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A functional test battery (FTB), which combines the use of subjective and
objective functional measures, has been proposed as a potential means to distinguish
anterior cruciate ligament reconstructed (ACLR) patients’ that can more safely
participate in activity from those at greater risk. However, no previous study has directly
assessed whether ACLR females who pass a FTB exhibit landing biomechanics before
and after exercise that are similar to healthy females and more favorable than ACLR
females that fail the FTB.
Thirty recreationally-active females completed a FTB consisting of two subjective
questionnaires evaluating knee function, quadriceps strength testing, and four single leg
hop tests. Bilateral lower extremity biomechanics were measured during two landing
tasks before and after the completion of 30 minutes of sustained exercise. Nondominant/ACLR limb biomechanics and limb biomechanics asymmetry were compared
between 12 healthy females, 10 ACLR females that passed the FTB, and 8 ACLR
females that failed the FTB.

While ACLR-females that passed or failed the FTB did exhibit some differences
in biomechanical asymmetry compared to healthy females, no differences in ACL
reconstructed knee biomechanics or biomechanical asymmetry were identified between
ACLR females that passed or failed the FTB during landings performed before and after
sustained exercise. Further, in contrast to previous studies, ACLR females exhibited
slightly greater loading on the ACL reconstructed limb compared to the uninvolved limb
and similar quadriceps strength and symmetry as healthy females.
These results indicate that the FTB used in this study is not useful for identifying
ACLR females that exhibit knee joint landing biomechanics and asymmetries that may
present an increased risk for ACL injury; and that restoring quadriceps function after
ACLR is likely essential for reducing the risk of subsequent knee joint injury.
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CHAPTER 1: GENERAL INTRODUCTION
Anterior cruciate ligament (ACL) injury occurs with high frequency in athletic
populations with more than 200,000 occurrences annually in the United States (Frank &
Jackson, 1997; Prodromos, Han, Rogowski, Joyce, & Shi, 2007). There is also a
significant difference between sexes with females having an increased incidence rate of
ACL injury compared to males (Arendt & Dick, 1995; Hewett et al., 2005; Toth &
Cordasco, 2001). Following injury, ACL reconstruction (ACLR) is a common treatment
of choice with approximately 175,000 ACLR surgeries performed each year at an
estimated cost of more than $2 billion (Lyman et al., 2009). Radiographic evidence of
early-onset knee osteoarthritis (OA) has been reported in 38.6% of individuals who have
undergone ACLR at a mean follow-up time of 7.35 years (Li et al., 2011). As OA results
in joint stiffness, functional impairment, and pain with daily activities (Lohmander,
Englund, Dahl, & Roos, 2007), there is a significant risk for reduced quality of life
following injury and ACLR. Additionally, the total economic impact of ACL injury is
estimated to be $7.6 billion annually when factoring in costs associated with lost work,
earnings, disability, development of knee OA, and knee arthroplasty surgery for ACLR
patients with more pronounced OA (Mather et al., 2013).
Previous researchers reported that patients with primary ACLR experience a
greater rate of second ACL injury after return to activity (Pinczewski et al., 2007;
Salmon, Russell, Musgrove, Pinczewski, & Refshauge, 2005; Wright et al., 2007).
Specifically, individuals with primary ACLR are 15 and 6 times more likely to suffer a
second ACL injury within 1 and 2 years following return to activity, respectively, than
individuals who have never sustained an ACL injury (Paterno, Rauh, Schmitt, Ford, &
Hewett, 2012, 2014). Interestingly, the second ACL injury can occur to either the
previously injured (ipsilateral limb: 3-6%) or uninjured (contralateral limb: 3-19%) limb
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(Paterno et al., 2012; Salmon et al., 2005; Shelbourne, Sullivan, Bohard, Gray, & Urch,
2009; Wright et al., 2007). In addition, female patients are six times more likely than
males to rupture their contralateral ACL within one year after returning to unrestricted
physical activity (Paterno et al., 2012). It is not exactly understood why ACLR patients
are prone to greater risk of ACL injury. However, it is proposed that ACLR patients may
continue to use altered landing mechanics that have been associated with ACL injury
risk (Breen, Kenny, & Harrison, 2014; Decker, Torry, Noonan, Riviere, & Sterett, 2002;
Ernst, Saliba, Diduch, Hurwitz, & Ball, 2000; Goerger et al., 2014; Kuenze et al., 2014;
Paterno et al., 2010; Stearns & Pollard, 2013), and/or exhibit an asymmetrical
compensatory movement pattern that might increase knee joint loading on the
contralateral limb (Gokeler et al., 2010; Oberländer, Brüggemann, Hoeher, &
Karamanidis, 2013; Orishimo, Kremenic, Mullaney, McHugh, & Nicholas, 2010; Paterno,
Ford, Myer, Heyl, & Hewett, 2007; Xergia, Pappas, Zampeli, Georgiou, & Georgoulis,
2013).
In addition, neuromuscular fatigue is associated with changes in lower extremity
landing biomechanics that likely increase ACL injury risk in ACLR patients (Kuenze et
al., 2014; Webster, Santamaria, McClelland, & Feller, 2012). There is also evidence to
suggest that quadriceps function in ACLR patients, even after being cleared for
unrestricted activity, is diminished (Chang, Kim, Hertel, & Hart, 2014; Hart, Pietrosimone,
Hertel, & Ingersoll, 2010) and responds differently to exercise compared to healthy
individuals (Chang et al., 2014; Kuenze, Hertel, & Hart, 2013). This altered quadriceps
function could possibly result in movement compensation to preserve quadriceps
strength during sustained exercise, but these compensations may also contribute to the
increase in subsequent knee joint injury risk in ACLR patients (Blackburn, Pietrosimone,
Harkey, Luc, & Pamukoff, 2016).
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There are a variety of subjective and objective functional measures currently
available for use the in the clinical setting to assess an ACLR patient’s level of function
and readiness to safely participate in unrestricted physical activity after surgical
reconstruction. The 2000 International Knee Documentation Committee Subjective
Knee Evaluation Form (IKDC 2000) and the Knee Outcome Survey Activities of Daily
Living Scale (KOS‐ADLS) are two commonly used patient-oriented subjective measures
(Fitzgerald, Axe, & Snyder-Mackler, 2000; Hambly & Griva, 2010; Hartigan, Axe, &
Snyder-Mackler, 2010; Logerstedt et al., 2014). Objective functional measures include
isometric and isokinetic knee extension strength testing, and various forms of single leg
hop testing (Barber-Westin & Noyes, 2011; Fitzgerald et al., 2000; Hartigan, Zeni Jr, Di
Stasi, Axe, & Snyder-Mackler, 2012; Hartigan et al., 2012; Logerstedt et al., 2014;
Schmitt, Paterno, & Hewett, 2012; Thomeé et al., 2011; Xergia et al., 2013).
Unfortunately, despite the clinical use of various subjective and objective functional
measures, it is estimated that 6 to 27% of primary ACLR patients will sustain a second
ACL injury within 10 years after return to activity (Pinczewski et al., 2007; Salmon et al.,
2005; Wright et al., 2007). Consequently, the concept of a functional test battery (FTB),
which is the use of a combination of subjective and objective measures, has been
proposed as a potential means to better distinguish ACLR patients that can more safely
participate in activity from those at greater risk (Fitzgerald et al., 2000; Hartigan et al.,
2010; Logerstedt et al., 2014). However, while these studies compared ACLR patients’
knee function by using subjective measures or clinic-based objective measurements
such as hopping, no previous study has directly assessed whether ACLR individuals
who pass or fail a FTB exhibit knee joint landing biomechanics before and after exercise
that are similar to those with a reduced risk for ACL injury (i.e., previously uninjured
females).
3

While returning individuals to sport following ACLR is common, there exists a
need to better identify patients with a significant risk for second injury despite being
cleared for unrestricted activity by their physician. Therefore, the overarching goal of
this dissertation was to evaluate the potential usefulness of a FTB for this purpose by
comparing 1) ACLR/non-dominant limb landing biomechanics and 2) landing
biomechanics asymmetry before and after exercise between ACLR females who pass or
fail a FTB and healthy females. It was expected that the results of this investigation
would support the usefulness of a FTB as a clinical tool that could be used to identify
ACLR females that utilize high-risk movement patterns despite having returned to full,
unrestricted physical activity.
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CHAPTER 2: PRE- AND POST-EXERCISE KNEE JOINT LANDING
BIOMECHANICS DO NOT DIFFER BETWEEN ANTERIOR CRUCIATE
LIGAMENT RECONSTRUCTED FEMALES WHO PASS OR FAIL A
FUNCTIONAL TEST BATTERY
Introduction
Anterior cruciate ligament (ACL) injury occurs with high frequency in athletic
populations, with more than 200,000 occurrences annually in the United States alone
(Griffin et al., 2006; Prodromos et al., 2007). After injury, ACL reconstruction (ACLR) is
considered a necessary treatment for patients who wish to return to activities involving
cutting and deceleration. However, research indicates that the success rate following
ACLR is extremely variable, with only 43‐93% of patients returning to pre‐injury activity
levels (Ardern, Webster, Taylor, & Feller, 2011a; Busfield, Kharrazi, Starkey, Lombardo,
& Seegmiller, 2009; Lee, Karim, & Chang, 2008; Shelbourne et al., 2009). Further,
despite the best efforts of rehabilitation clinicians, such as athletic trainers, patients that
are able to return to full activity following ACLR are at significantly greater risk of
sustaining a second ACL injury event compared to healthy individuals (Paterno et al.,
2012, 2014; Wright et al., 2007). As a result, there is a demonstrated need to identify
clinical assessments that can be used to accurately identify ACLR patients who have
been cleared for participation in full activity but are at an elevated risk for further knee
injury.
Currently, there are a variety of functional measures that are used in the clinical
setting to determine an ACLR patient’s level of function and readiness to safely
participate in physical activity following surgery. The 2000 International Knee
Documentation Committee Subjective Knee Evaluation Form (IKDC 2000) and the Knee
Outcome Survey Activities of Daily Living Scale (KOS‐ADLS) subjectively assess a
patient’s knee function (Fitzgerald et al., 2000; Hambly & Griva, 2010; Hartigan et al.,
5

2010; Logerstedt et al., 2014), while knee extension strength testing, including
assessments of isokinetic and/or isometric strength, and various forms of single leg hop
testing are frequently used to objectively assess a patient’s level of functional
performance (Barber-Westin & Noyes, 2011; Fitzgerald et al., 2000; Hartigan et al.,
2012, 2012; Logerstedt et al., 2014; Schmitt et al., 2012; Thomeé et al., 2011; Xergia et
al., 2013). For most of these functional tests, 90% of limb symmetry index, which
represents an average of 10% functional deficit on the reconstructed limb compared to
the contralateral healthy limb, is used as a standard cut-off to determine a patient’s
readiness for unrestricted physical activity (Fitzgerald et al., 2000; Hartigan et al., 2012;
Schmitt et al., 2012; Xergia et al., 2013). Unfortunately, despite the use of these
subjective and objective measures, 6‐27% of patients with primary ACLR experience a
second ACL injury within 10 years after return to activity (Pinczewski et al., 2007;
Salmon et al., 2005; Wright et al., 2007). Further, ACLR patients are 15 and 6 times
more likely to suffer a second ACL injury event within 1 and 2 years following return to
activity, respectively, than individuals who have never sustained an ACL injury (Paterno
et al., 2012, 2014).
The persistence of elevated ACL injury risk in ACLR patients has led some
researchers to suggest that the use of a combination of subjective and objective
measures, known as a functional test battery (FTB), may better assess ACLR patients’
readiness to safely participate in full activity (Fitzgerald et al., 2000; Hartigan et al., 2010;
Logerstedt et al., 2014). The rationale underlying the use of multiple subjective and
objective tests is that a FTB has been shown to more accurately discriminate
neuromuscular function asymmetry between the injured and uninjured side of ACLR
patients compared to a single functional test (Gustavsson et al., 2006; Neeter et al.,
2006; Thomeé et al., 2012). Accordingly, withholding patients from participation in
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unrestricted physical activity unless they can successfully pass a FTB, and thus exhibit
minimal (<10%) between limb asymmetries, might be a means to reduce ACLR patients’
potential risk of further injury. However, in order to be useful for this purpose, a FTB
must be able to accurately discriminate between ACLR patients that do and do not
exhibit the high risk movement patterns that are likely driving the increased risk for
second ACL injury.
One reason for the high incidence rate of second ACL injury among patients with
primary ACLR is that, as a whole, ACLR patients demonstrate persistent alterations in
lower extremity landing mechanics even after clearance for return to full activity (Breen
et al., 2014; Delahunt et al., 2012; Frank et al., 2013; Goerger et al., 2014; Schmitt,
Paterno, Ford, Myer, & Hewett, 2014). ACLR patients show lesser internal knee
extension moments and anterior tibial shear force, and greater internal knee varus
moments and vertical ground reaction force (vGRF) than healthy subjects during landing
tasks (Breen et al., 2014; Goerger et al., 2014; Schmitt et al., 2014). While lesser knee
extension moments and anterior tibial shear force in ACLR patients might be considered
favorable and potentially indicative of lesser ACL loading and injury risk (DeMorat,
Weinhold, Blackburn, Chudik, & Garrett, 2004; Markolf et al., 1995; Nunley, Wright,
Renner, Yu, & Garrett Jr, 2003; Yu & Garrett, 2007), this phenomenon is thought to be
caused by quadriceps dysfunction in the involved limb which could lead to greater knee
joint landing biomechanics asymmetry (Ithurburn, Paterno, Ford, Hewett, & Schmitt,
2015; Palmieri-Smith & Lepley, 2015). Therefore, restoring altered knee joint landing
mechanics in ACLR patients to levels of healthy individuals is likely essential for
minimizing the risk of subsequent ACL injury.
While a FTB has been proposed as a tool for clinicians to accurately assess
whether or not ACLR patients are ready to safely participate in activity, the majority of
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previous studies evaluating a FTB have only examined knee joint function by using
subjective measurements that are inherently driven by patients’ experiences (Grindem et
al., 2011; Gustavsson et al., 2006; Logerstedt et al., 2014). Though Bell et al. (2014)
reported different single-leg squat mechanics between ACLR patients classified as
passing or failing a FTB, a single-leg squat is a relatively low-demand task that does not
closely mimic movements that are frequently associated with ACL injury events.
Unfortunately, no investigation to date has compared knee joint jump landing and cutting
biomechanics of ACLR patients that pass (ACLR‐Pass) and fail (ACLR‐Fail) a FTB to
healthy individuals (e.g., lower risk for ACL injury).
In addition to movements performed during rested conditions, it is increasingly
evident that landing mechanics should also be assessed following sustained exercise.
This is because neuromuscular fatigue is thought to contribute to the higher incidence of
lower extremity injuries that occur during the later stages of sporting events (Ekstrand,
Hägglund, & Waldén, 2011; Gabbett, 2000), and is associated with changes in lower
extremity landing biomechanics that likely increase ACL injury risk (Chappell et al., 2005;
McLean & Samorezov, 2009; Santamaria & Webster, 2010; Shultz et al., 2015). It has
been shown that individuals exhibit a lesser knee flexion angle at initial contact (IC); a
greater peak knee valgus angle; and greater anterior tibial shear force and vGRF during
jump landing tasks performed following sustained exercise (Chappell et al., 2005;
McLean & Samorezov, 2009; Santamaria & Webster, 2010). However, while these
changes have been observed in healthy individuals, Chang et al.(2014) demonstrated
that the quadriceps neuromuscular function of ACLR and healthy individuals responds
differently to a sustained exercise protocol. This suggests that ACLR patients that pass
and fail a FTB might demonstrate kinematic and kinetic adaptations during movement
tasks following sustained exercise that differ from each other and from healthy
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individuals. However, we are unaware of any study that has investigated whether the
landing mechanics of ACLR‐Pass, ACLR‐Fail, and healthy individuals respond differently
to sustained exercise. Therefore, the purpose of the current study was to compare the
landing biomechanics of ACLR-Pass and ACLR-Fail females to the matched-limb
landing biomechanics of healthy females before and after the completion of a sustained
exercise protocol.
Methods
Participants
A total of thirty females (18 ACLR and 12 healthy) between the ages of 18 and
30 were recruited and volunteered to participate in this study (Table 1). The study
protocol was approved by the University’s Institutional Review Board and informed
written consent was obtained from all study participants. Following enrollment,
participants completed a screening questionnaire (Appendix Two), a health and activity
history questionnaire (Appendix Three), the Tegner activity scale (Appendix Four),
and two subjective assessments of knee function - the IKDC 2000 and the KOS-ADLS that are commonly used in the clinical setting and have demonstrated good test-retest
reliability (IKDC 2000: ICC=0.93 and KOS-ADLS: ICC=0.93) (Marx et al., 2001). These
five questionnaires/assessments were administered using paper and pen and used to
verify that participants met the inclusion/exclusion criteria. Individuals were eligible to
participate if they reported engaging in moderate-vigorous physical activity at least 150
minutes per week (Garber et al., 2011) and at least two seasons of previous experience
participating in sports requiring cutting or jumping movements such as soccer, volleyball,
or basketball. For ACLR participants, an individual was eligible for the study if she was
at least 12 months and no more than 5 years post-unilateral primary ACLR and had
been cleared for unrestricted activity by a physician. Participants were excluded if they
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had: a history of surgery or injury to their back or lower extremity within the past 6
months that limited their physical activity, a neurological or cardiopulmonary disorder,
history of multiple ACLR or graft failure, or an inability to complete 30 minutes of aerobic
exercise. In addition, participants were excluded if they scored less than 3 on question
number seven or less than 2 on any item in question number nine on the IKDC 2000, or
less than 3 on any question on the KOS-ADLS.
Kinematic and Kinetic Analysis Preparation
After completing the written assessments, participants were outfitted with
spandex shorts and shirt and wore their own athletic shoes for testing. The height and
mass of each participant were measured prior to warm-up and utilized for normalization
of the dependent variables. Participants warmed up on a stationary bicycle for 5
minutes at a submaximal intensity. After the warm-up, leg dominance was determined
by observing which leg participants used to complete 2 of the following 3 tasks: 1)
kicking a ball for distance, 2) stepping up onto a small step, and 3) recovering from a
small perturbation from behind (Hoffman, Schrader, Applegate, & Koceja, 1998). Then,
a standard retroreflective marker set was placed bilaterally over the following anatomical
landmarks: 1st and 5th metatarsal heads, heel of the shoe, medial and lateral malleoli,
anteromedial tibia, medial and lateral femoral epicondyles, anterior thigh, greater
trochanter, anterior superior iliac spine, posterior superior iliac spine and the acromion
process. A single marker was placed on the space between the 5th lumbar and 1st sacral
spinous processes, and over the jugular notch where the clavicles meet the sternum.
Participants were asked to stand on the center of the force platform for a static
calibration trial. The medial knee and ankle markers were then removed and
participants performed the following two landing tasks.
Double Leg Jump Landing
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Participants stood atop a 30-cm box located at a distance from the front edge of
the force platform equal to 50% of the participant’s height. They were instructed to jump
forward off the box and perform a double-leg landing with each foot contacting one of the
force plates before jumping vertically for maximum height (Figure 1) (Goerger et al.,
2014). They performed three successful jump landing trials, with trials deemed
successful if participants jumped from the box and landed on the plates with two feet at
the same time, and performed a maximum vertical jump in a fluid motion without any foot
slide during the landing. Participants were provided with a minimum of 3 practice trials
to familiarize themselves with the task.
Single-Leg Jump Cut
The single-leg jump cut task used in this investigation has been described
previously and used to investigate ACL injury-related landing biomechanics (Frank et al.,
2013). Briefly, participants stood a distance equal to 50% of their height away from the
edge of a force plate, and a small hurdle (~12 inches high) was placed halfway between
them and the front of the force plate. They were instructed to jump off both legs over the
hurdle, land with one foot positioned in the center of the force plate, and cut at a 60
degree angle as quickly as possible in the direction opposite of the plant leg (e.g.,
landing on the left foot resulted in a cut toward the right) (Figure 2). Participants
performed the jump cut task bilaterally with a counterbalanced testing order. Trials were
judged successful if the participant jumped from the ground over the hurdle using both
legs, landed with their entire foot on the force plate, and successfully completed the cut
in the assigned direction. Participants performed three successful trials and were
provided with a minimum of 3 practice trials to familiarize themselves with the task.
Functional Test Battery
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Participants next completed a functional test battery that included quadriceps
maximum voluntary isometric contractions (MVIC) and 4 single leg hop tests.
Quadriceps MVIC testing has previously demonstrated good test-retest reliability
(ICC=0.93) (Toonstra & Mattacola, 2012) and was performed bilaterally using a
counterbalanced testing order (ACLR: Injured vs. Uninjured and Healthy: Non-dominant
vs. Dominant) on a Biodex System 3 dynamometer (Biodex Medical Systems, Inc.,
Shirley, NY). Participants were positioned in the dynamometer chair with the trunk
reclined to 70° from the horizontal and the knee flexed to 70°, and straps were used to
secure the subject to the Biodex chair. The lateral femoral condyle of the thigh was
aligned with the axis of rotation of the dynamometer. Then, participants were instructed
to place their arms across the chest and push into the dynamometer arm by contracting
their quadriceps “as hard and fast as you can” for 2 to 3 seconds following a verbal cue.
Participants performed at least two practice trials to familiarize themselves with the
testing procedures. Three valid trials, identified by immediately evaluating the torquetime curve following a trial for both an initial countermovement and maximal plateau for 2
or 3 seconds, were collected for each leg with 60 seconds of rest between trials.
Participants performed the four single-leg hop tests in the following order: single
hop for distance, triple hop for distance, crossover hop for distance, and 6-meter timed
hop (Figure 3). These tests have been previously used in a FTB by Logerstedt et al.
(2014) and also demonstrate good test-retest reliability [single hop (ICC=0.92), triple hop
(ICC=0.97), crossover hop (ICC=0.93), and 6-meter timed hop (ICC=0.92)] (Ross,
Langford, & Whelan, 2002). Testing was performed bilaterally using a counterbalanced
testing order. Participants performed one to two practice trials for each hop test and
then performed two testing trials with 60 seconds of rest between each trial. The
average of the two values recorded during the testing trials was used for analysis
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(Logerstedt et al., 2014). For single, triple, and crossover hop tests, participants were
instructed to stand on one leg with their toe placed behind a marked starting line. The
total distance hopped, defined as the distance from the starting line to the point where
the participant’s heel touched down, was measured to the nearest centimeter using a
tape measure. For the 6-meter timed hop, participants were instructed to stand on one
leg, begin hopping when prompted by the investigator, and to hop on one leg to cover a
distance of 6 meters as quickly as possible. The total time to finish the task was
recorded by using a stopwatch measured to the nearest hundredth of a second
(Logerstedt et al., 2014). Trials in which the participant did not touch the opposite foot to
the floor were considered successful. All single-leg hop tests were conducted by the
same investigator trained in the test procedures.
Exercise Protocol
Next, participants completed an exercise protocol that consisted of five, 6-minute
cycles of exercise (Table 2) (Chang et al., 2014; Goetschius, Kuenze, Saliba, & Hart,
2013; Kuenze et al., 2014, 2013). Each exercise cycle included 5 minutes of treadmill
walking at a speed between 3.0-3.5 miles per hour. The treadmill walking speed was
self-selected by participants and maintained throughout the exercise session. The
incline of the treadmill was increased by 1% every minute. Once the incline of the
treadmill reached a peak level of 15% during Cycle 4, the level of incline was maintained
for the rest of the exercise protocol. After the 5 minutes of treadmill walking in each
cycle, participants performed 30 seconds of double-leg tuck jumps and 30 seconds of
alternate-leg lateral leap as quickly as possible. To perform double-leg tuck jumps,
participants got into a comfortable, upright stance with the feet shoulder width apart.
They jumped up explosively using both arms to pull the knees as close to the chest as
possible before landing in the starting position. For alternate-leg lateral leap, subjects
13

