *

0.28

0.55

Peak Left Knee
Flexion
Moment

0.08 Nm/kgm

0.04 Nm/kgm

0.48

0.35

Peak Right
Knee Flexion
Moment

0.07 Nm/kgm

0.06 Nm/kgm

0.47

0.35

Peak Knee
Abduction
Angle

5.78°

0.98°

0.66

0.20

Peak Left Knee
Abduction
Moment

0.09 Nm/kgm

0.06 Nm/kgm

0.12

0.81

Peak Right
Knee
Abduction
Moment

0.09 Nm/kgm

0.01 Nm/kgm

0.83

0.11
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*Mean difference between Injured and Uninjured group was larger than the SDC.
MID values: Peak hip flexion angle (5.82°), peak hip internal rotation angle (4.33°),
and peak knee flexion (6.82°). As the mean differences between the Injured and
Uninjured groups in the right peak hip internal rotation angle (4.33°) was greater than
both the right (1.53°) and left (2.19°) SDC values, 4.33° was considered the MID
bilaterally. Similar for the peak knee flexion angle, the mean difference between
groups in right knee flexion angle (6.82°), was greater than both the right (4.79°) and
left (4.92°) SDC values, thus 6.82° was made the MID bilaterally.

Discussion

The resu