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This research first examined the validity of net knee joint moment estimations, calculated
as the difference between quadriceps and hamstrings torques estimated using either an isometric
or angle and action specific SEMG/Torque ratio calculated during calibration actions, during the
impact phase of the initial landing of adrop jump maneuver. Second, this research investigated
the extent to which the torque impul ses of the medial and lateral aspects of the quadriceps and
hamstrings, estimated during the impact phase of the initial landing of a drop jump maneuver
using an angle and action specific SEMG/Torqgue ratio predicted knee joint mechanics associated
with ACL injury risk, in the three planes of motion. Forty healthy active females, between the
ages of 18 and 25, participated in the study. Participants performed maximal calibration actions
on an isokinetic dynamometer (eccentric and isometric quadriceps, concentric and isometric
hamstrings) while surface electromyographic (SEMG) data were collected from the vastus
lateralis, vastus medialis, bicep femoris and semitendinous. Subsequently, a drop jump maneuver
was performed while three dimensional biomechanical data as well as SEMG data from the above
mentioned muscles were collected. Based on the calibration actions, individualized isometric as
well as angle and action specific (eccentric quadriceps, concentric hamstrings) SEMG/Torque
ratios (SEMG amplitude divided by half of the torque produced) were computed for each of the
four muscles, from full extension to 90 degrees of knee flexion. Using the knee flexion data
during the landing maneuver, the SEM G/Torque ratio was then estimated for the impact phase of
the drop jump maneuver. It was then divided by the concurrently acquired SEMG to estimate
torques for the four afore mentioned muscles during the impact phase of landing. Muscle torques
were resolved into a net joint moment as the difference between the sum of the extensors and

flexors, and the impul ses were then calculated for each of the muscle torques and for the net joint



moments. High risk knee joint mechanics, in the three planes of motion, were observed during the
impact phase of the initial landing of the drop jump. A RMANOVA tested differences between
the net joint moments estimated based on isometric or angle and action specific measurements
and inverse dynamics analysis. Regression models assessed the extent to which the muscle torque
impul ses, estimated using the angle and action specific SEM G/Torque ratio during the impact
phase of theinitial landing of adrop jump maneuver, predicted each of the seven variables
identified as high risk knee joint mechanics. First, the results revealed that net knee joint moment
based on the angle and action specific SEMG/Torque ratio provided acloser estimation of the net
knee joint moment cal culated using an inverse dynamics analysis than the net knee joint moment
based on the isometric SEMG/Torque ratio. Second, muscle torque impul ses, estimated using the
angle and action specific SEMG/Torque ratio, were significantly predictive of only frontal and
transverse moments about the knee. Secondary analyses revealed that when including simple
ground contact kinematic variables and impact phase duration into the regression models, muscle
torques predictivity of high risk knee joint biomechanics often increased. Hence, it was concluded
that the angle and action specific SEMG/Torque ratio provides a better estimation of sagittal joint
moments than the traditional isometric approach to SEMG normalization. Future studies should
investigate the factors influencing ground contact knee joint kinematics and impact phase

duration during theinitia landing of a drop jump maneuver.
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CHAPTER |

INTRODUCTION

Anterior Cruciate Ligament (ACL) injury is describas the “largest single problem in
orthopedic sport medicine” (Renstrom, Ljungqvisalet2008), not only because of an incidence
of approximately 200,000 annually in the US (GniffAlbohm et al. 2006), but also because of
short and long-term health consequences (NoyesaMetal. 1989; Ferretti, Conteduca et al.
1991, Deacon, Bennell et al. 1997; von Porat, Rd@d. 2004). However, such injuries may be
preventable to a degree, as the majority (70 to)8fi%he cases are the result of a non-contact
mechanism (Boden, Dean et al. 2000). There hasdmmmmented success of ACL prevention
programs (Hewett, Lindenfeld et al. 1999; Mandeiba8ilvers et al. 2005) but ACL injuries
continue to occur while the specific risk factors poorly understood. Therefore, a thorough
understanding of the mechanisms of ACL injury isessary for more focused programs to be
implemented (Renstrom, Ljunggvist et al. 2008; MahelLucey et al. 2010).

ACL injuries are commonly observed during deceleratmaneuvers (McNair, Marshall
et al. 1990; Ferretti, Papandrea et al. 1992; BpDean et al. 2000; Fauno and Wulff Jakobsen
2006) and therefore are more common in sportsslikeer, basketball and volleyball where this
type of maneuver is often performed. Non-contact A§ury is generally estimated to occur
shortly (17 to 50 ms) after the foot hits the grdBoden, Dean et al. 2000; Krosshaug,
Nakamae et al. 2007; Koga, Nakamae et al. 2010jaresult from a multiplanar loading
mechanism (Shimokochi and Shultz 2008; Quatmanir@araYates et al. 2010). ACL load
begins to increase during the flight phase, likehgsult of quadriceps activation (Torzilli, Deng

et al. 1994; Cerulli, Benoit et al. 2003) and isubht to culminate in actual rupture as a result of



various combinations of shallow knee flexion, valgatation, tibial internal rotation and anterior
tibial translation as evidenced by video observeiof actual injury events (McNair, Marshall et
al. 1990; Boden, Dean et al. 2000; Olsen, Mykleleuist. 2004; Hewett, Myer et al. 2005).

This description of the ACL injury mechanism is paged by evidence of in-vitro
studies demonstrating that ACL loading or evenurgbccurs as a result of the afore mentioned
knee joint mechanics (Meyer and Haut 2005; Withrawston et al. 2006; Lo, Muller et al. 2008;
Meyer and Haut 2008; Withrow, Huston et al. 2008)a cadaveric setup, adding 50 N of
anterior tibial shear force during weightbearingé&rlexion increased ACL load (54 N)
compared to body weight only (33 N) (Lo, Mullera¢t2008). In another cadaveric model,
Meyer et al. (2008) found that isolated internaation knee torques (33+13 Nm) resulted in
ACL rupture in all the knees tested. Finally, AGtas was increased by 30 % when an
impulsive axial knee loading was applied to creakmee abduction moment rather than a pure
flexion moment (Withrow, Huston et al. 2006). THere, in agreement with retrospective
findings of ACL injury mechanism, valgus and int&rtibial rotation excursions, anterior tibial
translation as well as their causative forces @aodmsidered high-risk mechanics, particularly
when they occur within the first 50 ms after growadtact (Hewett, Myer et al. 2005;
Krosshaug, Nakamae et al. 2007).