got into a comfortable and upright stance position while standing on a single leg. They
jumped explosively toward the side opposite of the stance leg and landed on the
alternate leg (e.g., stand on right foot, jump toward left, and land on the left leg) before
immediately jumping back in the other direction. After performing both jumping
exercises, participants went back to the treadmill and began the next exercise cycle. A
Borg rating of perceived exertion (RPE), which ranges from 6 to 20, was reported at the
beginning of every exercise cycle and at the end of the last cycle. In addition, we
measured participants’ heart rates (HR) using a heart rate monitor system (Polar Electro
Inc., Lake Success, NY) at these same time points.
Following the completion of the exercise protocol, participants immediately
completed the double leg jump landing and single leg jump cut tasks described
previously a second time. To minimize the time between the end of the exercise protocol
and the completion of the landing tasks, markers were left on participants during
exercise. If a marker fell off during the exercise protocol, it was replaced and a postexercise static calibration trial performed as necessary. The average time from the end
of the exercise protocol to the completion of post-exercise biomechanical testing was
6.46 ± 1.63 minutes.
Pass/Fail Cutoff Criteria and ACLR Sub-grouping
Following data collection, the performance of ACLR participants on each aspect
of the FTB was evaluated using pass/fail criteria as previously described for this FTB
(Bell et al., 2014; Logerstedt et al., 2012, 2014). A score greater than 85% on the IKDC
2000 has been frequently used as the passing cut-off standard (Bell et al., 2014; Kulow,
Pennuto, Gire, Stiffler, & Bell, 2014; Logerstedt et al., 2014), while a score greater than
90% is commonly used as the standard cut-off for of the KOS-ADLS questionnaire
(Hartigan et al., 2010; Logerstedt et al., 2014). A limb symmetry index (LSI) score of ≥
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90% was used as the cutoff criteria for quadriceps MVIC and all single hop testing
(Logerstedt et al., 2014). LSI was calculated as the percentage performance on the
reconstructed side compared to the non-reconstructed side in each functional test
except the 6-m timed hop. For the 6-m timed hop, LSI was calculated as the percentage
performance on the non-reconstructed side compared to the reconstructed side
(Fitzgerald et al., 2000; Hartigan et al., 2010; Logerstedt et al., 2014). Using these
criteria, ACLR participants were classified into two groups: 1) ACLR females that passed
the entire functional test battery (ACLR-Pass), and 2) ACLR females that failed any
portion of the functional test battery (ACLR-Fail).
Data Sampling, Processing, and Reduction
The raw voltage signal from the Biodex System 3 dynamometer was sampled at
1000Hz using The MotionMonitor system (Innovative Sports Training, Inc., Chicago, IL)
during quadriceps MVIC trials. The recorded voltage signal was digitally low-pass
filtered at 10Hz using a fourth-order Butterworth filter and converted to torque via a
calibration equation function using custom computer software (LabVIEW, National
Instruments, Austin, TX). This same software was also used to identify the peak torque
value during each of the MVIC trials. The maximum peak torque value obtained across
the three MVIC trials for each leg was used for data analysis. Peak torque was
normalized to body mass (x kg-1) prior to calculating LSI.
Kinematic and kinetic data were collected using a 9-camera motion capture
system (Vicon, Inc., Lake Forest, CA) interfaced with two force plates (Bertec Corp.,
Columbus, OH). Individual markers were labeled and a macro used to predict the
location of any missing reflective markers for segments with four or more markers for all
landing task trials (BodyBuilder, Vicon, Lake Forest, CA). Then, three-dimensional
marker coordinates and force plate data was imported into The MotionMonitor software
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(Innovative Sports Training, Inc, Chicago, IL) for model generation and biomechanical
analysis. Kinematic data was sampled at 120Hz and kinetic data was sampled at
1560Hz. The hip joint center was estimated based on the location of the anterior
superior iliac supine marker using the method described by Bell et al. (1990). Knee and
ankle joint centers were defined as the midpoint between the medial and lateral
epicondyle, and the medial and lateral malleolus, respectively. Local coordinate
systems for the shank, thigh, and pelvis were defined with the positive x-axis directed
anteriorly, positive y-axis directed to the left, and the positive z-axis directed superiorly.
Kinematic data were filtered using a fourth-order low-pass Butterworth filter at 12Hz,
time-synchronized to kinetic data and re-sampled at 1560Hz. Joint angles were
calculated based on a right hand rule using Euler angles with a Y (flexion/extension), X’
(adduction/abduction), Z’’ (internal/external) rotation sequence. Angles were defined
about the knee as the shank relative to the thigh.
Force plate data was also low-pass filtered at 12Hz with a fourth-order
Butterworth filter (Bisseling & Hof, 2006; Kristianslund, Krosshaug, & van den Bogert,
2012) and combined with kinematic and anthropometric data to calculate internal joint
moments and forces using an inverse dynamics approach within The MotionMonitor
software (Gagnon & Gagnon, 1992). Initial ground contact was defined as the time
when the vertical ground reaction force (vGRF) exceeded 10N. Custom computer
software (LabVIEW, National Instruments, Austin, TX) was used to identify all dependent
variables at either initial contact or the peak value during the landing period. The landing
period was defined as the period from initial ground contact to maximum knee flexion
angle during the landing tasks. Average values of all dependent variables were
calculated across the three trials for each landing task for the non-dominant limb of
healthy individuals and the reconstructed limb of ACLR participants. Peak internal knee
16

extension and varus moments were normalized to the product of body weight and height
(x [N*m]-1), while anterior tibial shear force and vGRF were normalized to body weight (x
N-1).
Statistical Analysis
Separate, 3 (Group: ACLR-Pass, ACLR-Fail, and Healthy) x 2 (Exercise: preand post-exercise) mixed model ANOVA models were utilized to evaluate the influences
of group and exercise on the outcome variables with a priori statistical significance set at
α ≤ 0.05. Planned pairwise comparisons were conducted using a Bonferroni correction
for multiple t-tests following significant group or group*exercise interaction effects. Effect
sizes were reported using partial eta squared (ηp2). The effect size classification of ηp2
was 0.01 = Small, 0.06 = medium, and 0.14 = large (Cohen, 1988). All statistical
analyses were performed using RStudio version v0.99.893 (RStudio, Inc., Boston, MA,
USA).
Results
Recorded HR values at the beginning of each cycle of exercise are presented in
Figure 4. HR values during exercise were not significantly different between groups.
The results of the analyses for knee joint landing biomechanics during the double
leg jump landing task are shown in Table 3. There was no significant group*exercise
interaction or group main effect for any landing biomechanics variable during the double
leg jump landing. There was a significant main effect of exercise with lesser knee flexion
angle at initial contact after sustained exercise, F(1,27) = 9.03, p < 0.01, ηp2 = 0.251
(Figure 5).
Table 4 summarizes the kinematic and kinetic results during single leg jump cuts
performed before and after exercise for the ACLR-Pass, ACLR-Fail, and healthy groups.
There was a significant group*exercise interaction effect identified for peak knee flexion
17