This body of evidence does not inform the respeatintribution of external and internal
forces to those high-risk mechanics. In-vivo anditro studies have sought a better
understanding of this issue and found that quagsiterques, through the knee extensor
mechanism, are inherently central to the maintemafgoint integrity and center of mass control
during deceleration maneuvers (Withrow, Hustorn.e2@06). However, they may also play an
important role in the injury mechanism (Griffin,ldhm et al. 2006). To produce an extensor

moment, quadriceps forces, transmitted to the thoaugh the patellar tendon, increase shear and



compressive forces in the three planes of motiaradgiceps forces have been reported to induce
anterior tibial translation (Hirokawa, Solomonowe&t1992; Torzilli, Deng et al. 1994;
MacWilliams, Wilson et al. 1999; Kwak, Ahmad et 2000; DeMorat, Weinhold et al. 2004),
internal tibial rotation (Reuben, Rovick et al. 99&lacWilliams, Wilson et al. 1999; Kwak,
Ahmad et al. 2000; DeMorat, Weinhold et al. 2004 &algus excursion (Kwak, Ahmad et al.
2000; DeMorat, Weinhold et al. 2004) partly resigtirom the interaction of the compressive
and shear components of the quadriceps force veittothe posterior tibial slope (Dejour and
Bonnin 1994, Li, Rudy et al. 1998) and differengemedial to lateral menisci geometry
(Blankevoort and Huiskes 1996; Vedi, Williams eti®199; Meyer and Haut 2008; Stijak,
Herzog et al. 2008). Similarly, the applicationmpulsive axial forces results in anterior tibial
translation as well as valgus and internal tibaghtions (Blankevoort and Huiskes 1996; Meyer
and Haut 2005; Meyer and Haut 2008)ith limited muscular contributions, physiologidavels
of axial forces can strain (Withrow, Huston et24108) or rupture the ACL (Meyer and Haut
2005). The hamstrings, with a dual insertion onpbsterior aspect of the lower leg act
antagonistically to the motions and forces induagthe quadriceps by controlling anterior tibial
translation (MacWilliams, Wilson et al. 1999; Kwakmad et al. 2000; Mesfar and Shirazi-Adl
2006) and maintaining neutral alignment in the fabplane (MacWilliams, Wilson et al. 1999;
Kwak, Ahmad et al. 2000; Lloyd and Buchanan 20CQb)lectively, evidence in-vitro suggests
that knee joint mechanics are influenced by thiglscte forces and external forces (Kernozek
and Ragan 2008) and how those interact with theegos- inferior tibial slope (Dejour and
Bonnin 1994, Li, Rudy et al. 1998) and differensemedial and lateral tibial posterior-inferior
slopes (Blankevoort and Huiskes 1996; Meyer and B@08; Stijak, Herzog et al. 2008).
Specific to sagittal plane control, in-vitro evidensuggests that the balance of

guadriceps and hamstrings forces largely deternmmezhanical outcomes at the knee (Withrow,



Huston et al. 2008). Compressive forces are ineceasth quadriceps and hamstrings co-
contraction (MacWilliams, Wilson et al. 1999), aheé net knee moment is a result of the balance
of flexor and extensor torques amplitudes (Elftrht@66; Hof, Pronk et al. 1987; Lloyd and
Buchanan 2001). Further in-vitro evidence suggbsiisquadriceps (Torzilli, Deng et al. 1994;
Markolf, Burchfield et al. 1995) and ground reantforces (Meyer and Haut 2005) increase
anterior tibial translation and that hamstring<és decrease it (Markolf, Burchfield et al. 1995).

In-vivo however, the collective contribution of hsimings and quadriceps to knee joint
mechanics is less investigated. When assessirgpttigbution of the thigh muscles to knee joint
mechanics during a deceleration maneuver, Shuldk €009) reported that the hamstrings and
guadriceps activity after ground contact togethigh tiheir isometric strength were not significant
predictors of net knee joint extensor moment denae flexion excursion. Quadriceps activation
explained only 7.3 % of the variance in anteriagatforces determined via an inverse dynamics
analysis after accounting for sex, hip and kne@estons as well as knee extension moment
(Shultz, Nguyen et al. 2009). These findings (Shiliguyen et al. 2009) are difficult to reconcile
with in-vitro findings that thigh muscles forcegar major contributor to knee joint mechanics
(Markolf, Burchfield et al. 1995; Withrow, Hustoha. 2008).

This naturally leads to the examination of surfaleetromyography (SEMG), a method
that assesses the electrical activity of the mgsmliénterest as an alternative to the, almost
impossible, direct measurement of muscle forcegl@te Rainoldi et al. 2001). For inter-
individual or inter-muscle comparisons to be pdssibe SEMG signal has to be normalized
(Dubo, Peat et al. 1976) as raw values are hightialble between subjects and muscles (Wojtys
and Huston 1994; Huston and Wojtys 1996; Hewettdénfeld et al. 1999). The isometric
method of SEMG normalization, commonly used thraughhe literature, expresses the

amplitude of the SEMG signal observed during dymafiomiction as a percent of the peak value of



the same sEMG signal observed during a maximalntaty isometric action (Dubo, Peat et al.
1976). Its use is based on the assumption thatdimalized SEMG values are representative of
the forces produced by the muscle. In turn, thisiires that the relation between sEMG and
torgue (the isometric SEMG/Torque ratio) is ideati@cross action velocities and joint angles.
This appears to be a limitation of using the isoioehethod and the resultant isometric
SEMG/Torque ratio since during dynamic actionsttrque generating capability of a muscle, for
a constant level of activation, is a function oftbangular velocity and joint angle (Lunnen, Yack
et al. 1981; Aagaard, Simonsen et al. 1994; Aag&indonsen et al. 2000; Yeadon, King et al.
2006). The explanation for this dependency is tiforce that sarcomeres can produce is
influenced by their overlap (joint angle), as wadlthe velocity of their displacement (angular
velocity) (Brown, Scott et al. 1996). Using thedisetric method” to normalize SEMG, and
making the assumption that the isometric SEMG/Tengitio can be used to describe the torque
generating capability of a muscle during dynamiaction, may therefore have limited relevance
during dynamic actions (Dubo, Peat et al. 1976)s Tiay explain the afore-mentioned
discrepancy between in-vivo and in-vitro findinggarding the contribution of thigh muscles to
knee joint mechanics.

An alternative method to normalize the sEMG signay address the above mentioned
limitations. The angle and action specific SEMGHug ratio is based on calibration actions
during which sEMG and torque data are collectee rEtio between the amplitude of the SEMG
observed and the torque produced can be modekeduastion of joint angle and joint angular
velocity (Doorenbosch and Harlaar 2003). Doorenba@sw Harlaar (2004) report good to
excellent internal validity of estimating quadrisegnd hamstrings torques based on the angle and
action specific SEMG/Torque ratio, knee joint anghel SEMG collected during dynamic actions.

Actual (as measured by the isokinetic dynamometed)estimated (using the angle and action



specific SEMG/Torque ratio, knee joint angle ant€f torques were compared with the
resultant small differences (11 to 20% of the peakctual torques) lending evidence to its
clinical relevance to estimate muscle torques dusimple movements (Doorenbosch and
Harlaar 2004). In this study, there was a 13.8%edfice between the net knee joint moments
calculated based on quadriceps and hamstringsesmegtimated using the angle and action
specific SEMG/Torque ratio as previously descrilzed that calculated through an inverse
dynamics analysis (Doorenbosch and Harlaar 20@8}h&rmore, the same research group also
provides evidence that this method is useful torede antagonistic contribution of the
guadriceps and hamstrings to net knee joint momherhg functional activity, more specifically,
during the push off phase of a jump (DoorenboschHarlaar 2003). Based on this data, the
hamstrings to quadriceps co-contraction was high&CL deficient compared to healthy
individuals (Doorenbosch and Harlaar 2003). Thevahce of the previously presented finding is
two-fold, first it suggests that using the angld action specific SEMG/Torque ratio allows
determination of the individual hamstrings and qgigagbs contributions to net knee joint
moments and second it appears to be valid in digishing between clinically relevant
populations of healthy and ACL deficient individsial

Despite the apparent relevance of using the amgleaetion specific SEMG/Torque ratio
to estimate quadriceps and hamstrings muscle terdueng dynamic function, we have been
unable to locate studies using this method to ekstiie contribution of quadriceps and
hamstrings torques to knee joint mechanics dureggkbration maneuvers. Together with three
dimensional knee joint mechanics, the afore-meeticangle and action specific SEMG/Torque
ratio may allow further insight into the contrikani of thigh muscle torques to high-risk knee

joint mechanics.



Statement of the Problem

Non-contact ACL injury likely occurs during thedir50-70 ms of a deceleration
maneuver (Boden, Dean et al. 2000; Krosshaug, Na&ahal. 2007; Koga, Nakamae et al.
2010) as a result of anterior tibial translatioalgus and internal tibial rotation. These high-risk
knee joint mechanics are influenced by the intéwaaif ground reaction, hamstrings and
quadriceps forces (Withrow, Huston et al. 2008Y) @mt geometry (Meyer and Haut 2005;
Meyer and Haut 2008Evidence in-vitro strongly suggests that quadriaems hamstrings are
ACL antagonists and agonists, respectively (Wagtyd Huston 1994; Huston and Wojtys 1996;
Hewett, Lindenfeld et al. 1999), and that throughrapriate co-contraction can largely limit the
occurrence of anterior tibial translation (Kwak,mAad et al. 2000), valgus (Lloyd and Buchanan
2001) and internal tibial rotation (MacWilliams, Mbn et al. 1999; Markolf, O'Neill et al. 2004).

However, the contribution of quadriceps and hamgsrito high-risk knee joint
mechanics, as assessed by normalizing their SEM§ tiee ‘isometric method’ and relying on
the isometric SEMG/Torque ratio, has not been blelemonstrated in individuals performing
deceleration maneuvers in a laboratory environniérg.angle and action specific SEMG/Torque
ratio is a clinically oriented method that has bskawn to efficiently distinguish the co-
contraction patterns of ACL deficient and healthgividuals during the push off phase of a jump
(Doorenbosch and Harlaar 2003). This approach walslol be useful to estimate thigh muscles
torques during dynamic function, based on the iddialized angle and action specific
SEMG/Torque ratio as observed during isokinetidocation actions. This method may help
overcome limitations of the “isometric method” tetter understand the mechanical contributions

of quadriceps and hamstrings muscles to high-nigelkoint mechanics.



Objective and Hypotheses

Our objective was twofold; first assess the validit calculating the net knee joint
moment using the angle and action specific SEMG{lierratio to estimate muscle torque
impulses during the impact phase of the initialedeation of a drop jump maneuver, and second,
to determine the extent to which the vastus lagereastus medialis, bicep femoris and
semitendinous torque impulses, estimated usingnigee and action specific SEMG/Torque ratio,
predicted variables indicative of high-risk kne@janechanics during the impact phase of the
initial deceleration of a drop jump maneuver.

Hypothesis 1:During the impact phase of the initial deceleratdd a drop jump
maneuver, the knee joint moment, calculated adifference between the summed vastus
lateralis and vastus medialis and the summed lferapris and semitendinous torque impulses
estimated using the isometric SEMG/Torque ratid aiffer from that calculated based on the
angle and action specific SEMG/Torque ratio andhftbe net knee joint moment calculated
through an inverse dynamics analysis.

Specifically,

a) The net sagittal plane joint moment impulses dated (quadriceps minus

hamstrings) based on vastus lateralis, vastus tiediscep femoris and semitendinous

torque impulse estimated with the isometric SEM@qUe ratio will be lesser than that
estimated using an inverse dynamics analysis canlgée and action specific

SEMG/Torque ratio during the impact phase of tligaindeceleration of a drop jump

maneuver. Additionally, the net sagittal plane jomoment impulses, calculated based on

muscle torque values estimated using the anglaetich specific SEMG/Torque ratio

and inverse dynamics will not differ.

b) The isometric SEMG/Torque ratio will render atimation of quadriceps torque



impulses lower than those estimated through théeaargl action specific SEMG/Torque
ratio during the impact phase of the initial decatien of a drop jump maneuver. Also,
the isometric SEMG/Torque will render an estimawbmamstrings torque impulses
greater than those estimated through the anglaetiwh specific SEMG/Torque ratio

during the impact phase of the initial deceleratiba drop jump maneuver.

Hypothesis 2:During the impact phase of the initial deceleratdd a drop jump
maneuver, greater vastus lateralis and vastus fizednal lesser bicep femoris and semitendinous
torgue impulses, estimated using the angle andraspecific SEMG/Torque ratio, will predict
greater magnitudes of variables indicative of higk-knee joint mechanics in the three planes of
motion.

Specifically:

In the sagittal plane, greater vastus lateralisvastius medialis and lesser bicep femoris
and semitendinous torque impulses estimated ubagrigle and action specific SEMG/Torque
ratio will predict:

a) Lesser knee flexion excursions

b) Greater peak internal knee extensor moment

c) Greater peak anterior shear forces

In the frontal plane, greater vastus lateralis eatus medialis and lesser bicep femoris
and semitendinous torque impulses estimated usagrigle and action specific SEMG/Torque
ratio will predict:

d) Greater knee valgus excursions

e) Greater peak internal knee valgus moment



In the transverse plane, greater vastus latenatissastus medialis and lesser bicep
femoris and semitendinous torque impulses estimatad) the angle and action specific
SEMG/Torque ratio will predict:

f) Greater internal tibial rotation excursions

g) Greater peak internal knee internal rotation mom

Limitations and Assumptions

1. Results from this dissertation cannot be genemliagopulations other than the college aged
females studied, or to tasks other than the ddeljleeceleration in preparation for a
maximal jump.

2. All participants will provide a maximum effort dag testing.

3. Surface electromyography is a reliable and valithwa of measuring muscle activity during
dynamic activity.

4. Surface electromyography obtained over the eleetpbaicements for each muscle is
adequately representative of the muscle as a whole.

5. Three dimensional kinematics accurately modelrte tmotions of body segments.

6. Inverse dynamics calculations represent the totathemts occurring at the joint and as such
include the contribution of both passive and dymastiuctures of the joint.