angle during single leg jump cuts, F(2,27) = 3.95, p = 0.03, ηp2 = 0.227. However, though
this interaction effect was likely driven by a reduction in peak knee flexion angle in
healthy females following exercise testing (p = 0.01), this result was not deemed
statistically significant following a Bonferroni correction for 9 planned pairwise
comparisons (Figure 6). There were two significant main effects of exercise identified
with smaller peak knee extension moment after exercise, F(1,27) = 5.87, p = 0.02, ηp2 =
0.179 (Figure 7) and greater vGRF loading rate after exercise F(1,27) = 5.38, p = 0.03, ηp2
= 0.166 (Figure 8). Finally, while the group*exercise interaction effect for peak vertical
ground reaction force did not reach statistical significance (F(2,27) = 3.10, p = 0.06), the
observed effect size was relatively large (ηp2 = 0.187).
Discussion
The primary purpose of this investigation was to assess whether a FTB could be
used to identify high risk landing mechanics either before or after sustained exercise in
ACLR females who were cleared for full, unrestricted activity. We found that, in general,
ACL-reconstructed/non-dominant knee joint landing biomechanics during double leg
jump landings and single leg jump cuts performed before and after exercise did not differ
between ACLR-Pass, ACLR-Fail, and healthy females, nor did these groups exhibit a
different response to exercise. During the single leg jump cut, we did identify a
significant group*exercise interaction effect for peak knee flexion angle. However, this
result was likely driven by a reduction in peak knee flexion angle following completion of
sustained exercise in healthy females and not any differences between ACLR-Pass and
ACLR-Fail females. As a FTB has been proposed as a means for evaluating ACLR
patients’ readiness to return and safely participate in activity by identifying individuals
who are likely at greater risk for injury (Fitzgerald et al., 2000; Hartigan et al., 2010;
Logerstedt et al., 2014), we expected that ACLR females that failed the FTB would
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exhibit more unfavorable landing biomechanics than ACLR females that passed the
FTB and previously uninjured females. However, we did not identify any biomechanical
differences between the ACLR-Pass and ACLR-Fail groups, which indicates that this
FTB is not useful for identifying ACLR females who exhibit movement patterns on their
reconstructed limb that may increase their risk for subsequent ACL injury.
While most previous studies have compared ACLR patients to healthy controls,
the current study is the first to compare landing biomechanics during jump landing and
jump cut tasks between ACLR females grouped based upon their performance on a
FTB. Bell et al. (2014) compared lower extremity biomechanics during a single leg squat
between ACLR patients who passed a FTB and those who failed. They reported that the
fail group exhibited lesser knee extension moment compared to ACLR patients that
successfully passed the FTB (Bell et al., 2014). In addition, previous studies reported
lesser knee extension moment in ACLR patients compared to healthy individuals during
landing (Ernst et al., 2000; Goerger et al., 2014; Gokeler et al., 2010; Orishimo et al.,
2010), and Thomas et al. (2015) found that ACLR patients exhibited significantly lesser
knee extension moment compared to healthy controls during a single-limb landing task.
Importantly, ACLR patients in the study by Thomas et al. (2015) presented with
significantly lesser knee extension MVIC torque compared to healthy controls, which is
consistent with many studies that have reported weakness of the quadriceps or reduced
quadriceps activation in ACLR patients (Chang et al., 2014; Hart et al., 2010; PalmieriSmith & Thomas, 2009). However, unlike these previous research studies (Chang et al.,
2014; Hart et al., 2010; Palmieri-Smith & Thomas, 2009; Thomas et al., 2015), there
were no significant differences in the quadriceps peak torque between ACLR and
healthy females in the current investigation (ACLR-Pass = 2.3 ± 0.34 Nm/kg , ACLR-Fail
= 2.4 ± 0.61 Nm/kg, Healthy = 2.4 ± 0.65 Nm/kg, p = 0.854). Therefore, we speculated
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that the lack of group differences in sagittal plane landing mechanics during double jump
landings and single leg jump cuts may be because our groups exhibited no difference in
quadriceps strength. This finding supports previous assertions that quadriceps
dysfunction in ACLR patients alters sagittal plane landing biomechanics (Lewek,
Rudolph, Axe, & Snyder-Mackler, 2002; Thomas et al., 2015), and indicates that
restoring quadriceps function after ACLR might be essential to minimize high risk landing
biomechanics profiles.
Although we did not identify any group differences in landing biomechanics,
healthy females did respond slightly differently to exercise than the ACLR participants
during the single leg jump cut task. Healthy females tended to use lesser peak knee
flexion angle after exercise, whereas the ACLR-Pass and ACLR-Fail groups did not
exhibit any significant exercise-related change. Previous studies reported that greater
quadriceps inhibition was associated with decreased peak knee flexion angle during gait
and a single leg landing task (Lewek et al., 2002; Thomas et al., 2015). Further, healthy
individuals tend to exhibit a significant decrease in quadriceps peak torque after exercise
compared to ACLR patients (Chang et al., 2014; Davis, Pietrosimone, Ingersoll, Pugh, &
Hart, 2011; Kuenze et al., 2014, 2013). Therefore, the trend for reduced peak knee
flexion angle following exercise in only the healthy females may be indicative of a
different quadriceps response to exercise in ACLR females.
Kuenze et al. (2014) observed that ACLR patients exhibited a greater reliance on
the hip extensors compared to healthy participants to compensate for lesser knee
extension moment during the loading phase of jogging following exercise. In addition,
Webster et al. (2012) found that ACLR individuals showed significant reductions in hip
flexion and ankle dorsiflexion angles and increases in hip adduction angles during a
single leg landing task in the fatigued state. Therefore, it could be speculated that a
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different response of the quadriceps to exercise in ACLR individuals may also lead to
movement compensation in hip and ankle joint mechanics during single leg landing
tasks. While the current study only evaluated knee joint biomechanics and further
analysis of hip and ankle joint biomechanics appears warranted, our findings highlight
the need to identify factors that underlie the altered quadriceps response to exercise in
ACLR individuals given that this response appears to be present even when peak
quadriceps strength is similar to healthy females.
Consistent with many previous studies that have reported alterations in sagittal
plane biomechanics during landings in a fatigued state (Benjaminse et al., 2008;
Chappell et al., 2005; Cortes, Greska, Kollock, Ambegaonkar, & Onate, 2013a; Cortes,
Quammen, Lucci, Greska, & Onate, 2012a; Liederbach, Kremenic, Orishimo, Pappas, &
Hagins, 2014; Lucci, Cortes, Van Lunen, Ringleb, & Onate, 2011a), we identified lesser
knee flexion angle at initial contact during double leg jump landings after exercise
regardless of group. This more extended knee posture has been implicated as a factor
in increasing ACL loading and a potential risk factor for non-contact ACL injury because
it decreases the patella tendon-tibial shaft angle which results in greater anterior tibial
force for a standardized quadriceps force (DeMorat et al., 2004).
Participants also exhibited significantly lesser peak knee extension moment
when performing the single leg jump cut after exercise. These results support previous
reports of reduced knee extension moment during landing tasks in a fatigued state
(Chappell et al., 2005; Liederbach et al., 2014). A previous study suggested that a
reduced knee extension moment after exercise was to ensure a safe landing in healthy
individuals (Orishimo & Kremenic, 2006). However, many studies have shown that the
reduced knee extension moment is often accompanied by a relatively less flexed knee
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position (Chappell et al., 2005; Liederbach et al., 2014) which could offset any
reductions in ACL strain due to the lesser knee extension moment.
Finally, we found greater vGRF loading rate during single leg jump cuts after
exercise with this finding similar to the work of Edwards et al. (2014), who observed that
loading rate during the horizontal landing phase of a stop-jump significantly increased
after exercise. As animal studies have associated greater loading rate with greater
cartilage deterioration, these results support the fact that exercise induced alterations in
sagittal plane landing biomechanics likely play a role as contributing factors to further
knee joint injury.
Interestingly, in the current study, there were no significant differences in knee
joint frontal plane landing biomechanics among the three groups before or after exercise
during either landing task. While various studies have reported greater peak knee valgus
angle and peak internal knee varus moment in ACLR patients compared to healthy
individuals (Clarke, Kenny, & Harrison, 2015; Goerger et al., 2014; Stearns & Pollard,
2013; Webster, McClelland, Palazzolo, Santamaria, & Feller, 2012), there is one
previous report that identified a greater peak hip adduction angle during a single leg
landing task in ACLR compared to healthy individuals without differences in knee joint
mechanics (Lessi & Serrão, 2015). However, as the current study only evaluated
whether the FTB was useful for identifying high-risk frontal plane knee joint mechanics in
ACLR females, further investigation is necessary to identify potential hip joint
biomechanical differences between the groups.
Limitations
One limitation of this study is that we had relatively low observed power that may
have prevented us from identifying differences in sagittal and frontal plane knee joint
kinematics between groups. Specifically, we found medium group effect sizes for peak
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knee flexion angle (ηp2=0.09) and knee valgus angle at initial contact (ηp2=0.07) during
the double leg jump landing. However, the mean differences between groups were less
than 6.1⁰ for peak knee flexion angle (ACLR-Pass = 90.8° ± 2.7° vs ACLR-Fail = 87.7° ±
3.0° vs healthy = 84.7° ± 2.5°) and less than 1.3⁰for knee valgus angle at initial contact
(ACLR-Pass = -2.1° ± 0.7° vs ACLR-Fail = -3.4° ± 0.8° vs healthy = -3.3° ± 0.7°). These
mean differences are appreciably less than the magnitudes suggested by Hewett et al.
(2005) to be clinically meaningful with respect to ACL injury risk: 10.5⁰ lesser peak knee
flexion and 8.4⁰ greater knee valgus angle at initial contact during a drop vertical jump in
females who went on to suffer an ACL injury compared to those that did not. Therefore,
it is likely that the relatively small mean differences in peak knee flexion angle and knee
valgus angle at initial contact between groups in the current study are not clinically
relevant.
In addition, we recruited ACLR females who were an average of three years
post-surgery and had returned to a high level of physical activity. Therefore, there was a
potential that the ACLR females in this investigation were at lesser risk of ACL injury
than less active ACLR females.
Lastly, the current investigation examined only landing biomechanics, of the ACL
reconstructed limb because previous studies reported altered landing biomechanics
such as lesser knee flexion, greater valgus, and vGRF on the reconstructed limb during
landing (Clarke et al., 2015; Delahunt et al., 2012; Schmitt et al., 2014) that may lead to
ACL injury due to increasing ACL loading (DeMorat et al., 2004; Markolf et al., 1995;
Nunley et al., 2003). However, the rationale underlying the use of multiple functional
tests is that a FTB has been shown to more accurately discriminate neuromuscular
function asymmetry between the injured and uninjured side of ACLR patients compared
to single functional test (Gustavsson et al., 2006; Neeter et al., 2006; Thomeé et al.,
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2012). Thus, future work is needed to assess the effectiveness of the FTB to identify
landing biomechanics asymmetries between ACLR-Pass and ACLR-Fail individuals.
Conclusion
The use of a FTB to distinguish ACLR patients with higher or lower risk of
subsequent knee injury has been proposed. The current study failed to identify any
differences in ACL reconstructed knee biomechanics during double leg jump landings
and single leg jump cuts performed before and after sustained exercise between ACLR
females that either passed or failed the FTB. As a result, this FTB is likely not useful for
identifying ACLR females that use high-risk movement mechanics in their ACL
reconstructed limb despite having returned to full, unrestricted physical activity.
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Table 1. Participant demographics

Characteristics
Age (yr)
Height (m)
Mass (kg)
Tegner Activity Scale
Time after surgery (month)
a. ACLR-Fail > Healthy

Mean ± SD
ACLR-Fail
(n = 8)
20 ± 1.5
1.65 ± 0
68.3 ± 11.2
6.1 ± 1.5
34 ± 14.7

ACLR-Pass
(n = 10)
19.8 ± 1.0
1.65 ± 0.1
60.3 ± 9.9
6.7 ± 1.3
36.1 ± 12.6
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Healthy
(n = 12)
21 ± 2.6
1.63 ± 0.1
57.3 ± 6.5
6.6 ± 0.1
n/a

P value
0.3
0.83
0.04a
0.59
0.75

Table 2. Exercise Protocol
Cycle
1

2

3

4

5

Time

Activity

Treadmill x 5min /
Jumping (Tuck x 30 sec + Lateral leap x
30 sec)
Treadmill x 5min /
6 min – 12 min Jumping (Tuck x 30 sec + Lateral leap x
30 sec)
Treadmill x 5min /
12 min– 18 min Jumping (Tuck x 30 sec + Lateral leap x
30 sec)
Treadmill x 5min /
18 min – 24 min Jumping (Tuck x 30 sec + Lateral leap x
30 sec)
Treadmill x 5min /
24 min – 30 min Jumping (Tuck x 30 sec + Lateral leap x
30 sec)
0 min – 6 min
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Treadmill
Incline
0% - 4%

5% - 9%

10% - 14%

15%

15%
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a. Pre-exercise > Post-exercise
b. Medium effect size
c. Large effect size

Table 3. Summary statistics and ANOVA results for ACLR/Non-dominant limb biomechanics during double leg jump landing
ACLR-Pass
ACLR-Fail
Healthy
Group*Exercise
Group
Exercise
Mean ± SD
Mean ± SD
Mean ± SD
p
ηp2
p
ηp2
p
ηp2
Pre
14.88 ± 5.57
14.98 ± 2.82
17.38 ± 6.6
KF at IC
0.44
0.06b
0.62
0.03
0.01a 0.25c
(⁰)
Post
14.25 ± 5.9
13.20 ± 3.95
15.21 ± 6.45
Pre
90.98 ± 10.1
89.27 ± 4.2
87.38 ± 7.0
PKF
0.42
0.06b
0.28 0.09b
0.06
0.13b
(⁰)
Post 90.56 ± 12.59
86.11 ± 4.99
82.06 ± 12.78
Pre
-2.33 ± 2.69
-3.67 ± 2.42
-3.47 ± 1.83
KV at IC
0.90
0.01
0.38 0.07b
0.08
0.11b
(⁰)
Post
-1.9 ± 3.09
-3.11 ± 2.19
-3.18 ± 1.67
Pre
-9.5 ± 6.77
-10.25 ± 7.26
-7.94 ± 4.12
PKV
0.36
0.07b
0.5
0.05
0.32
0.03
(⁰)
Post
-9.51 ± 6.84
-10.42 ± 7.68
-6.64 ± 4.57
Pre
-0.25 ± 0.07
-0.26 ± 0.09
-0.25 ± 0.09
PKEM
0.99
0.00
0.95
0.00
0.81
0.00
(N*m x [N*m]-1)
Post
-0.25 ± 0.07
-0.26 ± 0.1
-0.26 ± 0.1
Pre
0.05 ± 0.05
0.05 ± 0.03
0.05 ± 0.02
PKVM
0.82
0.02
0.98
0.00
0.12
0.09b
-1
(N*m x [N*m] )
Post
0.05 ± 0.04
0.05 ± 0.03
0.04 ± 0.03
Pre
1.40 ± 0.3
1.43 ± 0.49
1.48 ± 0.38
PATSF
0.94
0.01
0.85
0.01
0.40
0.03
(N x N-1)
Post
1.43 ± 0.28
1.45 ± 0.53
1.53 ± 0.45
Pre
3.24 ± 0.95
3.32 ± 1.01
3.41 ± 0.89
PvGRF
0.84
0.01
0.81
0.02
0.14
0.08b
-1
(N x N )
Post
3.37 ± 1.08
3.59 ± 1.27
3.77 ± 1.36
Pre
55.21 ± 7.59
54.82 ± 21.58 57.76 ± 19.86
vGRF LR
0.81
0.01
0.91
0.01
0.25
0.05
(N x [N*s] -1)
58.03 ± 22.13 65.14 ± 25.48 62.21 ± 30.56
Post
KF at IC: Knee flexion at initial contact, PKF: Peak knee flexion, KV at IC: Knee valgus at initial contact, PKV: Peak knee
valgus, PKEM: Peak knee extension moment, PKVM: Peak knee varus moment, PATSF: Peak anterior tibial shear force,
PvGRF: Peak vertical ground reaction force, vGRF LR: Vertical ground reaction force loading rate. Knee flexion/varus (+) and
extension/valgus (-)
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a.
b.
c.
d.

Significant group*exercise effect
Pre-exercise > Post-exercise
Medium effect size
Large effect size

Table 4. Summary statistics and ANOVA results for ACLR/Non-dominant limb biomechanics during single leg jump cut
ACLR-Pass
ACLR-Fail
Healthy
Group*Exercise
Group
Exercise
2
2
Mean ± SD
Mean ± SD
Mean ± SD
p
ηp
p
ηp
p
ηp2
Pre
21.66 ± 6.48
24.63 ± 5.59
21.92 ± 5.85
KF at IC
0.88
0.01
0.54
0.04
0.40
0.03
(⁰)
Post
21.26 ± 6.64
23.81 ± 5.10
21.02 ± 7.06
Pre
60.26 ± 4.43
59.08 ± 5.91
60.92 ± 4.03
PKF
0.03a
0.23d
0.89
0.01
0.54
0.01
(⁰)
Post
60.59 ± 5.45
60.27 ± 7.09
58.57 ± 4.70
Pre
-2.91 ± 3.03
-4.43 ± 3.67
-3.44 ± 2.54
KV at IC
0.81
0.01
0.63
0.03
0.65
0.01
(⁰)
Post
-2.77 ± 3.59
-3.96 ± 2.98
-3.44 ± 2.33
Pre
-8.46 ± 4.37
-8.44 ± 4.17
-6.66 ± 3.99
PKV
0.28
0.09c
0.74
0.00
0.43
0.06
(⁰)
Post
-7.98 ± 5.11
-9.15 ± 4.36
-6.32 ± 3.69
Pre
-0.33 ± 0.10
-0.31 ± 0.08
-0.34 ± 0.10
PKEM
0.71
0.03
0.81
0.02
0.02b 0.18d
(N*m x [N*m]-1)
Post
-0.32 ± 0.10
-0.30 ± 0.08
-0.32 ± 0.08
Pre
0.02 ± 0.03
0.02 ± 0.02
0.01 ± 0.01
PKVM
0.63
0.03
0.66
0.03
0.56
0.03
(N*m x [N*m]-1)
Post
0.02 ± 0.02
0.02 ± 0.02
0.01 ± 0.01
Pre
2.49 ± 0.51
2.29 ± 0.61
2.53 ± 0.49
PATSF
0.73
0.02
0.68
0.03
0.76
0.00
-1
(N x N )
Post
2.50 ± 0.51
2.32 ± 0.69
2.49 ± 0.52
Pre
5.23 ± 1.50
4.84 ± 1.26
5.34 ± 1.18
PvGRF
0.06
0.19d
0.63
0.03
0.63
0.01
(N x N-1)
Post
5.06 ± 1.26
4.81 ± 1.23
5.47 ± 1.39
Pre
64.92 ± 22.41 59.24 ± 23.02 61.23 ± 28.30
vGRF LR
0.08
0.18d
0.90
0.01
0.03b 0.17d
(N x [N*s] -1)
63.88 ± 17.64 64.01 ± 22.82 73.05 ± 37.95
Post
KF at IC: Knee flexion at initial contact, PKF: Peak knee flexion, KV at IC: Knee valgus at initial contact, PKV: Peak knee
valgus, PKEM: Peak knee extension moment, PKVM: Peak knee varus moment, PATSF: Peak anterior tibial shear force,
PvGRF: Peak vertical ground reaction force, vGRF LR: Vertical ground reaction force loading rate. Knee flexion/varus (+) and
extension/valgus (-)