7. The proposed angle and action specific SEMG/Torgtie model does not account for the
change in hip angle during the impact phase ofitend

8. The proposed angle and action specific SEMG/Torgtie model does not account for all
muscles crossing the knee joint.

9. The angle and action specific SEMG/Torque ratio eaaly relies on a singular velocity of

calibration action.
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10. This work does not account for other factors, saglanatomical and hormonal, potentially

associated with high-risk knee joint mechanics.

Delimitations

1. Only college-aged female participants who are hgaitith no musculoskeletal injury to
either lower extremity for the past 6 months angehaot had surgery on either lower
extremity participated.

2. All measurements were only obtained from the dontiséance leg.

3. Data, results and interpretation were obtainedhduitie impact phase of the initial

deceleration of a double legged drop jump maneuver.

Operational Definitions
1. Impact phase: Period between foot contact (GRF>HdM)peak vertical ground reaction
force (F2).
2. Impulse (Nm*s): The area under the estimated net jpoment or muscle torque curve over
the impact phase of the initial landing of a dromp maneuver.
3. Dominant stance leg: Defined as the stance limbnviieking a ball.

4. |sometric SEMG/Torque ratio (mV/NmJhe ratio of SEMG amplitude (non normalized) to

torque produced during isometric calibrations axtion an isokinetic dynamometer.

5. Angle and action specific SEMG/Torque ratio (YomaxXi@d$EMG/NM): The angle (between

0 and 100° of knee flexion) specific ratio of SEM@plitude (normalized to the peak
observed during a maximal voluntary isometric attim torque produced. This ratio was
calculated during, eccentric quadriceps (-278°asd concentric hamstrings (909 s

calibration actions on an isokinetic dynamometer.
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6. Muscle torque estimated using the Isometric SEM@{lie ratio (Hypothesis 1) (Nm):
Estimation of the torque produced by a muscle dweiimpact phase of the initial landing of
a drop jump maneuver and calculated as the ratioeofinique Isometric SEMG/Torque ratio
and the amplitude of the SEMG observed.

7. Muscle torque estimated using the angle and aspesific SEMG/Torque ratio (Hypotheses
1 and 2) (Nm): estimation of the torque produceé lmguscle over the impact phase of the
initial landing of a drop jump maneuver and caltedaas the ratio of the action and angle
specific SEMG/Torque ratio and the amplitude of$E&G observed.

8. Muscle Torque Impulse (Nm*s): Integration of thesule torques estimated using the
isometric or angle and action specific SEMG/Torratés over the impact phase of the initial
landing of a drop jump maneuver.

Using theisometricsEMG/Torque ratio this rendered the following abies:
Vastus lateralis torque impul§€L,so, Nm*s).

Vastus medialis torque impul§€M,so, Nm*s).

Bicep femoris torque impulg®F,so, Nm*s)

Semitendinous torque impul§8Tso, Nm*s)

Using theangle and action specifisEMG/Torque ratio this rendered the following

variables:

Vastus lateralis torque impulse (M, Nm*s).

Vastus medialis torque impulse (\gMi, Nm*s).

Bicep femoris torque impulse (Bfn, Nm*s).

Semitendinous torque impulse (g, Nm*s).

9. Net Knee Joint Moment Impulse (Hypothesis 1): Inéign of the internal knee extensor

moment, over the impact phase of the initial lagdifia drop jump maneuver, and

12



calculated: Through an inverse dynamics analy&KiEM, Nm*s) and as the difference
between the summed vastus lateralis and medialishensummed bicep femoris and

semitendinous torque impulses estimated usingstmetric SEMG/Torque ratiiNETsq,

Nm*s) or theangle and action specific SEMG/Torque ratiqNETpyn, NmM*s).
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CHAPTER Il

REVIEW OF LITERATURE

In order to best understand the contribution @dyiceps and hamstrings torque
impulses to high-risk knee joint mechanics durimg impact phase of the initial deceleration of a
drop jump maneuver, a review of the pertinentditiere is necessitated. The following chapter
will review mechanisms of ACL loading, neuromecltarf deceleration activities, and evidence

supporting the adoption of a new method to estirkaée torques.

Mechanisms of ACL Loading

The knee consists of two major articulations, tagelo-femoral joint, including the
patella and its contact with the femoral trochkead the tibio-femoral joint, made of the femoral
condyles and their contact with the tibial plate@artini and Timmons 1995). The motion of
the knee joint consists of six degrees of freedbine three main planar rotations are sagittal
plane flexion-extension, frontal plane abductiokaetion and transverse plane internal and
external rotation (Martini and Timmons 1995). Thare also three translations that occur with
these rotations including medial-lateral, antefosterior and superior-inferior translations
(Martini and Timmons 1995). Given the bony anatahthe knee, it is necessary for passive and
active soft tissue restraints to contribute totjstability.

Passive restraint of the tibiofemoral joint is ga®d by the lateral and medial menisci,
joint capsule, posterior cruciate, anterior crugiddteral and medial collateral ligaments as well
as the bony arrangements of the knee (Hughes atkln&/2006). The anterior cruciate ligament

(ACL) is located in the intercondylar notch andysla primary role in countering anterior shear
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forces (Butler, Noyes et al. 1980; Arnoczky 1983) internal tibial rotation (Markolf,

Burchfield et al. 1995; Hame, Oakes et al. 2002) asecondary role in countering valgus forces
(Markolf, Burchfield et al. 1995). The ACL beconmasre important in restraint during extreme
joint positions (e.g. hyperextension (Lin, Lai £t2009)) and may reach failure if the load
imparted upon it is too high. In the following sectwe will present the experimental and
observational findings that have contributed to ulerstanding of high-risk knee joint

mechanics, or those mechanics that increase AGLdod may lead to its rupture.

The Injury Event

Retrospective investigations continue to providpanant information regarding the
events that contribute to ACL load and may resuits rupture (McNair, Marshall et al. 1990) by
characterizing the positions and excursions akitiee during actual ACL injury events (Olsen,
Myklebust et al. 2004; Krosshaug, Nakamae et &72B80oga, Nakamae et al. 2010). Those
studies have characterized the injury mechanisbe tinked to specific kinematic occurrences
such as shallow knee flexion and valgus collapsdathd 1999; Krosshaug and Bahr 2005).
Using a video based 3 dimensional reconstructionrigue (Krosshaug and Bahr 2005) of 10
female handball players injuring their ACL duringleceleration maneuver, Koga et al. (2010)
reports similar findings as previous literaturghiat the knee is in shallow flexion (Mean: 23°;
Range: 11 - 30°) and neutral in the frontal plaingraund contact before injury. They also report
kinetic and transverse plane information regardieginjury mechanism. Specifically, they found
that the estimated instant of ACL rupture was smiih timing to the estimated peak in ground
reaction force (40 ms). They also report that betwground contact and the estimated time of
injury, sharp kinematic changes in the three plariesotion occurred (Excursions from instant

of contact to 40 ms post; 12° Valgus, 8° Interiiaht rotation, 24° Flexion) (Koga, Nakamae et
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al. 2010). Collectively this lends evidence towaadsulti-planar loading mechanism
(Shimokochi and Shultz 2008; Quatman, Quatman-Yettes 2010).

The results in Koga et al. (2010) were slightifefiént from that of previous work of
actual ACL injury occurrences, which reported tiwgernal, not internal, tibial rotation was part
of the injury mechanism (Ireland 1999; Olsen, Myklst et al. 2004). This dissimilarity may be
due to differences in methods used to assess &mtdijnematics during the injury event. Olsen
et al. (2004) relied solely on expert visual aniglyg video footage, where the small amplitude
and rapidity of internal rotation may have goneatived. Since the determination of the time of
injury was difficult in those studies, the moreibis, external tibial rotation occurring post injur
(Meyer and Haut 2005; Koga, Nakamae et al. 201@) maae been wrongly identified as part of
the injury mechanism (Koga, Nakamae et al. 2010).

Collectively, retrospective and laboratory studiaggest that impulsive axial loading,
shallow knee flexion (Cerulli, Benoit et al. 2008&]gus rotation (Koga, Nakamae et al. 2010),
anterior shear force (Fleming, Renstrom et al. 2001 tibial rotation (Meyer and Haut 2005;
Koga, Nakamae et al. 2010) during the impact pb&sedeceleration maneuver (Cerulli, Benoit

et al. 2003; Koga, Nakamae et al. 2010) can beachenized as high-risk knee joint mechanics.

Internal and External Influences on ACL Load

The suggestion that the previously mentioned koeg mechanics are implicated in the
ACL injury event necessitates an understanding-eitro and in-vivo studies that demonstrate
increased ACL load with the aforementioned higk-kisee joint mechanics. It is important to
understand how these biomechanical studies hawidecbsupporting evidence to observed knee
joint mechanics of the ACL injury occurrence bynagucing the demands of deceleration

maneuvers and assessing the resulting ACL load.

16



External Loads

Impulsive Loading

The contribution of impulsive axial loading to krje@t mechanics has been
demonstrated in biomechanical studies closely thping knee joint positions as well as forces
and rates of impulsive loading observed during Eeagon maneuvers. Cadaveric testing
observed that when the knee is flexed to 30°, guisive axial load of 5.4 £2.0 kN induced
ACL rupture in all of the knees tested (Meyer araitH008). Their design included an
incremental increase of the loads applied uporkitiee, which allowed assessment of the
kinematic changes with the loads just prior to thdticing injury. Results showed that impulsive
loading (4.8 kN) induced a 12 + 5.2 mm posteriondeal displacement relative to the tibia, 3.9 +
4 ° of internal tibial rotation together with a ni@d.1 + 4.8 mm femoral displacement relative to
the tibia. Mechanistically, these occurrences eaeiplained by the geometry of the tibial
plateaus. The posterior slope (around 10°) ofitiial {plateau facilitates the posterior translation
of the femur relative to the tibia in the preseatanterior shear force and partly explains the
contribution of impulsive axial loading to anteridsial translation (Dejour and Bonnin 1994; Li,
Rudy et al. 1998). Another important factor explainthe contribution of axial impulsive loading
to knee joint mechanics is the greater lateral,gamed to medial, tibial plateau slope that induces
tibial internal and valgus rotations as a couplediom (Blankevoort and Huiskes 1996; Meyer
and Haut 2008; Stijak, Herzog et al. 2008)

Internal Rotation Moment

Other work has also examined the contribution tdrimal rotation moments to high-risk
knee joint mechanics with in-vivo and in-vitro sieslapplying transverse plane torques to
understand how such loads affect ACL load and kwiee kinematics (Fleming, Renstrom et al.

2001; Meyer and Haut 2008). Using young and acugects undergoing arthroscopic surgery, a
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variety of external loads were applied to the kime@0° of flexion, to assess their influence on
ACL strain (Fleming, Renstrom et al. 2001). Intémagation moments of 10 Nm were reported
to increase ACL strain independent of the applicatf a weightbearing load (~3% strain)
(Fleming, Renstrom et al. 2001). However, 10 Nrarimal rotation torque may not necessarily be
representative of physiological values during de@ion maneuvers (Venesky, Docherty et al.
2006). This issue was addressed in a cadaverip sgtwlating weightbearing in 30° of knee
flexion where internal rotation moments (33 + 13)Nmere found to result in ACL rupture in all
of the (7) knees tested (Meyer and Haut 2008).eSiney incrementally increased the moments
applied, they could also observe the effect ofrivdktibial rotation moments when injury does
not occur. Internal rotation torques of 31 + 9.4 Mighuced a large internal tibial rotation (45 + 18
), but also 11 + 6 ° of valgus rotation and 9 & 8im of anterior tibial displacement. These
findings show that physiologically relevant intdrtibial rotation torques can rupture the ACL
and that such loads are also associated with btpb#risk knee joint mechanics, thereby
potentially contributing to the ACL injury mechamis

External Valgus Moments

External valgus moments have been reported to ectisply predict ACL injury
(Hewett, Myer et al. 2005) and as such it is imgairto know how they may contribute to ACL
loading. In the same setup as previously desciibéte operating room, Fleming et al. (2001)
reported that 15 Nm valgus torques increased A@H [e-2 % strain) when the knee was in 20°
of flexion and weightbearing. However, a 15 Nm uslgorque may be less than the loads
encountered during deceleration maneuvers (Shiaydari et al. 2009). To address this issue, a
simulation model of ACL strain, re-created physgially relevant loads matched to represent
those actually experienced by individuals durirgyla maximal single leg deceleration maneuver

(Shin, Chaudhari et al. 2009). The output fromrtigelel suggests that ACL strain increases with
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increased valgus moment (51 Nm of external valgosent, strain: 7.6 %), but that the highest
ACL strain observed was still below failure levpteviously described (9 - 15 %) (Butler, Guan
et al. 1992; Momersteeg, Blankevoort et al. 1988hough isolated valgus loading has a
moderate influence on ACL loading, its importante imultiplanar mechanism study should not

be disregarded.

Internal Loads

The above evidence demonstrates that impulsivé lagiding as well as valgus and
internal rotations increase ACL load and may leaidstrupture. However, the aforementioned
studies only assess the effects of external loaddmgACL. Therefore, they do not inform the
changes in knee joint mechanics that occur asuét iisthe internal forces exerted by the
muscles crossing the knee joint. Thus, an undetistgrof the dynamic restraint system is
warranted in a study related to the mechanicalénfte of thigh muscles to high-risk knee joint
mechanics. The dynamic stabilizers of the kneaigelall the muscles crossing the joint, the
tensor fasciae latae, the gastrocnemius, gradibisstrings, semitendinosus, semimembranosus,
biceps femoris and quadriceps rectus femoris, sdataralis and vastus medialis (Lloyd and
Buchanan 2001). The quadriceps and hamstringsthavargest influence on knee joint
mechanics, not only because they both are largelesjwith large torque producing
capabilities, but also because they have momers Hrat can support varus/valgus motions and
moments (LIoyd and Buchanan 2001). Thus the nexiosewill be limited to these two main
muscle groups.