Figure 1. Double-leg jump landing
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Figure 2. Single-leg jump cut
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Figure 3. Single-leg hop tests
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Figure 4. Average heart rates of ACL-Pass, ACL-Fail, and healthy groups during the
exercise protocol
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Figure 5. Group comparison of knee flexion angle at initial contact during double leg
jump landings performed before and after exercise
* A pre-exercise measure is significantly greater than post-exercise measure
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Figure 6. Group comparison of peak knee flexion angle during single leg jump cuts
performed before and after exercise
* Significant group*exercise effect
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Figure 7. Group comparison of peak knee extension moment during single leg jump cuts
performed before and after exercise
* A pre-exercise measure is significantly greater than post-exercise measure
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Figure 8. Group comparison of vertical ground reaction force (vGRF) loading rate during
single leg jump cuts performed before and after exercise
* A post-exercise measure is significantly greater than pre-exercise measure
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CHAPTER 3: ANTERIOR CRUCIATE LIGAMENT RECONSTRUCTED
FEMALES WHO PASS OR FAIL A FUNCTIONAL TEST BATTERY DO NOT
EXHIBIT DIFFERENCES IN KNEE JOINT LANDING BIOMECHANICS
ASYMMETRY
Introduction
Female athletes participating in sports requiring rapid deceleration and cutting
movements commonly sustain anterior cruciate ligament (ACL) injuries (Frank &
Jackson, 1997; Prodromos et al., 2007) and do so at a 4 times greater incidence rate
than their male counterparts (Arendt & Dick, 1995). In addition to the immediate
challenges associated with the initial injury event, ACL reconstruction (ACLR), and a
prolonged course of rehabilitation, 6 to 27% of primary ACLR patients sustain a second
ACL injury event within 10 years after return to activity (Pinczewski et al., 2007; Salmon
et al., 2005; Wright et al., 2007). Additionally, patients who have undergone ACLR are
15 and 6 times more likely to suffer a second ACL injury within 1 and 2 years following
return to physical activity, respectively, than individuals who have never injured their
ACL (Paterno et al., 2012, 2014). One important epidemiologic finding from the
literature is that the contralateral limb (3-19%) of ACLR patients has a greater rate of
second ACL rupture than the ipsilateral, or previously injured, limb (3-6%) (Paterno et
al., 2012; Salmon et al., 2005; Shelbourne et al., 2009; Wright et al., 2007). In addition,
female ACLR patients are six times more likely than males to sustain a contralateral ACL
rupture within one year after return to activity (Paterno et al., 2012).
One potential reason for the high rate of second ACL injury in the contralateral
limb is that greater landing biomechanical asymmetry has been identified in individuals
who have had a primary ACLR (Paterno et al., 2007). Greater internal knee extension
moment and posterior ground reaction force in the uninvolved limb during single leg hop
landings was reported in studies that compared landing biomechanics between the
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involved and uninvolved limbs of ACLR individuals (Gokeler et al., 2010; Oberländer et
al., 2013). During a double leg jumping task, ACLR patients showed significantly greater
vertical ground reaction force (vGRF) during the landing and takeoff phase and greater
loading rate (loading rate = normalized peak vGRF / time to reach peak vGRF) during
landing on the uninvolved limb compared to the involved limb (Paterno et al., 2007).
While these studies identified key landing biomechanics asymmetries in ACLR
individuals during a rested condition, it is also important to explore biomechanical
asymmetry changes after exercise because exercise-induced neuromuscular fatigue has
been shown to cause altered landing biomechanics that likely increase ACL injury risk
(Chappell et al., 2005; McLean & Samorezov, 2009; Santamaria & Webster, 2010;
Shultz et al., 2015). However, there is no study to date that has explored landing
biomechanics asymmetry in patients with primary ACLR after exercise.
Three-dimensional biomechanical testing is an accurate measurement to assess
kinematics or kinetics during human body movement and as such, it is commonly used
in a laboratory research setting. However, since this testing is time-consuming, and
requires expensive equipment and specialized training, it is unrealistic to utilize threedimensional motion analysis to assess patients’ readiness to safely participate in
physical activity in a clinical setting. One method that has been suggested for assessing
ACLR patients’ functional readiness is to use a combination of subjective and objective
measurements known as a functional test battery (FTB), because a FTB is proposed to
assess ACLR patients’ knee function with greater sensitivity than the use of a single
functional test (Gustavsson et al., 2006; Neeter et al., 2006). Logerstedt et al.(2014)
investigated the relationship between patients’ self-reported knee function outcome
score and their pass rate on a FTB. They reported that patients’ who were categorized
as below normal using a self-reported outcome score exhibited a greater FTB fail rate
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(80.6%) than those who were categorized as normal (38.2%) at 12 months post-surgery
(Logerstedt et al., 2014). While the authors concluded that a FTB was better than a
subjective questionnaire for identifying ACLR patients with functional deficits, the study
did not investigate objective evidence such as landing biomechanics during athletic
tasks. In order for a FTB to be clinically useful for assessing ACLR patients’ ability to
safely participate in physical activity, it should be capable of distinguishing ACLR
patients’ who exhibit high-risk biomechanical asymmetries during athletic tasks in either
rested conditions or after exercise. Therefore, the purpose of the study was to compare
the landing biomechanics asymmetry of ACLR females that pass and fail a FTB with
healthy females before and after the completion of a sustained exercise protocol.
Methods
Participants
Eighteen ACLR and 12 healthy, physically active (participating in at least 150
minutes of moderate to vigorous activity per week) females participated in this study
after providing written consent. The study protocol used in this investigation was
approved by the University’s Institutional Review Board and has been fully described
previously (Chang, In Preparation). All participants completed a screening
questionnaire, a health and activity history questionnaire, the Tegner activity scale, 2000
International Knee Documentation Committee Subjective Knee Evaluation Form (IKDC
2000), and the Knee Outcome Survey Activities of Daily Living Scale (KOS‐ADLS), with
these assessments used to verify study eligibility. Participant demographics and specific
inclusion and exclusion criteria can be found elsewhere (Chang, In Preparation).
Landing Biomechanics Assessment
Following enrollment and screening, participants were outfitted with spandex
shorts and shirts and wore their own athletic shoes. The height and mass of each
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participant was measured and leg dominance determined (Hoffman et al., 1998). Prior
to assessment of landing biomechanics, participants warmed up on a stationary bike for
five minutes at a self-selected pace before 28 retroreflective markers were placed over
anatomical landmarks using previously described methods (Chang, In Preparation).
Participants then performed two movement tasks that have been commonly used
in ACL-injury related research during which landing biomechanics were assessed. First,
participants completed a double-leg jump landing task from atop a 30 cm high box
placed 50% of their height from two force plates (Figure 1) (Goerger et al., 2014). Next,
they performed a single leg jump cut task in which they stood on the ground a distance
equal to 50% of their height and jumped off both feet over a small hurdle before landing
on one foot and cutting at a 60° angle to the opposite direction (Figure 2) (Frank et al.,
2013). Participants completed three double-leg jump landings and three single leg jump
cuts in each direction. They were also provided with a minimum of three practice trails
for each task.
Functional Test Battery Protocol
Next, participants completed a quadriceps maximum isometric voluntary
contraction (MVIC) and 4 single leg hop tests. Quadriceps MVIC testing was performed
bilaterally using a counterbalanced testing order. Participants were instructed to contract
“as hard and fast as possible” for 2-3 seconds against the dynamometer following a
verbal cue. Three successful trials were captured for each leg with 60 seconds of rest
between trials. Following quadriceps MVIC testing, participants performed 4 single leg
hop tests in the following testing order: single hop, triple hop, crossover hop, and 6-m
timed hop. Total distance hopped during single, triple, and crossover hops was and
total time to complete the 6-m hop were recorded. Tests were performed bilaterally
using counterbalanced testing order with 60 seconds of rest between testing trials. The
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maximum peak quadriceps torque and the average score of two successful trials for
each test were determined for each leg and used to calculate limb symmetry index (LSI)
scores. Specific instructions for quadriceps MVIC and the hop tests have been
previously described (Chang, In Preparation).
Exercise Protocol
Participants then completed a sustained exercise protocol consisting of five, 6
minute cycles that has been used previously (Chang, In Preparation). Each cycle
consisted of 5 minutes of treadmill walking at a self-selected speed between 3.0-3.5
miles per hour and 1 minute of continuous jumping exercise (30 seconds double-leg tuck
jump and 30 seconds alternate-leg lateral leap). During walking, the incline of treadmill
was increased 1% every minute until it reached maximum of 15% at which point the
incline was maintained for the rest of exercise protocol (Table 2). Heart rate (HR) and
rating of perceived exertion (RPE) were recorded at the beginning of each cycle to
monitor participants’ levels of exertion. After the completion of the exercise protocol,
participants immediately performed a post-exercise landing biomechanics assessment
as described above. The average time from the end of the exercise protocol to the
completion of post-exercise landing biomechanics testing was 6.46 ± 1.63 minutes.
Pass/Fail Cutoff Criteria and ACLR Sub-grouping
Following data collection, ACLR participants’ performance on the FTB was used
to group these participants into ACLR-Pass and ACLR-Fail groups. The specific cut-offs
for each test in the FTB were chosen to replicate Bell et al. (2014) and Logerstedt et al.
(2014). ACLR participants with LSIs ≥ 85% on the IKDC 2000, ≥ 90% on the KOSADLS, and ≥ 90% on quadriceps MVIC and all single leg hop tests were designated as
ACLR-Pass, while ACLR participants who failed to meet the cut-off criteria on any
measure were categorized as ACLR-Fail.
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Data Sampling, Processing, and Reduction
The raw voltage signal from the Biodex System 3 dynamometer was sampled at
1000 Hz using The MotionMonitor software (Innovative Sports Training, Inc., Chicago,
IL). The recorded signal was digitally low-pass filtered at 10 Hz with a fourth-order
Butterworth filtered and converted to torque (Nm) through a calibration equation function
using custom computer software (LabVIEW, National Instruments, Austin, TX). The
maximum normalized (x kg-1) peak quadriceps torque across three valid trials was used
to calculate LSI.
Kinematic and kinetic data was collected using a 9-camara motion capture
system interfaced with two force plates. Kinematic data was sampled at 120 Hz and
kinetic data was sampled at 1560 Hz. For biomechanical model generation and
analysis, three-dimensional marker coordinates and force plate data was imported into
The MotionMonitor software. Kinematic and kinetic data was low-pass filtered at 12Hz
using a fourth-order Butterworth filter (Bisseling & Hof, 2006; Kristianslund et al., 2012).
Specific definitions of joint centers, local coordinate systems, and Euler angle rotation
sequence have been previously described (Chang, In Preparation). Internal joint
moments and forces were calculated via The MotionMonitor using the method described
by Gagnon and Gagnon (Gagnon & Gagnon, 1992). All dependent variables were
identified at initial contact (vGRF > 10N) and/or the peak value during the landing phase
(time form initial ground contact to peak knee flexion) using custom computer software
(LabVIEW, Natonal Instruments, Austin, TX). Average values across the three trials for
each task were used for data analysis. Internal knee extension and varus moments
were normalized to the product of body weight and height, while anterior tibial shear
force and vGRF was normalized to body weight. To assess symmetry of kinematics and
kinetics between limbs, the difference between limbs for each outcome variable was
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calculated (Reconstructed limb/Non-dominant limb – Non-reconstructed limb/Dominant
limb).
Statistical Analysis
The effects of group and exercise on landing biomechanics asymmetry were
evaluated using separate, 3 (Group: ACLR-Pass, ACLR-Fail, and Healthy) x 2 (Exercise:
pre- and post-exercise) mixed-model ANOVA models. For significant group or
group*exercise interaction effects, planned pairwise comparisons were conducted using
t-tests with a Bonferroni correction. Effect sizes were reported using partial eta squared
(ηp2). The effect size classification of ηp2 was 0.01 = Small, 0.06 = medium, and 0.14 =
large (Cohen, 1988). All statistical analyses were performed using RStudio version
v0.99.893 (RStudio, Inc., Boston, MA, USA) with statistical significance set a priori at α ≤
0.05.
Results
HR values during the exercise protocol were not significantly different between
groups (Figure 4). Table 5 shows the results of the knee joint kinematic and kinetic
asymmetry data recorded during double leg jump landings before and after exercise for
the ACLR-Pass, ACLR-Fail, and healthy groups. No significant group*exercise
interaction or exercise main effects were identified for any landing biomechanics variable
during the double leg jump landing task. There was a significant main effect of group on
peak anterior tibial shear force asymmetry (F(2,27) = 3.86, p < 0.05, ηp2= 0.214) (Figure 9)
and peak vGRF asymmetry (F(2,27) = 3.34, p = 0.05, ηp2= 0.198) (Figure 10). Post hoc
analysis revealed that the ACLR-Fail group exhibited significantly greater peak anterior
tibial shear force asymmetry compared to healthy females (p = 0.004) and the ACLRPass group exhibited significantly greater vGRF asymmetry compared to healthy
females (p = 0.008).
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Table 6 summarizes the knee joint kinematic and kinetic asymmetry results
during single leg jump cuts before and after exercise for the ACLR-Pass, ACLR-Fail, and
healthy groups. There was no significant group*exercise interaction or exercise main
effects identified for any landing biomechanics variable during the single leg jump cut.
There was a significant group main effect for peak anterior shear force asymmetry, F(2,27)
= 3.494, p =0.04, ηp2= 0.206 (Figure 11). Post hoc testing revealed that the ACLR-Pass
(p = 0.010) and ACLR-Fail (p = 0.009) groups showed greater peak anterior tibial shear
force asymmetry compared to healthy females.
Discussion
The purpose of the current investigation was to compare landing biomechanics
asymmetry of ACLR-Pass, ACLR-Fail, and healthy females before and after the
completion of a sustained exercise protocol. We found that the completion of a sustained
exercise protocol did not affect landing biomechanics asymmetry nor were there any
differences in the response to exercise between ACLR-Pass, ACLR-Fail, and healthy
females during both the double leg jump landing and single leg jump cut. However, we
found greater peak anterior tibial shear force asymmetry in ACLR-Fail compared to
healthy females and greater vGRF asymmetry in ACLR-Pass compared to healthy
females during double leg jump landings. In addition, we found greater peak anterior
tibial shear force asymmetry in both ACLR-Pass and ACLR-Fail groups compared to
healthy females during the single leg jump cut.
The primary purpose of utilizing a FTB is to distinguish ACLR patients with higher
or lower risk of subsequent knee injury after return to activity (Gustavsson et al., 2006;
Neeter et al., 2006; Thomeé et al., 2011). Sagittal and frontal plane knee kinetics and
kinematics have been considered as biomechanical factors that relate to further knee
joint pathology (Blackburn et al., 2016; Hart et al., 2016; Paterno et al., 2010). Recently,
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many studies have proposed the importance of quadriceps function after ACLR because
the quadriceps plays an important role in sagittal plane knee joint mechanics
asymmetries during walking, jogging, and landing tasks (Ithurburn et al., 2015; Kuenze
et al., 2014; Palmieri-Smith & Lepley, 2015). Since the ACLR females that failed the
FTB were considered to represent a higher risk group given previous reports, we
expected the ACLR-Fail group would exhibit greater landing biomechanics asymmetries
compared to both ACLR-Pass and healthy females during the landing tasks. However,
while greater anterior tibial shear force and vGRF asymmetries were identified between
the ACLR groups and healthy females, we failed to detect any differences in knee joint
landing biomechanics asymmetries between ACLR females who passed or failed the
FTB. This indicates that the FTB is most likely not useful for identifying ACLR females
who are at an increased risk of subsequent knee injury.
Although the FTB did not differentiate the ACLR-Pass and ACLR-Fail groups,
ACLR participants displayed consistent landing biomechanics asymmetries during the
landing tasks. According to the equation that was used to calculate limb asymmetry
(Reconstructed limb – Non-reconstructed limb), ACLR participants showed slightly
greater peak knee extension moment, peak anterior tibial shear force, and vGRF loading
rate in the ACL-reconstructed limb regardless of how they were classified by the FTB.
This is in contrast to previous researchers that reported lesser knee extension moment,
peak anterior tibial shear force, and vGRF loading rate on the ACL-reconstructed limb
compared to the healthy limb (Oberländer, Brüggemann, Höher, & Karamanidis, 2014;
Palmieri-Smith & Lepley, 2015; Paterno et al., 2007; Schmitt et al., 2014). However,
there are two primary differences between these previous works and the current
investigation that may explain this discrepancy.
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The first one is the degree of quadriceps function in our ACLR participants.
According to previous investigations, ACLR patients with low quadriceps function,
defined as lesser quadriceps strength or activation asymmetry, exhibited significantly
lesser peak knee flexion angle, knee extension moment and vGRF compared to either
ACLR patients with high quadriceps function or healthy individuals (Ithurburn et al.,
2015; Palmieri-Smith & Lepley, 2015; Schmitt et al., 2014). However, ACLR participants
in this study did not exhibit mean differences in quadriceps MVIC asymmetry or
normalized peak quadriceps MVIC torque compared to healthy females (ACLR-Pass =
2.3 ± 0.34 Nm/kg, ACLR-Fail = 2.4 ± 0.61 Nm/kg, Healthy = 2.4 ± 0.65 Nm/kg, p=0.854).
Second, we propose that the greater level of quadriceps function in our ACLR
participants may be related to the time between ACL surgery and testing. While the
ACLR females in this study were tested approximately 3 years after surgery (Table 1),
the previous works that evaluated landing biomechanics asymmetries tested participants
approximately less than 1 year after surgery (Ithurburn et al., 2015; Palmieri-Smith &
Lepley, 2015; Schmitt et al., 2014). Therefore, it is possible that in the early stages of
return to activity (< 1year), ACLR patients may rely more heavily on the contralateral
limb during landing tasks in an effort to reduce loading on the reconstructed limb. This
notion is partially supported by Paterno et al. (2012) who reported that of 16 ACLR
patients who suffered a second ACL injury within 12 months after return to full activity,
12 sustained the injury on the contralateral limb. Thus, restoring quadriceps function
may be essential for ACLR patients in order to reduce the risk of contralateral injury in
the early stage after return to activity.
The results of the current study were also surprising because we did not find
exercise to affect biomechanical asymmetry during either the double leg jump landing or
the single leg jump cut. We hypothesized that participants, especially ACLR-Fail
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participants, would exhibit greater asymmetry after exercise because previous studies
have reported greater peak vGRF, external hip flexion moment, and external knee
flexion moment asymmetry after exercise in ACLR patients (Webster, Austin, Feller,
Clark, & McClelland, 2015). However, the current results were not consistent with these
previous findings. One of the differences between the current study and previous
research which has investigated lower extremity joint biomechanics asymmetry with
ACLR individuals was the method used to calculate asymmetry. Many studies have
used a limb symmetry index which is calculated as the value of the outcome variable on
the ACL reconstructed limb normalized to the value on the contralateral healthy limb
([ACLR limb / healthy limb] x 100) (Ithurburn et al., 2015; Palmieri-Smith & Lepley, 2015;
Schmitt et al., 2014). Alternatively, Webster et al. (2015) employed a method described
by Robinson et al. (1987) in which the difference between the ACL reconstructed and
healthy limbs is normalized to one-half of the sum of the reconstructed and healthy
limbs. In contrast, we did not calculate asymmetry using one of these limb symmetry
index equations, but instead chose to quantify asymmetry by calculating the magnitude
of the difference between limbs (ACLR females = Reconstructed – Non-reconstructed;
Healthy females = Non-dominant –Dominant). We chose to utilize this magnitude-based
method in order to avoid the potential inflation in LSI that can occur when the value of an
outcome variable is small. For instance, we had two subjects that showed similar
magnitudes of asymmetry for peak knee extension moment during double leg jump
landing. One participant exhibited a -0.031 Nm/[N*m] difference (ACLR limb = -0.185
Nm/[N*m] vs. healthy limb = -0.154 Nm/[N*m]) and the other participant a -0.030
Nm/[N*m] difference (ACLR limb = -0.396 Nm/[N*m] vs. healthy limb -0.366 Nm/[N*m]).
While there is only a 0.001 Nm/[N*m] difference in the absolute magnitude of limb
asymmetry between subjects, the use of LSI would imply a greater difference in
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asymmetry between these participants- 119.6% vs. 108.4% or -17.9% vs. -8.1%,
respectively, depending upon the LSI formula used. We believe that evaluating and
reporting the true magnitude of the difference between limbs protects us from potentially
misinterpreting asymmetry scores for variables such as knee extension moment and
knee valgus angle that typically have small values. Furthermore, assessing the
magnitude of the differences may also serve more useful because it clearly indicates the
direction of the mechanical imbalance. Therefore, we propose that this magnitude-based
method may provide researchers better insight when evaluating limb asymmetry.
Finally, previous studies have provided strong evidence of the importance of
frontal plane knee joint biomechanics with respect to ACL injury, especially knee valgus
angle and external knee valgus moment during landing (Hewett et al., 2005; Paterno et
al., 2010). However, to our knowledge, this study is the first to investigate knee joint
frontal plane landing biomechanics asymmetry before and after exercise in ACLR
females. While we did not identify any significant differences in knee joint frontal plane
landing biomechanics between groups, knee valgus angle asymmetry at initial contact
exhibited a large group effect size (p = 0.14, ηp2 = 0.14) during double leg jump landing
and a medium group effect size (p = 0.31, ηp2 = 0.08) during single leg jump cut.
However, the large effect size in knee valgus angle asymmetry at initial contact during
double leg jump landing was likely driven by the mean difference between the ACLRPass and healthy groups (ACLR-Pass = 1.32° ± 0.63°, ACLR-Fail = 1.11° ± 0.71°,
Healthy=-0.09° ± 0.58°). Likewise, the medium effect size during single leg jump cut is
likely due to the mean difference between these same groups (ACLR-Pass = 1.58° ±
0.78°, ACLR-Fail = 0.62° ± 0.87°, Healthy = -0.08° ± 0.71°). Therefore, it is probable that
differences in knee valgus angle asymmetry at initial contact between ACLR females
that pass and fail the FTB do not exist.
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Limitations
There are some limitations to the current study. There is a potential that the level
of effort of participants when completing the exercise protocol may not have been similar
between the groups. However, we did not identify any significant differences between
groups in HR at any measurement point during the exercise session. In addition, it is
possible that participants recovered during the time between the end of the exercise
protocol and the completion of the post-exercise landing biomechanics assessment.
However, we do not believe that to be the case, as this exercise protocol did induce
exercise-related changes in ACL-reconstructed/Non-dominant limb landing
biomechanics in this study sample (Chang, In Preparation). Further, we recruited highlyactive, college-ages females therefore the results may not be generalized to all
populations. Lastly, participants performed pre-planned double leg jump landing and
single leg jump cut tasks that are not truly indicative of high injury-risk movement tasks.
However, the tasks were chosen to replicate previous studies that investigated knee joint
biomechanics and ACL injury risk (Frank et al., 2014; Goerger et al., 2014; Norcross et
al., 2013).
Conclusion
The current study identified some knee joint biomechanics asymmetry
differences between ACLR-females that passed or failed a FTB and healthy females.
However, the completion of 30 minutes of sustained exercise did not affect landing
biomechanics asymmetry nor was the response of ACLR-Pass, ACLR-Fail, and healthy
females to exercise different. ACLR-Fail females exhibited greater asymmetry in peak
anterior shear force during double leg jump landing and single jump cut compared to
healthy females. In addition, ACLR-Pass females exhibited greater asymmetry in peak
vGRF and peak anterior tibial shear force during double leg jump landing and single leg
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jump cut, respectively, compared to healthy females. However, ACLR females that
failed the FTB did not exhibit any significant differences in landing biomechanics
asymmetry during either task compared with ACLR females that passed the FTB. As a
result, the FTB is not useful for identifying ACLR females who have returned to full
activity that exhibit knee joint biomechanics asymmetries that may present an increased
risk for ACL injury.
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a. Significant difference group main effect
b. Medium effect size
c. Large effect size