Quadriceps Forces

In-vitro studies have sought a better understandfrige contribution of quadriceps
forces to the injury mechanism, by applying physgatal loads on the quadriceps tendon and

observing the resultant ACL load and/or knee jginematics. The quadriceps forces are
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transmitted to the tibia via the patellar tendoloyd and Buchanan 2001) and the extent to which
those forces result in knee extension torque lsentced by the change of the extension moment
arm as a function of knee joint angle with the ¢mtgnee extensor moment arm typically in 30 °
of flexion (Grood, Suntay et al. 1984). The infraghlar tendon force vector (Nunley, Wright et
al. 2003) is defined as the angle between thelpatehdon and the longitudinal axis of the tibia
and largely determines the contribution of quadhéctorces to compressive and shear forces
during dynamic function (Nunley, Wright et al. 2008/hen the knee is in shallow flexion, the
patellar tendon/tibial shaft angle is largest (MynMright et al. 2003) and therefore quadriceps
forces have the largest effect on anterior tibhslation and subsequent ACL load because of
the importance of the horizontal component of thestor of force (Grood, Suntay et al. 1984,
Li, Rudy et al. 1998).

Frontal Plane

The influence of the quadriceps on frontal planegkjoint motion is determined by the
interaction of patella tendon forces and knee jggumetry as well as the balance of forces
created by the different components of the quapsic@astus medialis and lateralis are thought
to have internal valgus moment arms when actingitaihe medial tibiofemoral articulation and
internal varus moment arms when acting about tieedbtibiofemoral articulation when the knee
is close to full extension (Buchanan, Kim et al9@p In vivo evidence suggest that when the
knee is in 60 ° of flexion both the medial and lateomponents of the quadriceps results in
valgus moments at the knee (Zhang, Wang et al.)2608thermore, applied patella tendon
forces may affect frontal plane knee joint kinerrsito a different extent when transferred to the
medial and lateral aspects of the tibiofemoraltjdiimis is due to known differences in medial
and lateral tibial plateaus geometry (Blankevood Bluiskes 1996; Vedi, Williams et al. 1999;

Meyer and Haut 2008; Stijak, Herzog et al. 2008)prd/specifically, the more concave and
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deeper medial tibial meniscus is more stable tharateral one, facilitating valgus as a motion
coupled with anterior tibial translation (Vedi, laims et al. 1999). As such valgus may occur as
a result of the anterior tibial translation and differences in lateral and medial tibial condyles
geometry (DeMorat, Weinhold et al. 2004). This thlois supported by reports of quadriceps
forces inducing a knee valgus rotation, or a latdveal displacement most pronounced near full
extension (Li, Rudy et al. 1998; DeMorat, Weinhetdal. 2004). Using a cadaveric setup of the
knee, fixed in 20 ° of flexion and submitted togan4500 N), unopposed, quadriceps forces, the
authors report that a 2.3 ° valgus rotation occufiBeMorat, Weinhold et al. 2004). However,
the use of large forces in a non weightbearingdiknee joint angle setup limits the conclusions
that can be drawn regarding the external validitshe results. Looking at the same issue with an
open kinetic chain, in-vitro, set up and much lesgmdriceps forces (200 N) at knee angles
between 30 and 90 ° of knee flexion, Li et al. @92@®ported that tibial lateral displacement was
most pronounced at 30 ° of knee flexion. Furtharifitation of the mechanism leading to these
observations came from another in-vivo experimeameng each of the quadriceps heads were
individually stimulated and their contribution tode joint moments assessed (Zhang, Wang et al.
2003). The authors report that the vasti and rdetu®ris respectively created valgus and varus
moments about the knee joint (Zhang, Wang et &3R0rhe resulting moments, of the complete
guadriceps group, in the frontal planes are theeeddferentially influenced by rectus femoris
and the vasti (Zhang, Wang et al. 2003). To sunmadhe findings in the frontal plane, there is
initial evidence that the vasti have similar momemhs directed towards neutral alignment in the
frontal plane. Their forces can, especially whankhee is close to full extension, induce valgus
motion because of the differences in geometry betvibe lateral and medial menisci (Li, Rudy

et al. 1998; DeMorat, Weinhold et al. 2004).
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Transverse Plane

The quadriceps also play a role in transverse piasieon of the tibiofemoral joint as
studied mostly in-vitro (Hirokawa, Solomonow et 8992; MacWilliams, Wilson et al. 1999; Li,
DeFrate et al. 2004). Independent of whether tdeweric model included weightbearing,
unopposed quadriceps forces applied to a knee @sdaternal tibial rotation (Hirokawa,
Solomonow et al. 1992; MacWilliams, Wilson et #99; Kwak, Ahmad et al. 2000). The extent
to which quadriceps forces induce internal tibedation is most pronounced when the knee is
close to full extension, at 15 to 30 ° of flexidrii,8 N of quadriceps force induced 6 to 7 ° of
internal tibial rotation, whereas at 60 ° the sdanee resulted in only 2 to 3 ° of internal rotatio
(Hirokawa, Solomonow et al. 1992).

Mechanistically, the fact that quadriceps actiattuices internal rotation can be explained
by in-vivo findings. By separately eliciting theaglriceps heads Zhang et al. (2003) found that all
guadriceps components induced internal tibial lmtanoments. In the transverse plane, there is
collective evidence of the quadriceps (Zhang, Wetrg. 2003) and weightbearing contributing
to internal tibial rotation (Meyer and Haut 2005).

Hamstrings Forces

The quadriceps are central to maintenance of padsttability during deceleration
maneuvers (Withrow, Huston et al. 2006), howevedescribed above, they are also thought to
play a role in high risk knee joint mechanics (@mif Albohm et al. 2006). To fully understand
active restraint mechanics acting on the knee,jbisninstrings forces, considered antagonistic to
those exerted by the quadriceps (Baratta, Solomat@lk 1988), must be described. The
hamstrings have a dual insertion on the postespeét of the lower leg, on the medial surface of
the tibia for the semitendinosus and semimembranasd on the lateral side of the head of the

fibula for bicep femoris (Lloyd and Buchanan 2001).
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In the sagittal plane, the capability of the haings to create a flexion moment is largely
angle dependent, with peak torques occurring négbextension (Anderson, Madigan et al.
2007). Knee angle also affects posterior transiaticthe tibia relative to the femur that result
from hamstrings action (MacWilliams, Wilson et #199; Kwak, Ahmad et al. 2000; Mesfar and
Shirazi-Adl 2006) as the hamstrings tendons becmre parallel to the tibial plateau with
increasing knee flexion (Pandy and Shelburne 188d)therefore become more efficient at
producing posterior shear force (Mesfar and Shitalti2006).

In the frontal plane, the bicep femoris has a lasgjgus moment arm on the medial
condyle and a flexion moment arm on the laterablgt®) on the other hand the semitendinosus
has a moment arm directed towards flexion on théi@heondyle and a varus moment arm on
the lateral condyle (Lloyd and Buchanan 2001). Bhiggests that in the frontal plane the
combined action of the hamstrings (semitendinosdséceps femoris) is geared towards the
maintenance of neutral alignment. However, in aagadc model investigating the kinematics
resulting from applied hamstrings forces, a 26 7akhétrings force induced a 4 to 6 ° varus
rotation between 0 and 30° of knee flexion (Kwakp#ad et al. 2000). In the same study the
hamstrings force induced 8° external rotation eftihia (Kwak, Ahmad et al. 2000). There is
limited evidence of the isolated influence of haimgfs forces on knee joint mechanics because
the purpose of most set ups is to assess the aateshiich the hamstrings can decrease the ACL
load or kinematic changes induced by quadricepeforHowever, reports show that hamstrings
forces counter out of plane mechanics that mayltresm quadriceps forces such as valgus
(MacWilliams, Wilson et al. 1999; Kwak, Ahmad et 2000) internal tibial rotation (Kwak,
Ahmad et al. 2000) and anterior shear forces (M#@is, Wilson et al. 1999; Kwak, Ahmad et

al. 2000; Mesfar and Shirazi-Adl 2006) and thesdifigs provide strong support to the notion
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that the hamstrings act as agonists to the ACLgtBarSolomonow et al. 1988; More, Karras et
al. 1993).

It is also important to understand the effect ahkhtings and quadriceps co-contraction
when external forces are applied to the knee. Hamgstand quadriceps can resist varus/valgus
moments concomitantly with flexion moments throtigé simultaneous generation of flexion
and extension moments (Lloyd and Buchanan 2001hisrwork, co-contraction provided
resistance for 11-14% of the external valgus/vamaments imparted upon the joint. Cadaveric
modeling experiments have observed the resultammt la@d when hamstrings to quadriceps co-
contraction changed (Withrow, Huston et al. 20QB)jng a cadaveric knee set up designed to
impart a two to three bodyweights impulsive axigld upon a cadaveric knee joint, the authors
varied hamstrings forces and report a hamstringgidariceps co-contraction ratio (H force / Q
force) of 0.64 practically negates the effect @0&3 N impulsive axial force (ACL strain: 0.8 %)
(Withrow, Huston et al. 2008). However when théoratas much lower (0.22) ACL strain was
much higher (ACL strain: 3 %) despite a lower (1R)dmpulsive loading. This suggests that
there is a reciprocal relation between internal extérnal forces that affects ACL load, so that
when hamstrings forces are increased, with quausit@ces remaining constant, greater ground
reaction forces can be applied to the joint withaateasing ACL load. This is further confirmed
by the reports of an in-vivo model designed to ssske rotational stiffness provided by the
maximal voluntary activation of the leg musclese urpose was to assess the change in knee
rotational stiffness, assessed as the response80 B impulsive internal rotation load applied to
the external aspect of the foot with the knee ih&dlexion. Findings show that when the
participants were maximally activating, rotatiogtffness was increased by 178 and 218 %

compared to the relaxed condition (Wojtys, Ashtottieviet al. 2002). Taken together this
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information suggests that the simultaneous an@cile function of the hamstrings and
guadriceps can contribute to the control of examsiand forces in the three planes of motion.

In summary, when co-contracting, the hamstringscaradiriceps produce forces in
opposite directions, generate compressive forcsn@h 1966), and increase knee stiffness in
multiple planes of motion (Solomonow, Baratta etl887; Baratta, Solomonow et al. 1988;
Lloyd and Buchanan 2001; Woijtys, Ashton-Miller £t2002). This active stabilization of the
knee aids passive restraint systems in maintajoingstability (Solomonow, Baratta et al. 1987;
Baratta, Solomonow et al. 1988; More, Karras e1893) and equalizes articular surface pressure
distribution (More, Karras et al. 1993). Collectiughese mechanics are thought to allow for less
stress to be transmitted to the ACL for a spetgfiel of externally applied force (More, Karras
et al. 1993). Thus, combined action of the hamgsrisind quadriceps has the ability to control
loads in all planes of motion and potentially resldcL load.

This review of high-risk knee joint mechanics foEAinjury demonstrated that the ACL
is loaded during the impact phase of a decelerataneuver when the knee is close to full
extension and undergoing forces and excursionaiitipte planes of motion. It is also
demonstrated that quadriceps and hamstrings foesesontribute to both greater and lesser
high-risk knee joint mechanics which in turn mafuance ACL load. However, we were unable
to locate work specifically addressing this issudry a deceleration maneuver. The next section
will focus on the literature seeking a better ustinding of the contribution of the quadriceps

and hamstrings activity to high-risk knee joint tacics during deceleration maneuvers.
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Deceleration Neuromechanics

The following section will discuss: 1) the theocaticontribution of internal and external
forces to knee joint mechanics during a decelaratianeuver, and 2) the findings related to the

contribution of quadriceps and hamstrings to higk-knee joint mechanics as observed in-vivo.

Theoretical Neuromechanics of Deceleration

During a deceleration maneuver, hamstrings andragpgga$ co-contraction is necessary to
maintain knee joint stability (Baratta, Solomonaovak 1988; More, Karras et al. 1993), and to
avoid extreme knee joint positions (O'Connor, Montet al. 2009). Prior to ground contact,
preparatory quadriceps forces may load the ACL ({teBenoit et al. 2003) by shifting the tibia
anteriorly as demonstrated in-vitro (Torzilli, Deagal. 1994). This is most apparent when knee
flexion is less than 30° due to the importanceneftiorizontal component of the vector of
guadriceps force (Smidt 1973; van Eijden, de Boat.€1985; Buff, Jones et al. 1988). Upon foot
contact, ground reaction forces experienced r@salh external knee flexion moment that must
be counteracted by an internal extensor momeritatdhe knee does not collapse in flexion. This
function is provided through eccentric action af fuadriceps, increasing the knee extension
moment (Blackburn and Padua 2008; Hanson, Padala2808) and contributing to anterior
translation of the tibia relative to the femur (Defdt, Weinhold et al. 2004). Thus, isolated
eccentric quadriceps action is necessary to thaterence of knee integrity but is also thought to
contribute to high-risk knee joint mechanics.