Table 5. Summary statistics and ANOVA results for biomechanical asymmetry during double leg jump landings
ACLR-Pass
ACLR-Fail
Healthy
Group*Exercise
Group
Exercise
2
2
Mean ± SD
Mean ± SD
Mean ± SD
p
ηp
p
ηp
p
ηp2
Pre
-2.27 ± 3.23
-0.6 ± 2.96
1.07 ± 4.63
KF at IC
0.63
0.03
0.21
0.11b
0.24
0.05
(⁰)
Post
-1.05 ± 3.17
-0.29 ± 4.5
1.27 ± 4.13
Pre
-0.75 ± 3.81
-0.18 ± 4.14
0.54 ± 2.44
PKF
0.33
0.14c
0.56
0.04
0.90
0.00
(⁰)
Post
-1.17 ± 3.37
1.31 ± 4.90
0.07 ± 3.40
Pre
1.66 ±1.55
0.78 ± 2.11
-0.12 ± 2.50
KV at IC
0.66
0.01
0.14
0.14c
0.60
0.01
(⁰)
Post
1.59 ± 1.92
1.45 ± 1.82
-0.07 ± 2.71
Pre
0.99 ± 4.03
-0.97 ± 6.11
-0.49 ± 5.47
PKV
0.83
0.01
0.65
0.03
0.38
0.03
(⁰)
Post
1.65 ± 4.42
-0.22 ± 6.38
-0.42 ± 5.25
Pre
-0.01 ± 0.04
-0.03 ± 0.04
0.01 ± 0.06
PKEM
0.80
0.02
0.10
0.16c
0.79
0.00
(N*m x [N*m]-1)
Post
-0.01 ± 0.03
-0.03 ± 0.04
0.01 ± 0.05
Pre
-0.01 ± 0.03
0.00 ± 0.02
0.00 ± 0.03
PKVM
0.52
0.05
0.43
0.06
0.73
0.01
(N*m x [N*m]-1)
Post
-0.01 ± 0.02
0.00 ± 0.02
0.01 ± 0.04
Pre
0.06 ± 0.18
0.14 ± 0.17
-0.02 ± 0.23
PATSF
0.90
0.01
0.04a
0.21c
0.81
0.00
(N x N-1)
Post
0.08 ± 0.10
0.17 ± 0.14
-0.04 ± 0.24
Pre
0.16 ± 0.47
0.18 ± 0.53
-0.08 ± 0.47
PvGRF
0.33
0.08b
0.05a
0.20c
0.74
0.00
(N x N-1)
Post
0.39 ± 0.47
0.31 ± 0.60
-0.26 ± 0.71
Pre
5.14 ± 10.39
1.78 ± 16.06
-0.11 ±11.68
vGRF LR
0.14
0.13b
0.13
0.14c
0.70
0.01
(N x [N*s] -1)
8.37 ± 13.21
5.16 ±15.02
-7.59 ± 17.16
Post
KF at IC: Knee flexion at initial contact, PKF: Peak knee flexion, KV at IC: Knee valgus at initial contact, PKV: Peak knee
valgus, PKEM: Peak knee extension moment, PKVM: Peak knee varus moment, PATSF: Peak anterior tibial shear force,
PvGRF: Peak vertical ground reaction force, vGRF LR: Vertical ground reaction force loading rate. Knee flexion/varus (+) and
extension/valgus (-), Asymmetry calculation: Reconstructed limb/Non-dominant limb – Non-reconstructed limb/Dominant limb.
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a. Significant difference group main effect
b. Medium effect size
c. Large effect size

Table 6. Summary statistics and ANOVA results for biomechanical asymmetry during single leg jump cuts.
ACLR-Pass
ACLR-Fail
Healthy
Group*Exercise
Group
Exercise
2
2
Mean ± SD
Mean ± SD
Mean ± SD
p
ηp
p
ηp
p
ηp2
Pre
1.38 ± 5.67
1.83 ± 7.30
-0.73 ± 3.86
KF at IC
0.68
0.03
0.41
0.07b
0.61
0.01
(⁰)
Post
0.12 ± 5.95
2.57 ± 5.39
-1.30 ± 6.35
Pre
2.16 ± 5.21
-0.21 ± 8.46
-0.24 ± 3.98
PKF
0.29
0.09b
0.46
0.05
0.31
0.04
(⁰)
Post
2.82 ± 3.43
2.29 ± 8.16
-0.60 ± 4.90
Pre
1.50 ± 1.86
0.73 ± 3.34
0.00 ± 2.36
KV at IC
0.87
0.01
0.31
0.08b
0.82
0.00
(⁰)
Post
1.66 ± 2.06
0.52 ± 3.08
-0.55 ± 4.64
Pre
0.99 ± 3.28
0.14 ± 3.68
-0.71 ± 5.16
PKV
0.62
0.03
0.54
0.04
0.65
0.01
(⁰)
Post
1.62 ± 3.60
-0.22 ± 4.35
-0.17 ± 2.09
Pre
-0.02 ± 0.04
-0.02 ± 0.03
0.01 ± 0.05
PKEM
0.85
0.01
0.18
0.12b
0.36
0.03
(N*m x [N*m]-1)
Post
-0.01 ± 0.07
-0.02 ± 0.04
0.01 ± 0.05
Pre
0.00 ± 0.02
0.00 ± 0.02
0.01 ± 0.02
PKVM
0.23
0.10b
0.82
0.02
0.15
0.08b
(N*m x [N*m]-1)
Post
0.01 ± 0.02
0.00 ± 0.02
0.00 ± 0.02
Pre
0.07 ± 0.18
0.16 ± 0.40
-0.09 ± 0.19
PATSF
0.74
0.02
0.05a
0.21c
0.82
0.00
-1
(N x N )
Post
0.08 ± 0.23
0.19 ± 0.31
-0.14 ± 0.34
Pre
-0.12 ± 0.46
0.05 ± 0.37
0.02 ± 0.37
PvGRF
0.97
0.00
0.52
0.05
0.83
0.00
(N x N-1)
Post
-0.11 ± 0.38
0.04 ± 0.43
-0.02 ± 0.35
Pre
0.78 ± 14.12
1.97 ± 18.15
-0.58 ± 16.38
vGRF LR
0.28
0.09b
0.73
0.02
0.44
0.02
-1
(N x [N*s] )
-0.60 ± 11.06
-0.13 ± 9.88
8.16 ± 14.31
Post
KF at IC: Knee flexion at initial contact, PKF: Peak knee flexion, KV at IC: Knee valgus at initial contact, PKV: Peak knee
valgus, PKEM: Peak knee extension moment, PKVM: Peak knee varus moment, PATSF: Peak anterior tibial shear force,
PvGRF: Peak vertical ground reaction force, vGRF LR: Vertical ground reaction force loading rate. Knee flexion/varus (+) and
extension/valgus (-), Asymmetry calculation: Reconstructed limb/Non-dominant limb – Non-reconstructed limb/Dominant limb.
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Figure 9. Group comparison of peak anterior tibial shear force asymmetry during double
leg jump landings performed before and after exercise
Asymmetry calculation: Reconstructed limb/Non-dominant limb – Non-reconstructed
limb/Dominant limb
* Group main effect: ACLR-Fail is significantly greater than healthy group.
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Figure 10. Group comparison of peak vertical ground reaction force (vGRF) asymmetry
during double leg jump landings performed before and after exercise
Asymmetry calculation: Reconstructed limb/Non-dominant limb – Non-reconstructed
limb/Dominant limb
* Group main effect: ACLR-Pass is significantly greater than healthy group.
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Figure 11. Group comparison of peak anterior tibial shear force asymmetry during single
leg jump cuts performed before and after exercise
Asymmetry calculation: Reconstructed limb/Non-dominant limb – Non-reconstructed
limb/Dominant limb
* Group main effect: ACLR-Pass and ACLR-Fail are significantly greater than healthy
group.
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CHAPTER 4: GENERAL CONCLUSION
The overall purpose of this dissertation was to evaluate the usefulness of a FTB
for identifying ACLR patients with a significant risk for second injury despite being
cleared for unrestricted activity by their physician. In order to evaluate the usefulness of
a FTB, ACLR/Non-dominant limb landing biomechanics (Manuscript 1) and landing
biomechanics asymmetry (Manuscript 2) were compared between ACLR females who
passed or failed a FTB and healthy females during two landing tasks completed before
and after 30 minutes of sustained exercise. This investigation substantially contributes
new knowledge to the discipline as it is the first study to evaluate landing biomechanics
between ACLR females who pass or fail a FTB before and after exercise.
In the first manuscript, we failed to detect any differences in landing
biomechanics in the ACLR limb between the ACLR-Pass and ACLR-Fail groups.
Further, we also found that ACLR females in this study, regardless of group assignment,
did not exhibit quadriceps dysfunction, defined as lesser quadriceps MVIC or quadriceps
MVIC asymmetry, compared to healthy females. This finding was novel and not
consistent with most previous investigations. Therefore, we suggested that restoring
quadriceps function after ACLR might be essential for correcting high risk landing
biomechanics profiles. Additionally, we identified a different response to exercise in
healthy females compared to the ACLR groups in which healthy females tended to utilize
lesser peak knee flexion angle after exercise. Given that the three groups did not exhibit
different quadriceps function prior to exercise, this result potentially supports the idea of
a different quadriceps response to exercise in ACLR females that has been previously
proposed. The primary conclusion from Manuscript 1 was that the FTB was not useful
for identifying ACLR females that use high-risk movement mechanics in their ACL
reconstructed limb despite having returned to full, unrestricted physical activity.
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In the second manuscript, we found group main effects for peak vGRF and peak
anterior tibial shear force asymmetry during the double leg jump landing. In addition, we
found a group main effect for peak anterior tibial shear force asymmetry during the
single leg jump cut. However, these group effects were caused by differences between
the ACLR-Fail or ACLR-Pass groups and healthy females, and not from differences
between the two ACLR groups. Importantly, ACLR females in this study exhibited
slightly greater loading on the ACL reconstructed limb compared to the uninvolved limb.
This finding is not consistent with most previous studies that have reported ACLR
patients to exhibit greater loading on the contralateral side during landing. Given this
finding and the high level of quadriceps function in our ACLR participants, we suggested
that restoring quadriceps function may be essential for ACLR patients in order to reduce
the risk of contralateral knee injury in the early stages of return to activity.
Collectively, the two most important results from this dissertation are: 1) a FTB is
not useful for identifying ACLR females that exhibit unilateral knee joint biomechanics
and knee joint biomechanics asymmetries that may present an increased risk for ACL
injury, and 2) restoring quadriceps function likely plays an important role in minimizing
ACL injury risk and the potential for subsequent knee injury. Given these results, there
are three primary areas that need to be investigated in the future.
The first is to compare hip joint landing biomechanics in ACLR females who pass
or fail the FTB. Although this dissertation concluded that a FTB is not useful for
identifying ACLR females who utilize higher risk knee joint biomechanics, it is still
unclear if ACLR females grouped using a FTB will exhibit differences in hip joint
mechanics. Evaluating hip mechanics is essential because patients who sustained a
second ACL injury showed significantly different transverse plane hip moment during a
landing task compared to patients that did not suffer a second ACL injury (Paterno et
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al., 2010). Therefore, investigating potential differences in hip joint landing
biomechanics between ACLR females that pass and fail the FTB groups will provide a
more comprehensive understanding of the usefulness of this FTB.
The second area of future investigation is to develop a new FTB or refine the
current FTB by including different clinically feasible functional measures. The FTB
evaluated in this study tried to measure many different aspects of neuromuscular
function (quadriceps peak torque, single hop tests) as well as patients’ perception of
their knee joint function (IKDC 2000 and KOS-ADLS). However, recent evidence
suggests that the ability of a muscle to generate torque quickly (Kline, Morgan, Johnson,
Ireland, & Noehren, 2015), dynamic joint stability and postural control (Clagg, Paterno,
Hewett, & Schmitt, 2015; Fitzgerald, Trakarnratanakul, Smyth, & Caulfield, 2010;
Paterno et al., 2010), and psychological readiness (Müller, Krüger-Franke, Schmidt, &
Rosemeyer, 2015) may be related to potential lower extremity biomechanical changes
and further joint injury. Therefore, it would be meaningful to refine the current FTB or
develop a new FTB that includes clinical outcome measures that are sensitive to detect
potential deficits in these areas in ACLR patients.
Lastly, promoting and disseminating the newly-developed FTB into clinical
practice is a necessary long term research direction. The ultimate purpose of clinical
study is to promote a patient’s health care. Therefore, it is very important to deliver
clinical tests that have been scientifically tested into practice so that we as clinician
researchers can directly contribute to improving ACLR patients’ future knee joint health.
As a whole, the knowledge gleaned from this dissertation highlights the need for further
research in order to provide clinically feasible and accurate functional measurement
tools that clinicians can utilize to improve ACLR patients’ quality of life and long-term
well-being.
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Appendix One
Literature Review
1. Introduction
The purpose of this review is to summarize the literature regarding anterior
cruciate ligament (ACL) injuries that is relevant to the proposed research investigation.
As such, the review specifically addresses the following topics: 1) ACL injury
epidemiology, 2) the injury incidence related to exercise, 3) the use of functional tests for
return to activity following ACL reconstruction (ACLR), 4) biomechanical ACL injury risk
factors, 5) the effect of ACLR on landing biomechanics, and 6) the effect of exercise on
landing biomechanics. Thorough investigation and review of the key literature for each
topic is provided in support of the proposed research study.
2. ACL Injury Epidemiology
2.1 ACL Injury Occurrence
More than 200,000 ACL injuries are estimated to occur annually in the United
States (C. B. Frank & Jackson, 1997; Prodromos et al., 2007). Individuals between the
ages of 15 and 25 participating in sports involving repeated change of direction, cutting,
and pivoting tasks sustain ACL injury most frequently (L. Y. Griffin et al., 2000). Up to
70% of ACL injuries result from non-contact mechanisms such as cutting or pivoting
without direct contact or collision with another person (E. A. Arendt, Agel, & Dick, 1999;
L. Y. Griffin et al., 2000). ACLR is a common treatment procedure for ACL injury and the
American Board of Orthopedic Surgery Practice of the Orthopeadic Surgeon: Part-II,
Certification Examination Case Mix reported that ACLR was the sixth most common
orthopedic surgery in United States between 1999 and 2003 (GarrettJr., 2006). While
ACLR is thought to be a common treatment for ACL rupture, the success rate, usually
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defined as a return to previous level of activity, is extremely variable (43% - 93%)
(Ardern et al., 2011a; Busfield et al., 2009; Lee et al., 2008; Shelbourne et al., 2009).
Previous researchers reported that patients with primary ACLR experienced a greater
rate of second ACL injury after return to activity (Pinczewski et al., 2007; Salmon et al.,
2005; Wright et al., 2007). A study with 2 years follow up after ACLR reported that 6% of
patients with primary ACLR suffered from a second ACL tear (Wright et al., 2007). Also,
12% and 27% of patients with primary ACLR end up sustaining a second ACL injury
event within 5 years and 10 years after return to activity, respectively. (Pinczewski et al.,
2007; Salmon et al., 2005). Further, ACLR patients are 15 and 6 times more likely to
suffer a second ACL injury event within 1 and 2 years following return to activity,
respectively, than individuals who have never sustained an ACL injury (Paterno et al.,
2012, 2014). Most troubling, these second ACL injury events have been shown to occur
on either the previously injured (ipsilateral) or the uninjured (contralateral) limb with the
incidence of second injury on the ipsilateral and contralateral limbs ranging from 3-6%
and 3-19% , respectively (Paterno et al., 2012; Salmon et al., 2005; Shelbourne et al.,
2009; Wright et al., 2007).
While ACL injuries occur in both males and females, females have a significantly
higher incidence rate of ACL injury than males (E. Arendt & Dick, 1995; Hewett et al.,
2005; Toth & Cordasco, 2001). Females participating in volleyball, basketball, soccer,
handball and gymnastics exhibited greater risk of ACL injury due to the frequent
deceleration movements associated with these sports (Agel, Arendt, & Bershadsky,
2005; E. A. Arendt et al., 1999; de Loës, Dahlstedt, & Thomée, 2000; Gwinn, Wilckens,
McDevitt, Ross, & Kao, 2000; Jacobs, Uhl, Mattacola, Shapiro, & Rayens, 2007;
Myklebust, Maehlum, Engebretsen, Strand, & Solheim, 1997; Myklebust, Maehlum,
Holm, & Bahr, 1998; Prodromos et al., 2007; Toth & Cordasco, 2001). In addition, sex
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comparison of the second ACL injury data showed greater rate of a second ACL injury
with females compared to males. Paterno et al. (Paterno et al., 2012) reported that
female patients showed six times greater rate of second injury on the contralateral limb
compared to male patients, whereas there was no difference between sexes in the
second injury rate on the ipsilateral limb. Collectively, these epidemiological findings
support the need to investigate factors associated with the high risk for second ACL
injury in post ACLR females, in order to provide fundamental evidence for the
development of rehabilitation, injury prevention, or return to full activity strategies.
2.2 Cost of ACL reconstruction
ACLR is the primary treatment option following ACL injury. It has been reported
that the estimated cost of ACLR surgery is $17,000 in the United States (Toth &
Cordasco, 2001) and a recent study has estimated the long term societal costs of ACLR
surgery treatment including cost of ACLR, rehabilitation, knee arthroplasty, revision
procedure, and osteoarthritis treatment to be $38,000 per patient (Mather et al., 2013).
Therefore, the true economic impact of ACL injury is estimated to be $7.6 billion
($38,000 x 200,000 ACL injury) annually due to costs associated with lost work,
earnings, disability, knee osteoarthritis and total knee arthroplasty (Mather et al., 2013).
It is well-documented that individuals who have undergone ACLR have greater
risk for suffering knee osteoarthritis later in life (R. T. Li et al., 2011; von Porat, Roos, &
Roos, 2004). These studies concluded that ACL injury results in early-onset of knee
osteoarthritis within 5 to 15 years after the initial injury. Li et al. (2011) reported 38.6% of
individuals with ACLR exhibited radiographic osteoarthritis with a median follow-up time
of 7.35 years. Early-onset of osteoarthritis leads to knee joint stiffness, functional
impairment, and pain with daily activities (Lohmander et al., 2007). Posttraumatic OA
after ACL injury is also a significant economic issue because the annual cost for
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treatment of long term development of OA in ACLR patients was estimated to be $2.78
billion (Mather et al., 2013). In addition, early-onset knee OA following ACL injury or
ACLR results in decreasing knee function that severely influence individuals’ quality of
life.
2.3 Conclusion
ACL sprain is a common and frequent injury in athletic populations participating
in activities involving cutting, pivoting and decelerating movements. The true economic
impact of ACL injury is estimated to be $7.6 billion annually and ACLR results in earlyonset of knee osteoarthritis that may limit individuals’ daily activity and decrease their
quality of life. Therefore, it is obvious that ACL injury is detrimental to not only financial
loss but also to general health throughout an individual’s’ lifetime. It has also been noted
that females have been shown to be at greater risk for primary and second ACL injury
compared to males. While previous studies reported no difference in the incidence rates
of second ACL injury on the ipsilateral limb between sex, females have greater incidence
rates of overall second ACL injury and of second injury on the contralateral limb.
Epidemiological data support the need to investigate factors associated with the high risk
for second ACL injury in post ACLR females to reduce subsequent knee joint injuries.
3. Influence of Prolonged Exercise on Injury Incidence
Several epidemiology studies have reported that the incidence of injury showed
an increasing tendency over time during soccer or rugby matches (Ekstrand et al., 2011;
Gabbett, 2000; Rahnama, Reilly, & Lees, 2002). Specifically, most strains, sprains and
contusions occur in the final 15 minutes of each half and the risk of injury in the second
half is greater than in the first half during soccer matches (Ekstrand et al., 2011; Hawkins
& Fuller, 1996; Rahnama et al., 2002). In addition, Gabbett (2000) reported more than
70% of all injuries occurred in the second half of play during rugby matches. Previous
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studies speculated that the increased rate of injuries during the latter stage of matches
might be caused by muscle fatigue, muscle glycogen depletion and accumulative
microtrauma (Ekstrand et al., 2011; Gabbett, 2000; Reilly, 1997). Those findings of
greater injury rate at the later stage of a single game might be speculated to result from
decreased neuromuscular function due to fatigue. Previous literature reported that
quadriceps maximum voluntary isometric contraction (MVIC) torque and eccentric
hamstring strength decreased following exercise (Chang et al., 2014; Greig & Siegler,
2009). Similarly, numerous reports document changes in landing biomechanics after
exercise that may increase injury risk (J. D. Chappell et al., 2005; Cortes, Greska,
Kollock, Ambegaonkar, & Onate, 2013b; Cortes, Quammen, Lucci, Greska, & Onate,
2012b; Lucci, Cortes, Van Lunen, Ringleb, & Onate, 2011b; Pappas, Hagins,
Sheikhzadeh, Nordin, & Rose, 2009). Therefore, exercise induced fatigue, in general,
may play a role as one risk factor for primary and secondary ACL injury.
4. Functional Measures used to Assess Return to Activity after ACLR
Clinician-scientists and other rehabilitation professionals continue to try to
optimize the ACL rehabilitation process and develop return to full activity criteria for
ACLR patients that identify readiness of patients’ knee function to minimize second
injury risks. However, despite the best efforts of rehabilitation clinicians, patients that
are able to return to full activity following ACLR are at significantly greater risk of
sustaining a second ACL injury event (Paterno et al., 2012, 2014). There are a number
of different functional measurements that are currently used to determine a patient’s
level of function and readiness to return to activity. Patient-oriented subjective tests that
can be used to evaluate a patient’s knee function include the International Knee
Documentation Committee 2000 Subjective Knee Form (IKDC 2000), Knee Outcome
Survey Activities of Daily Living Scale (KOS-ADLS), and Global Rating Scale of
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Perceived Function (GRS). Examples of objective tests that can be used in clinical
practice include time since post-ACLR, muscle strength, thigh circumference, knee joint
range of motion, and single-leg hop tests. Later in this section, various subjective and
objective measures, methods to decide cut-off standards, and the use of a functional test
battery (FTB) are introduced and discussed.
4.1 Patient-Oriented Subjective Measures of Function
The IKDC 2000 subjective knee evaluation consists of three sections with a total
of 19 items - 7 questions on symptoms, 10 questions on sports activities, and 2
questions related to function. Each patient responds to questions with individual scores
using a Likert scale that indicates their current level of activity. The IKDC 2000 is scored
by summing the individual question scores and then transforming the total score to a
scale from 0 to 100 using the following equation:
IKDC Score = (

Sum of Items Answered
) × 100
Maximum Possible Score

Previous studies have reported high reliability and construct validity when using
the IKDC to evaluate the level of knee function. Test-retest reliability of the IKDC has
been reported between 0.90 and 0.95 for patients with knee injuries including ACL,
meniscus, and chondral defects (Higgins et al., 2007; Irrgang et al., 2001). The IKDC
score is highly correlated with other patient-oriented subjective tests such as the
Cincinnati Knee Rating System, pain visual analog scale, Lysholm score and SF-36
physical component and physical function (Agel & LaPrade, 2009; Haverkamp et al.,
2006). However, IKDC 2000 showed a lack of content validity because of no patients’
contribution in developing this questionnaire. The normative database of the IKDC 2000
can be used as a standard of successful patient-reported outcome (Anderson et al.,
2006) and the IKDC 2000 has been used frequently to assess knee function in ACLR
patients (Hambly & Griva, 2010; Nyland, Cottrell, Harreld, & Caborn, 2006; Spindler et
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al., 2005) and in patients with ACL deficiency (Eastlack, Axe, & Snyder-Mackler, 1999;
Johnson & Smith, 2001; Park et al., 2010).
The purpose of the KOS-ADLS is to identify symptoms and functional limitations during
daily activities in patients with various knee pathologies. There are two versions of the
KOS-ADLS: either 17 items or 14 items with the shorter version of the KOS-ADLS widely
used in research. The 14 item version consists of two sections with 6 questions related
to symptoms and 8 questions on functional limitations with activities of daily living.
Patients rate items using descriptive responses. These responses are converted into a
numerical ordinal scale for scoring with the scoring ranging from 5 for no symptoms or
difficulty with activity to 0 for severe symptoms and difficulty with activities. The final
KOS-ADLS score is represented as a percentage (%) by using the equation presented
below:
Sum of Items Answered
KOS − ADLS Score = (
) × 100
Maximum Possible Score
Previous studies reported high test-retest reliability for KOS-ADLS between 0.94
and 0.98 (Collins, Misra, Felson, Crossley, & Roos, 2011; Irrgang, Snyder-Mackler,
Wainner, Fu, & Harner, 1998; Marx et al., 2001) and this instrument demonstrates high
internal consistency (Chronbach’s alpha 0.89-0.98) (Collins et al., 2011). Also, the KOSADLS shows good correlation with the Lysholm Knee Scoring Scale, global assessment
of function and WOMAC subscales (Irrgang et al., 1998) indicating good construct
validity. However, one limitation is that the items in the KOS-ADLS do not contain direct
inputs from patients and thus this questionnaire may suffer from reduced content validity.
However, a recent report showed that there are significant KOS-ADLS score differences
between ACLR patients with normal knee function and abnormal knee function after both
6 months and 1 year post-ACLR (Logerstedt et al., 2014). Collectively, this previous
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literature indicate that KOS-ADLS questionnaire is an appropriate tool to assess knee
function in post-ACLR patients.
The IKDC 2000 and the KOS-ADLS are frequently used instruments to evaluate
patient-oriented subjective function in ACLR patients. Previous studies have confirmed
that these tests exhibit high reliability and validity and can be useful to identify the
current knee function of ACLR patients.
4.2 Objective Functional Tests
The quadriceps strength test most frequently used to evaluate ACLR patients
level of function and readiness for return to activity is the maximum voluntary isometric
contraction (MVIC) test (Barber-Westin & Noyes, 2011). One primary role of the
quadriceps (knee extensor) muscle group is to eccentrically contract to control knee
flexion and to slow down the body’s center of mass during landing and cutting tasks
(Winter, 2005). Poor quadriceps muscle function has been linked to abnormal
movement and asymmetrical loading patterns after ACLR (Bush-Joseph et al., 2001;
Lewek et al., 2002; Oberländer et al., 2013). Altered quadriceps muscle function was
associated with sagittal plane knee biomechanics changes such as decreased knee
flexion angle and decreased internal knee extension moment during walking and jogging
(Bush-Joseph et al., 2001; Lewek et al., 2002). In addition, Oberländer et al. (2013)
investigated landing mechanics during a single leg hop test in healthy individuals and
those 6 months post ACLR and 12 months post ACLR. There was a strong correlation
(R2=.78) between quadriceps MVIC and internal knee extension moment during a single
leg hop test in individuals 12 months post ACLR.
Recent studies have also investigated the relationship between the degree of
quadriceps strength asymmetry (Quadriceps index (QI) = Injured limb/Uninjured limb x
100), representing quadriceps strength difference between the injured and uninjured
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limbs, and biomechanical variables during a landing task (Palmieri-Smith & Lepley,
2015; Schmitt et al., 2014). ACLR individuals who presented lesser quadriceps strength
symmetry ( (QI) < 80) showed lesser peak knee flexion angle symmetry and peak
internal knee extension moment symmetry during the single leg landing task compared
to ACLR individuals who presented higher quadriceps strength symmetry (QI ≥ 90)
(Palmieri-Smith & Lepley, 2015). Similarly, Schmitt et al. (2014) reported greater
quadriceps strength asymmetry was associated with greater peak vertical ground
reaction force and lesser peak internal knee extension moments during a drop vertical
jump task. As the kinematic and kinetic differences reported in these studies have been
identified as important biomechanical ACL injury risk factors (Palmieri-Smith & Lepley,
2015; Schmitt et al., 2014), these results support the idea that the restoration of
quadriceps strength symmetry in ACLR patients’ is likely important for decreasing
second ACL injury risk.
In addition to quadriceps strength testing, single-leg hop tests are commonly
used to assess ACLR patients’ knee function. Single-leg hop testing was originally
proposed by Noyes (1991) and is composed of four different hop tests: single hop, triple
hop, crossover hop, and 6 meter timed hop (Noyes et al., 1991). Single hop, triple hop
and crossover hop tests measure the total distance hopped, while the 6 meter hop is
timed. These functional test are reported to have high reliability to evaluate limb
asymmetries defined as the between-limb difference in the distance hopped or time to
hop 6 meters. In addition, they have been shown to be valid tests for evaluating ACLR
patients’ knee function with high test-retest reliability showing intraclass correlation
coefficients ranging between 0.82 - 0.93 (Reid, Birmingham, Stratford, Alcock, & Giffin,
2007). With respect for its utility for identifying functional limitations, a recent study
reported that ACLR athletes who returned to pre-injury levels of sport activity at 2 years
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post-surgery showed higher single-leg hop and triple hop test limb symmetry indices
compared to those who failed to return to pre-injury levels of activity (Ardern, Taylor,
Feller, Whitehead, & Webster, 2015).
4.3 Cut-off Criteria for Functional Measures
Several studies have used normative IKDC 2000 data for age and sex specific
groups as a cut-off criteria to identify knee function (Anderson et al., 2006; Logerstedt et
al., 2014). The 15th percentile from the normative data from uninjured female ages
between 18-24 is 83.9 of the IKDC 2000 score (Anderson et al., 2006). In many
previous studies, greater than 85 of the IKDC 2000 has been frequently used as cut-off
standard with this subjective measure. (Ardern, Webster, Taylor, & Feller, 2011b; D. Bell et al.,
2014; Kulow et al., 2014; Logerstedt et al., 2012, 2014) . Some studies used KOS-ADLS as a test

to decide ACLR patients’ readiness of return to full activity (G. K. Fitzgerald et al., 2000;
Hartigan et al., 2010; Logerstedt et al., 2014) and greater than 90% of the score was
commonly used standard cut-off for this measure (Hartigan et al., 2010; Logerstedt et
al., 2014). For objective functional tests such as quadriceps MVIC and single-leg hop
tests, limb symmetry index (LSI) has been used to identify level of knee functional
asymmetries (G. K. Fitzgerald et al., 2000; Logerstedt et al., 2014; Xergia et al., 2013).
LSI of 90%, representing a 10% deficit in injured side limb function compared to
uninjured side, has been widely used in previous studies as a cut-off standard (Engelenvan Melick, van Cingel, Tijssen, & Nijhuis-van der Sanden, 2013; G. K. Fitzgerald et al.,
2000; Greenberg, Greenberg, Ganley, & Lawrence, 2014; Hildebrandt et al., 2015;
Lepley, Wojtys, & Palmieri-Smith, 2015; Logerstedt et al., 2014; Myer et al., 2012;
Palmieri-Smith & Lepley, 2015; Rohman, Steubs, & Tompkins, 2015; Schmitt et al.,
2014; Xergia et al., 2013)
4.4 Functional Test Battery
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A functional test battery (FTB), which incorporates several subjective and
objective measures of knee function, has been proposed for use in determining
individuals’ readiness for return to activity by identifying limb asymmetries after ACL
injury and reconstruction. The rationale underlying the use of multiple subjective and
objective tests is that a FTB has been shown to more accurately discriminate
neuromuscular function asymmetry between the injured and uninjured side of ACLR
patients compared to single functional tests (Gustavsson et al., 2006; Neeter et al.,
2006; Thomeé et al., 2012). Gustavsson et al. (2006) investigated the utilization of a
three test FTB consisting of the vertical jump, the single-leg hop for distance, and the
single-leg side hop. If a subject demonstrated a LSI < 90% on any of the three tests, the
subject was classified as having failed the FTB. Among healthy groups (9 males and 6
females), 3 out of 15 (20%) subjects were classified in fail group whereas 32 out of 35
(91%) of ACLR patients (25 males and 10 females) were categorized as failing the FTB.
Neeter et al. (2006) utilized a different FTB that consisted of measuring knee extension,
knee flexion, and leg press power (Watts). Ninety-five percent of patients 6 months
post-ACLR were classified as abnormal (< 90% LSI in at least one of three test).
Logerstedt et al. (2014) investigated whether the IKDC 2000 could discriminate between
successful and non-successful performance on a FTB following ACLR. They reported
that 78% of participants were classified as having normal knee function and 22% were
classified as having below normal knee function at 12 month after ACLR when using the
IKDC 2000. However, among participants who were classified by the IKDC 2000 as
having normal knee function, only 61.8% successfully passed a FTB. In addition, among
participants who were classified as having below normal knee function by the IKDC
2000, 80.6% failed a FTB.
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Recently, Bell et al. (2014) utilized a FTB that included both a patient-oriented
subjective measure (IKDC 2000) and two objective functional measures (single-leg hop
and triple hop for distance). This study then compared single leg squat biomechanics
between ACLR patients that passed and failed the FTB. Subjects were categorized as
passing the FTB if they scored greater than 85 on the IKDC 2000 and had LSIs >90%
for both the single and triple hop for distance. While only 7 and 9 individuals were
classified the fail group when using only the single hop and triple hop for distance as
their functional tests, respectively, 37 out of 66 (56%) individuals were categorized in the
fail group when all three measures were considered.
Collectively, these studies consistently showed that combination of functional
measures; FTB, tend to better identify patients’ functional limitation than using a single
functional test. These findings may indicate that the use of FTB potentially is better to
detect ACLR patients’ knee function compare to the use of a single test. Therefore, it is
possible that a FTB might be useful for identifying whether ACLR patients’ can safely
participate in full, unrestricted activity. The members of the European Board of Sports
Rehabilitation (ESBR) proposed the recommended criteria for both strength and hop
performance prior to return to full activity after ACLR based on previous published
literatures and clinical experiences from ESBR members (Thomeé et al., 2011). ESBR
suggested 100% LSI on knee extensor and knee flexor strength and 90% on two
maximum (Single hop/vertical hop) and one endurable hop (Triple hop or crossover hop)
test for individuals who are participating in pivoting, contact, and competitive sports. For
individuals who are participating in non-pivoting, non-contact, and recreational sports,
they suggested 90 % LSI on knee extensor and knee flexor strength and 90% LSI on
one maximum or one endurable hop test as FTB.
4.5 Conclusion
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There are various subjective and objective functional measures to assess ACLR
patients’ level of knee function. Those functional tests are relatively simple and easy to
administer in a clinical setting. Also, many researchers have tried to find the optimal cutoff standard that indicates the safe level of knee function prior to return to full activity. A
FTB is the concept of using the combination of several different subjective and objective
functional tests. Since a FTB appears to demonstrate greater sensitivity for
distinguishing ACLR individuals’ knee function, recent studies have suggested utilizing
FTBs to assess patients’ readiness to safely participate in full activity. Further, despite
the use of single functional tests, the risk for subsequent knee problems, most notably a
second ACL injury, remains elevated in ACLR individuals. Therefore, it is necessary to
investigate the usefulness of a FTB to identify individuals that are at greatest risk for
second ACL injury. One way to do this is to evaluate whether biomechanical ACL injury
risk factors, as a surrogate for ACL injury risk, are different between healthy individuals
and ACLR patients who pass or fail a FTB.
5. Biomechanical Risk Factors Related to ACL Injury
Over the past two decades, a variety of external and internal risk factors for ACL
injury have been proposed. Proposed external risk factors include type of competition
(practice vs. game), surface interface (grass vs artificial turf), knee bracing and weather
conditions (Dowling, Corazza, Chaudhari, & Andriacchi, 2010; Lambson, Barnhill, &
Higgins, 1996; Olsen, Myklebust, Engebretsen, Holme, & Bahr, 2003; Orchard & Powell,
2003; Rishiraj et al., 2009). Proposed internal risk factors include anatomical, hormonal,
neuromuscular, and biomechanical related factors (Jonathan D. Chappell, Yu,
Kirkendall, & Garrett, 2002; Guoan Li, Defrate, Rubash, & Gill, 2005; Nunley et al., 2003;
Shultz, Kirk, Johnson, Sander, & Perrin, 2004; Simon, Everhart, Nagaraja, & Chaudhari,
2010; Zazulak, Paterno, Myer, Romani, & Hewett, 2006). Among proposed internal risk
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factors, the neuromuscular and biomechanical factors are of particular interest because
they are potentially modifiable through training and/or rehabilitation exercises.
5.1 ACL loading
An excessive loading applied on the ACL is a direct mechanical reason for ACL
injury. Therefore, an understanding of mechanisms of ACL loading is essential to
understand biomechanical ACL injury risk factors. Sagittal and frontal plane knee
biomechanics have been considered as the two primary biomechanical planes in which
ACL loading occurs. Various cadaveric studies reported the amount of ACL loading with
different amounts of sagittal and frontal plane knee motion and loading. Specially,
various cadaver studies reported the importance of anterior shear force on the proximal
end of the tibia related to ACL loading. Berns et al. (Berns, Hull, & Patterson, 1992)
investigated the effects of combined knee loading on the ACL strain in 13 cadaver
knees. They reported that anterior shear force on the proximal end of the tibia was the
primary factor of the ACL strain. Anterior shear force on the proximal end of tibia
resulted in increasing ACL loading whereas isolated knee varus and valgus moments did
not increase ACL strain. Further investigation revealed that the anterior shear force on
the proximal end of the tibia combined with external knee valgus moment resulted in
greater ACL strain compared to the anterior shear force on the proximal end of the tibia
alone. Markolf et al. (Markolf et al., 1995) also reported that an anterior shear force on
the tibia showed significant ACL loading whereas the knee valgus, varus and internal
rotation moment showed significant ACL loading only when combined with the anterior
shear force on the tibia. In addition, this investigation reported that the ACL loading from
the anterior tibial shear force, knee valgus and varus and internal rotation moments
increased as the knee flexion angle decreased. Those cadaver studies confirmed that
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sagittal and frontal plane knee biomechanics, in general, are direct contributing factors to
greater ACL loading.
5.2 Sagittal Plane Knee Biomechanics
According to the ACL loading mechanisms derived from cadaveric studies,
increasing anterior tibial shear force was considered as a primary sagittal plane
biomechanical factor related to ACL strain. In the sagittal plane, the quadriceps muscles
play an important role with respect to ACL loading since these muscles insert via the
patella tendon on the tibial tuberosity and can cause anterior tibial shear force. As to the
notion of the anterior tibial shear force, it has been reported in both in vitro and in vivo
studies that increasing quadriceps muscle force and decreasing knee flexion angle can
increase the anterior tibial shear force (Arms et al., 1984; Beynnon et al., 1995; Beynnon
& Fleming, 1998; Dürselen, Claes, & Kiefer, 1995). Dürselen et al. (1995) showed that
quadriceps force resulted in the in vitro ACL strain when the knee flexion was between 0
to 30 degrees. Once the knee flexion angle was greater than 30 degrees, the ACL strain
started to decrease. Similarly, Arms et al. (1984) in vitro study, found that quadriceps
muscle force significantly increased ACL strain at knee flexion angles between 0 to 45
degrees. In addition, Beynnon et al. (1995, 1998) showed that isolated quadriceps
isometric contraction force resulted in greater ACL strain compared to isolated hamstring
isometric contraction and co-contraction of both muscle groups at knee flexion angles of
15 and 30 degrees. As further evidence of the importance of quadriceps loading on ACL
loading, DeMorat et al. (2004) induced partial (27%) or complete (27%) ligamentous
disruption in over half of cadaveric knees by applying an isolated quadriceps load of
4500N at 20 degrees of knee flexion. It is clear that the quadriceps force is a major
contributor to ACL loading by increasing anterior tibial shear force. During landing tasks,
the quadriceps contracts eccentrically to control knee flexion and slow down the body’s
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center of mass (Winter, 2005). To quantify the resultant knee torque during a landing
task, which mainly is caused by eccentric contraction of quadriceps, the internal knee
extension moment (KEM) was utilized (J. D. Chappell, 2005; Thomas W. Kernozek,
Torry, & Iwasaki, 2008). Since it is impossible to directly measure quadriceps force
during a landing task, it is common to calculate KEM and anterior tibial shear force in an
attempt to make inferences about quadriceps function. As previously discussed, KEM
and anterior tibial shear force are thought to be potentially indicative of greater ACL
loading. Therefore, it is reasonable to investigate KEM and anterior shear force in
sagittal plane biomechanics during landing task.
While lesser KEM and anterior tibial shear force are generally considered to be
safer with respect to ACL injury risk, it is also important to simultaneously consider knee
flexion angle during landing. This is because knee flexion angle can influence the
amount of ACL loading due to the fact that at lesser knee flexion angles there is greater
patella tendon-tibia shaft angle and greater ACL elevation angle. Previous studies found
that greater ACL loading associated with a standardized quadriceps contraction force at
lesser knee flexion angles is due to an increase in the patella tendon-tibia shaft angle
(Nunley et al., 2003; van Eijden, de Boer, & Weijs, 1985). Nunley et al. (2003) reported
that the patella tendon-tibial shaft angle increase caused by the decrease in knee flexion
angle resulted in greater anterior tibial shear force with a given quadriceps muscle force.
In addition, lesser knee flexion angle results in an increase in the ACL elevation
angle which is defined as the angle between the longitudinal axis of the ACL and the
tibial plateau (Sakane et al., 1997). A greater ACL elevation angle causes the ACL to be
oriented more vertically which results in a greater proportion of shear loading on the ACL
instead of tensile loading. As ligament is better able to resist tensile forces, the increase
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in the ACL elevation angle results in a greater ACL strain with a given anterior tibial
shear force.
Several previous in vivo studies also support the aforementioned relationship
between ACL loading and knee flexion angle. Beynnon et al. (1995) measured in vivo
ACL strain during rehabilitation exercises and found significant ACL strain during
isometric quadriceps contraction with knee flexion angles of 15 and 30 degrees
whereas there was no noticeable ACL strain at knee flexion angles greater than 60
degrees. Li et al. (1999, 2004) investigated the quadriceps and hamstring muscle
loading on ACL loading with various knee flexion angles and reported that ACL loading
increased as knee flexion angle decreased when quadriceps muscle were loaded
regardless of hamstring muscle loading.
In addition to the evidence provided thus far, previous biomechanical studies
coupled with ACL epidemiology studies also support the relationship between ACL
loading and knee flexion angles during athletic tasks. It is widely reported that females
have greater risk of non-contact ACL injury compared to males (Agel et al., 2005; E.
Arendt & Dick, 1995; Gwinn et al., 2000; Jacobs et al., 2007; Myklebust et al., 1997;
Toth & Cordasco, 2001). Biomechanical sex comparison studies during landing
exhibited that females tend to land in a more erect posture with the hip and knee joint
less flexed compared to males (Jonathan D. Chappell et al., 2002; Decker, Torry,
Wyland, Sterett, & Steadman, 2003; Huston, Vibert, Ashton-Miller, & Wojtys, 2001;
Lephart, Ferris, Riemann, Myers, & Fu, 2002; Malinzak, Colby, Kirkendall, Yu, & Garrett,
2001; Pollard, Davis, & Hamill, 2004; Salci, Kentel, Heycan, Akin, & Korkusuz, 2004).
Additionally, several investigations have reported that females with a more erect posture
during landing exhibited greater peak vertical ground reaction force (vGRF) (Blackburn
& Padua, 2009; Salci et al., 2004). Further, in a prospective study comparing females
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that went on to suffer an ACL injury to those that did not, ACL injured females showed
significantly greater peak vGRF during a jump landing task (Hewett et al., 2005).
Therefore, 1) greater anterior tibial shear force, 2) greater KEM, 3) lesser knee flexion
angle and 4) greater ground reaction force are considered unfavorable with respect to
non-contact ACL injury risk.
5.3 Frontal Plane Knee Biomechanics
In addition to sagittal plane mechanisms, several biomechanics studies highlight
the importance of frontal plan knee biomechanics on ACL loading. While Markolf et
al.(1995) reported anterior tibial shear force as the primary mechanism of ACL loading,
anterior tibial shear force combined with frontal plane biomechanics such as internal
knee varus moment resulted in greater ACL loading compared to isolated sagittal and
frontal plane loading (Berns et al., 1992; Fleming et al., 2001; Jordan et al., 2007;
Markolf et al., 1995). Further, there is one prospective study that highlights external
knee valgus moment and peak knee valgus angle as ACL injury risk factors (Hewett et
al., 2005). Hewett et al. (2005) conducted a prospective study with two hundred five
female adolescent athletes participating in soccer, basketball, and volleyball. Subjects
performed a double-leg jump-landing task and then were followed for 13 months. Nine
athletes sustained non-contact ACL ruptures during this period. Compared to uninjured
females, those suffering ACL injury exhibited greater peak knee valgus angle, greater
knee valgus angle at initial contact, lesser peak knee flexion angle, greater peak
external knee valgus moment, and greater peak vGRF during the landing task. This
study reported that the peak external knee valgus moment predicted ACL injury with
73% specificity and 78% sensitivity. In addition, the knee valgus angle at initial contact,
peak knee valgus moment, and side to side difference in the external knee valgus
moment significantly predicted ACL injury with a R2 of 0.88 from regression analysis.
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Despite these findings, there is still disagreement regarding the relative
importance of sagittal versus frontal plane biomechanics and ACL. Previous
investigations that were described above related to sagittal plane knee biomechanics
highlighted the importance of the anterior shear force on the proximal end of tibia, knee
flexion angle and knee extension moment. Additionally, many in vitro studies reported
that medial collateral ligament (MCL) is the primary structure resisting internal knee
varus moment and the ACL itself is not loaded until the MCL has ruptured (Matsumoto et
al., 2001; Mazzocca, Nissen, Geary, & Adams, 2003). In spite of these arguments
regarding frontal plane biomechanics with ACL injury, the findings from the study by
Hewett et al. (2005) provide strong evidence of the importance of frontal plane
biomechanics with respect to non-contact ACL injury. Therefore, investigating both
sagittal and frontal plane knee landing biomechanics is warranted to understand ACL
injury risk factors and to develop future ACL injury prevention programs.
5.4 Conclusion
Landing biomechanics during controlled laboratory studies have been commonly
used to identify ACL injury-related risk factors. Sagittal plane factors such as greater
anterior tibial shear force, lesser knee flexion angle, and greater knee extension moment
as well as greater vGRF have been reported to be unfavorable with respect to ACL
injury in previously uninjured individuals. In addition, both frontal plane knee position
(initial contact and peak valgus angle) and loading (peak internal knee varus moment)
have been identified as significant predictors of ACL injury. Therefore, the use of less
favorable sagittal and frontal plane knee biomechanics during a landing task is likely
indicative of a higher ACL injury risk movement strategy. Since it is limited to directly
track injuries in a cross-sectional laboratory research setting, this investigation will use
these sagittal and frontal plane knee variables as a surrogate for ACL injury risk.
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6. Effect of ACL Reconstruction on Landing or Cutting Biomechanics
Though less numerous than with healthy participants, previous biomechanical
studies investigating ACLR patients have demonstrated altered lower extremity
kinematics and kinetics during walking, jogging, and stair ambulation and pivot
combination (Butler, Minick, Ferber, & Underwood, 2009; DeVita, Hortobagyi, & Barrier,
1998; Kuenze et al., 2014; Ristanis et al., 2003). While those tasks are less demanding
on the individual’s lower extremity than athletic tasks during which injury occurs, there
have been some studies that have evaluated ACLR patients using tasks that are more
closely related to athletic movement such as single-leg hopping, drop vertical jumping
and cutting. Stearns & Pollard (2013) identified greater average knee valgus angle and
greater peak knee varus moment during the early deceleration phase (first 20% of
stance phase) of sidestep cutting in ACLR female soccer players compared to controls.
Decker et al. (2002) measured hip, knee and ankle joint biomechanics during
drop landing in ACLR and healthy participants during double-leg drop landings. ACLR
patients showed less hip flexion (Healthy: 29.87° ± 7.73 and ACLR: 22.66° ± 5.81, p <
0.05) and more ankle plantarflexion (Healthy: 8.73° ± 5.03 and ACLR: 17.21° ± 6.73, p <
0.05), but no difference in knee flexion angle (Healthy: 29.91° ± 5.98, ACLR: 26.35° ±
7.73, p > 0.05) at initial contact compared to healthy controls. In addition, Clarke et al.
(2015) compared the landing and cutting biomechanics of ACLR patients to healthy
controls. ACLR patients exhibited greater peak knee flexion angle, hip flexion angle,
internal knee varus moment during a cutting task; and lesser KEM during the initial 40
milliseconds of a landing task compared to healthy individuals (Sarah B. Clarke et al.,
2015). Interestingly, ACLR patients demonstrated lesser KEM compared to healthy
participants which could be thought of as a safer movement pattern with respect to ACL
loading. However, there are many reports that the lesser KEM among ACLR patients
110

during walking, jogging, and landing results from a reduced contribution of the knee
extensors after ACL surgery and that this may lead individuals to use compensatory
movement strategies in order to overcome quadriceps weakness (Ernst et al., 2000; J.
M. Hart, Ko, Konold, & Pietrosimione, 2010; Kuenze et al., 2014). This persistent
quadriceps muscle weakness after ACLR has also been related to early-onset knee OA
in ACLR patients (Palmieri-Smith & Thomas, 2009).
While most previous research has compared landing or cutting biomechanics
between ACLR patients and healthy controls, a recent study compared ACLR patients’
landing biomechanics before ACL injury and after ACLR. Goerger et al. (2014)
investigated unilateral lower extremity landing biomechanics with participants who were
enrolled at service academies. After initial testing, participants were prospectively
monitored during their career at the service academy. In this study, ACLR patients
showed significant increases in knee valgus and hip adduction angles at initial ground
contact from baseline to follow up testing, while the control group demonstrated no
change (Goerger et al., 2014). In kinetics, ACLR patients who sustained an ACL injury
on their tested leg showed significantly decreased peak internal KEM and anterior tibial
shear force after ACLR (Goerger et al., 2014).
Finally, greater average knee valgus angle and greater asymmetry of KEM during
landing have been identified as significant predictors of second ACL injury in ACLR
females (Paterno et al., 2010). As with primary ACL injury risk factors discussed
previously, lesser knee flexion angle, greater knee valgus angle, and greater knee
internal varus moment in ACLR patients are also thought to increase ACL injury risk.
Although KEM is not a risk factor in ACLR that is thought to directly contribute to ACL
loading on the reconstructed limb, the lesser KEM observed in ACLR patients may
influence a long-term consequence of early-onset posttraumatic knee OA since less
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KEM indicate reduced knee extensor muscle function. Further, the lesser KEM indicates
that landing mechanics after ACLR are altered and results in the use of an asymmetrical
landing strategy that could potentially increase the loading, and potentially the risk for
knee injury, on the contralateral limb.
6.1 Limb Asymmetry in Biomechanics after ACLR
In addition to evaluating the specific values for selected biomechanical variables,
previous studies have also evaluated neuromuscular or biomechanical limb asymmetry
during landing tasks after ACLR.
Oberländer et al. (2014) investigated single leg hop landing biomechanics with
ACLR patients before reconstruction and at 6 and 12 months post-reconstruction. They
reported that the uninvolved limb showed greater internal knee extension and varus
moments during single leg hop test landings compared to the surgically reconstructed
limb (Oberländer et al., 2013, 2014). Two other studies (Orishimo et al., 2010; Xergia et
al., 2013) evaluated single leg hops in ACLR patients and showed that peak knee flexion
angle was significantly less in the involved limb compared to uninvolved limb. Gokeler et
al. (Gokeler et al., 2010) also reported that involved limbs showed lesser posterior
ground reaction force (pGRF) than uninvolved limbs, while there was no difference
between limbs for vGRF.
Paterno et al. (2007) reported limb asymmetries during double leg jump landings
in ACLR patients 2 years post-reconstruction. The uninvolved limb of ACLR patients
showed significantly greater vertical ground reaction force during the landing and takeoff
phases compared to the involved limb. The uninvolved limb also showed greater vGRF
loading rate during landing compared to the involved limb. In a separate study, Paterno
et al. (Paterno et al., 2010) compared drop jump landing biomechanics between ACLR
patients that did and did not sustain a second ACL injury event. They reported that
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patients who suffered a second ACL injury exhibited greater between-limb asymmetry in
internal knee extensor moment at initial contact compared to patients who did not
sustain a second ACL injury. Further, patients who demonstrated greater internal knee
extensor moment asymmetry were 3 times more likely to suffer a second ACL injury.
Recently, Palmieri-Smith et al. (2015) assessed single leg landing biomechanics with
ACLR patients who were classified with low (QI<80), moderate (80<QI<90) or high (QI ≥
90) quadriceps indices (QI = Injured leg / Uninjured leg x 100) during MVICs. They
reported ACLR females who were classified as having low QI demonstrated lower peak
knee flexion angle and peak KEM symmetry compared to those with moderate and high
QI. This study showed that ACLR patients did not demonstrate the same landing
biomechanics symmetries across group, and that greater quadriceps symmetry was
related to more symmetrical landing biomechanics. These results, coupled with those of
Paterno et al. (2010), indicate the importance of minimizing between-limb asymmetries
in reducing the risk for second ACL injury.
6.2 Conclusion
In this section, relevant literature related to the landing biomechanics of ACLR
individuals was reviewed. While there is a disagreement on peak knee flexion angle in
ACLR patients during landing and cutting between literatures, ACLR patients
consistently exhibited greater peak hip flexion, and knee valgus angles; greater internal
knee varus moment; and lesser KEM during high demanding landing and cutting tasks
compared to healthy individuals. While lesser KEM may be thought as reducing
ipsilateral ACL injury risk, it may result from decreased function of knee extensor
muscles after surgery. In addition, ACLR patients who performed low QI exhibited
greater landing biomechanics asymmetry that may increase the risk of a second ACL
tear.
113

Those previous studies provide a lot of fundamental biomechanical information to
understand the effect of ACLR in landing biomechanics on subsequent knee injury such
as contralateral, ipsilateral second ACL injury, and knee OA. With respect to movement
assessment studies with primary ACLR patients, the primary limitation is that there is no
specific grouping of ACLR patients to compare relatively high functioning versus low
functioning patients. Although Palmieri-Smith et al. (2015) used three different groups
based on quadriceps muscle strength, they did not utilize various functional tests such
as a FTB which are clinically relevant. Further, as this study di not include a healthy
group, there is uncertainty with respect to whether the high quadriceps group had
quadriceps function that was similar to healthy individuals. Therefore, it may be
necessary to investigate landing biomechanics with ACLR females grouped by a
potentially clinically useful functional test battery.
7. Effect of Exercise on Landing and Cutting Biomechanics
There are many previous research studies that provide insight into the effect of
exercise on lower extremity landing biomechanics in healthy individuals (J. D. Chappell,
2005; Cortes et al., 2013b, 2012b; T. W. Kernozek, Torry, & Iwasaki, 2007; Lucci et al.,
2011b; Mclean et al., 2007). In general, the alterations in landing biomechanics following
exercise are considered to increase an individuals’ risk of ACL injury.
Although previous studies utilized many different types of exercise protocols,
similar exercise effects on landing biomechanics have been reported. At the knee,
several investigators reported lesser peak knee flexion and knee flexion angle at initial
contact during landing tasks after the completion of exercise (Benjaminse et al., 2008;
Brazen, Todd, Ambegaonkar, Wunderlich, & Peterson, 2010; Cortes et al., 2013b,
2012b; Liederbach et al., 2014; Lucci et al., 2011b; Mclean et al., 2007; Pappas et al.,
2009). Chappell et al. (2005) also reported that females exhibited greater anterior tibial
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shear force and lesser knee flexion angle at peak anterior tibial shear force after
exercise. Liederbach et al. (2014) and Chappell et al. (2005) reported lesser knee
extension moment after exercise. However, in both instances, the reduced KEM was
accompanied by a relatively less flexed knee position which could offset any reductions
in ACL strain due to the lesser KEM.
Some studies reported frontal plane kinetic and kinematic changes during
landing or cutting tasks after exercise (J. D. Chappell, 2005; Mclean et al., 2007; Tsai,
Sigward, Pollard, Fletcher, & Powers, 2009). Mclean et al. (2007) reported increases in
peak knee valgus angle at initial contact and in peak internal knee varus moment during
jump landing tasks in a fatigued state. Chappell et al. (2005) evaluated knee kinetics at a
specific time point- the moment of peak anterior tibia shear force. This study showed that
mean internal knee varus moment at the peak anterior tibia shear force in the postfatigue testing session was 96% greater than during the pre-fatigue testing. Tsai et al.
(2009) reported greater peak knee valgus angle and peak internal knee varus moment
during a cutting task after exercise compared to pre-exercise. According to these
previous investigations, exercise induced fatigue likely increases biomechanical ACL
injury-related risk factors in healthy individuals.
There are only a few studies that have investigated the effect of exercise on
lower extremity landing biomechanics in patients with ACLR. Webster et al. (2012)
utilized an exercise protocol consisting of 5 sets of 10 drop landings, 10 squats and 2
vertical jumps with male ACLR patients. The results of the study showed that ACLR
patients exhibited increased peak knee valgus and internal rotation angles and
decreased internal KEM and knee varus moments as the exercise protocol progressed.
However, the exercise protocol induced similar biomechanical changes in healthy
controls leading the authors to conclude that the effect of exercise on landing
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biomechanics in males is not influenced by history of ACLR. However, Kuenze et al.
(2014) reported that a group of ACLR males and females exhibited greater decreases in
knee flexion angle and increases in knee extension moments throughout the stance
phase of jogging compared to healthy participants following an exercise session. In the
frontal plane, ACLR patients experienced a significant decrease in knee valgus angle
during the early stance phase compared to healthy controls post-exercise. While the
importance of investigating exercise induced changes is substantiated by
epidemiological evidence indicting greater injury rates later in games, knowledge about
the effect of exercise on ACLR females is limited as previous work has focused on
males or used a less demanding task such as jogging.
7.1 Conclusion
It has been clearly demonstrated that healthy individuals tend to exhibit a
decrease in knee flexion angle, increase in knee valgus angle, increase in knee
extension moment, and increase in knee varus moment during landing or cutting
following exercise. These movement alterations caused by exercise likely increase the
risk of ACL injury. While there are many findings of biomechanical changes following
exercise with healthy individuals, study with ACLR participants is limited and there is
disagreement between studies. In addition, there is no investigation that has focused
solely on ACLR females who exhibit the greatest risk for second ACL injury. Therefore,
it is important to investigate how female ACLR patients respond to exercise induced
fatigue during landing. Further, it necessary to explore whether the landing
biomechanics of female ACLR patients who exhibit minimal functional asymmetries as
determined using a FTB respond similarly to exercise as healthy individuals and ACLR
females that fail a FTB. It is expected that this information will provide necessary
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evidence regarding the potential usefulness of the FTB in a clinical setting to determine
ACLR patients’ readiness to participate in full activity with a minimal risk of injury.
8. Summary
While return to a previous level of activity with a minimum risk for subsequent
injury is often the primary goal of both patients and clinicians after injury, ACLR females
remain at significantly increased risk for a second ACL injury event compared to ACLR
males and females who have never sustained an ACL injury. In order to minimize the
risk for second injury, an accurate clinical measure that can identify high-risk patients is
needed for use in clinical setting. A functional test battery (FTB), which combines
several subjective and objective functional measures; has been suggested for this
purpose. However, a FTB has thus far only been evaluated by comparing the
agreement between patient function as determined through the use of a single patientoriented subjective measure (IKDC 2000) to patient function as identified by the FTB.
As a result, no evidence exists that indicates whether ACLR patients who pass a FTB
utilize similar landing mechanics (both on the injured limb and limb symmetry) as
individuals considered to be at lesser risk for ACL injury (i.e., previously uninjured
females). In addition, while exercise induced fatigue has been considered as an injury
risk factor with evidence of altered landing biomechanics following sustained exercise, it
is unknown whether ACLR patients that pass or fail a FTB respond similarly as healthy
females to exercise . Further, though commonly used in functional testing, LSI may not
provide a true indication of the functional capability of ACLR patients because LSI is a
relative value compared to the uninjured limb. Therefore, investigating the absolute
functional capability of healthy females and females that pass and fail a FTB is
necessary. In order to identify these identified gaps in knowledge, the proposed project
will: 1) compare landing biomechanics before and after exercise between ACLR females
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who pass or fail a FTB and healthy individuals, 2) compare landing biomechanics
asymmetry before and after exercise between ACLR females who pass or fail a FTB and
healthy individuals, and 3) compare absolute functional performance scores between
ACLR females that pass or fail a FTB and healthy individuals. It is expected that the
results of this investigation will help to determine the potential usefulness a FTB in
clinical practice.
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Appendix Two
Screening Questionnaire
Date:
a

ID:
a

Check: INCLUDED/EXCLUDED

Please answer the following questions as I read them to you:
1.
Is there any chance that you might be pregnant?
(If yes, exclude from study)

YES

NO

2.

What is your age?
(If not between 18-30, exclude from study)

3.

Do you participate in at least 150 minutes of moderate to
vigorous physical activity per week?
(If no, exclude from study)

YES

NO

Do you have an ability to complete 30 minutes of
strenuous exercise?
(If no, exclude from study)

YES

NO

YES

NO

Are you currently suffering from any injuries or illnesses
that limit your regular physical activity?
(If yes, exclude from study)

YES

NO

Are you currently suffering from any pain or swelling in
your lower extremity?
(If yes, exclude from study)

YES

NO

YES

NO

YES

NO

YES

NO

4.

5.

6.

7.

Have you suffered an injury within the last six months to
your back or lower extremity that limited your regular
physical activity?
(If yes, exclude from study)

8.

Do you have any neurological or cardiopulmonary
disorders?
(If yes, exclude from study)

9.

Not including an ACL reconstruction, have you ever had
surgery to your back or lower extremity?
(If yes, exclude from study)

10.

Have you previously participated in sports required to
perform cutting or jumping movement such as soccer,
volleyball, or basketball with minimum of 2 seasons?
(If no, exclude from study)

years

11.

Have you performed any strenuous, fatiguing physical
activity today?
(If yes, reschedule the data collection)

YES

NO

12.

Have you had your ACL surgically reconstructed? If yes,

YES

NO
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1) How many ACL reconstructions have you had?
(If more than 1, exclude from study)
2) Are you greater than 12 month and less than 5
years post ACL reconstruction? (If no, exclude
from study)

#

a

YES

NO

3) Have you had graft failure?
(If yes, exclude from study)

YES

NO

4) Have you been cleared for unrestricted physical
activity by your physician?
(If no, exclude from study)

YES

NO
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Appendix Three
Health and Activity History Questionnaire
Date:

a

Height:

cm

ID:
Weight:

a

kg

Please answer the following questions
Past History

Current Symptom

Have you ever had?

YES

NO

High blood pressure

□
□
□
□
□
□
□
□

□
□
□
□
□
□
□
□

Any heart trouble
Disease of the arteries
Lung disease
Asthma
Hepatitis
Heart murmur
Arthritis

Have you recently had?
Chest pain/discomfort
Shortness of breath
Heart palpitations
Irregular heart beats
Frequent headaches
Dizzy spells
Back pain
Orthopedic problems

NO

□
□
□
□
□
□
□
□

□
□
□
□
□
□
□
□

□

□

If you answered YES to
“Back Pain” or
“Orthopedic problems”:

If you answered YES to
any question above:
Have you been cleared
for unrestricted physical
activity by a physician?

YES

□

Does the condition limit
your regular physical
activity?

□

1. How often do you participate in physical activity?

a

2. How long on average are you active in each session?
a
3. Do you ever have an uncomfortable shortness of breath
during exercise?
4. Do you ever have chest discomfort during exercise?
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YES

NO

YES

NO

5. What type(s) of physical activities do you most
commonly complete?

a

If applicable,
6. When did you have your ACL reconstruction
(Month/Year)?
7. What type of graft was used?
8. When were you cleared for full, unrestricted activity
(Month/Year)?
9. On a scale of 1 being completely dissatisfied and 100
being completely satisfied, please rate your overall
satisfaction with the current function of your
reconstructed knee.
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a
a
a
a
a
a

a
a

Appendix Four
Tegner Activity Scale
Adapted from free content made available by The University of Delaware at:
http://www.udel.edu/PT/PT%20Clinical%20Services/journalclub/sojc/06_07/oct06/tegner
.pdf
Please indicate the highest level of activity that you currently participate in.
Level 10

Level 9

Level 8

Level 7

Level 6

Level 5

Competitive sports
Soccer—national and international elite
Competitive sports
Soccer—lower divisions
Ice hockey
Wrestling
Gymnastics
Competitive sports
Bandy
Squash or badminton,
Athletics (jumping, etc.)
Downhill skiing
Competitive sports
Tennis
Athletics (running)
Motorcross, speedway
Handball
Basketball
Recreational sports
Soccer
Bandy and ice hockey
Squash
Athletics (jumping)
Cross-country track findings both recreational and
competitive
Recreational sports
Tennis and badminton
Handball
Basketball
Downhill skiing
Jogging at least 5 times per week
Work
Heavy labor (e.g., building, forestry)
Competitive sports
Cycling, cross-country skiing
Recreational sports
Jogging on uneven ground at least twice weekly
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Level 4

Level 3

Level 2

Level 1
Level 0

Work
Moderately heavy labor (e.g., truck driving, heavy
domestic work)
Recreational sports
Cycling
Cross-country skiing
Jogging on even ground at least twice weekly
Work
Light labor (e.g., nursing)
Competitive and recreational sports
Swimming
Walking in forest possible
Work
Light labor
Walking on uneven ground possible but impossible to
walk in forest
Work
Sedentary work
Walking on even ground possible
Sick leave or disability pension because of knee problems
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