As antagonists to the quadriceps, the hamstrirsgsaadtivate prior to ground contact
(Palmieri-Smith, Wojtys et al. 2008; Shultz, Nguyatral. 2009). However, whether they are
acting eccentrically, isometrically or concentrigalfter ground contact is still a topic of debate.
The hamstrings must shorten with knee flexion @mgjthen with hip flexion since they cross
both the hip and the knee (Visser, Hoogkamer &t280). Therefore, the extent to which they
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change length is a function of the relative changdsgp and knee flexion. Since those hip and
knee flexion excursions occur in multiple combioas (Blackburn and Padua 2008) it is difficult
to determine the action of the hamstrings precigdiynough the change of hamstrings length has
not been reported during the initial deceleratiba drop jump maneuver, there is evidence to
suggest that they are either acting concentri¢aliprtening) or isometrically (remaining at the
same length) early in deceleration maneuvers (RedrerWilson et al. 2008; Jonhagen,
Halvorsen et al. 2009). One study modeled hamstieggth as a function of the combinations of
knee and hip angles during a fully loaded squabérison, Wilson et al. 2008). They reported
that bicep femoris and semitendinosus shorten guahie descending phase of the squat (Figure

1), occurrences coupled with knee and hip motions.

Losy Semitendinosus
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Length

102y Biceps Femoris
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Figure 1:Semitendinosus and bicep femoris Lengths ShowRejative Shortening During the
Flexion Phase (0-50%) of a Squat.

The change in hamstrings length, with referencdédr standing length, during a loaded squat mameuv
shows that bicep femoris and Semitendinosus lemgihiease throughout the descending phase of & squa
maneuver. 0 % of the cycle represents the begirofitige squat, when the individual is standing%6@s

the deepest knee flexion and 100 % when they rétustanding (Robertson, Wilson et al. 2008).
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A slightly different model based on the identificat and tracking of the origin and
insertion of the hamstrings during a jump lungehwoupled hip and knee flexion, reported
similar findings, with bicep femoris shortening ihgr simultaneous knee and hip flexion
(Jonhagen, Halvorsen et al. 2009). The methodsaditswed for an estimation of the quadriceps
length and findings report that the hamstrings teimimg velocity was less than that of the

lengthening of the quadriceps (Figure 2) (Jonhaglahjorsen et al. 2009).
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Figure 2:Joint Angles and Muscle Lengths During a Jump Lunge
The hamstrings shorten between ground contact @#¥d)deepest knee flexion (40% of the landing and
propulsion phases) (Jonhagen, Halvorsen et al. 2009
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As the previously mentioned activities have joirttions similar to deceleration
maneuvers there appears to be preliminary eviddratehe hamstrings may act concentrically
during deceleration maneuvers. From this concenttiscle action, the horizontal component of
the hamstrings force vector results in a postestigar force that counteracts the anterior shear
forces and ACL load from the ground reaction faxod quadriceps action (Yu, Lin et al. 2006).
This mechanism is considered to be most efficidmgmthe knee flexion angle is larger than 30°
(Imran and O'Connor 1998). Collectively, this evide suggests that hamstrings and quadriceps
are acting concentrically and eccentrically, reigely, and that the hamstrings shortening

velocity is less than that of the quadriceps.

I nverse Dynamics

When the foot is in contact with the ground, ineedynamics analysis provide a means
to investigate the net joint moment resulting fraliinear and rotational forces acting about the
joint (Winter 1990). Determination of these loasi®ased upon: ground reaction forces,
kinematic information about body segments and apthmetric data. Just as the linear and
rotational forces are transmitted through, and ddegbby, the successive segments up the kinetic
chain, inverse dynamics calculations successivalynate the forces occurring at the joints in a
distal to proximal direction. Moments and forces eommonly normalized to markers of an
individual’'s anthropometrics to best allow intedividual comparisons. It is important to
remember that joint forces and moments calculaptesent the internal forces produced by both
the active and passive structures. As such, indysamics do not inform of the respective
flexor and extensor torque exerted upon the jojrthle antagonistic muscle groups. Therefore,
during knee flexion in a closed kinetic chain, tied knee moment, as estimated through an
inverse dynamics analysis, is the sum of the quads and hamstrings forces together with the

restraints provided by the passive structuresektiee. Detailed knowledge of the antagonistic
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muscular contributions to knee joint mechanics @iléow a better understanding of the factors
contribution to knee joint mechanics during decglen maneuvers. As mentioned before,
ground reaction forces create an external kne@flexoment. If this moment is completely
balanced by a strong quadriceps action (internainsion moment) the result will be a rapid
deceleration (large decrease in knee flexion vsipsmall knee flexion excursion) with high
ground reaction forces. This would result in wisadléscribed as a stiff landing style (Zhang,
Bates et al. 2000) and likely higher stress orptmssive structures (Butler, Crowell et al. 2003).
Conversely, a well graduated quadriceps and hamgstio-contraction will result in longer
period of deceleration (smaller decrease in krexadh velocity, larger knee flexion excursion)
with decreased ground reaction forces. This woeddlt in what is described as a soft landing
style (Zhang, Bates et al. 2000) and likely lessssttransmitted to the passive structures (Butler,
Crowell et al. 2003). Therefore, the magnituderougd reaction forces observed is in part
modulated by the respective magnitude of quadrie@pshamstrings torques. However, the
information provided by kinetic analyses (includingerse dynamics) does not provide an
insight into this antagonistic modulation, or tlentribution of quadriceps and hamstrings to the
net joint moment and only inform of the net knei@j@xtensor moment.

In summary, studies suggest that the balance efnat extension (eccentric quadriceps)
and flexion (isometric/concentric hamstrings) motsemith external forces (such as ground
reaction) largely determine the kinetic and kineématcurrence, such as anterior shear force and
anterior tibial translation at the knee joint. Heee current methods only allow for the
assessment of net knee joint moments and largilstiart of providing relevant information

regarding the respective contribution of quadricapd hamstrings torques.
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In-Vivo Neuromechanics of Deceleration

Since muscle forces cannot be directly measured/m-surface electromyography
(sEMG) is commonly used as an alternative as ¥iges a non invasive means to observe the
activation of muscles. SsEMG data collection is lase the application of electrodes, which are
designed to record the voltage potentials propdgateoss the superficial muscles fibers lying
beneath the skin. As muscle force and sEMG amgiaré, in a broad sense, correlated in
isometric actions (Enoka 2002), the amplitude efsBMG signal can be used to understand how
muscle activity relates to motions and forces aaiteed by kinematics and kinetics (Dubo, Peat
et al. 1976). It is common practice to normalize $EMG collected during dynamic function to a
peak value obtained during a maximal voluntary istio action. The rationale for this practice
is the amplitude and frequency content of the MG signal between muscles and individuals
is influenced by non physiological factors suclelestrodes placement or subcutaneous fat
(Dubo, Peat et al. 1976). As such, normalized sEMIBes represent the percent of maximal
activation during an isometric action and give ragication of the level of activation going
through the muscle.

The literature is limited with regard to the cohbtriion of quadriceps and hamstrings to
high-risk knee joint mechanics during deceleratianeuvers. To our knowledge only two
studies have assessed the predictors of high-nisk Joint mechanics, based on kinematic,
kinetic and SEMG analyses of deceleration maneu8=t, Ferris et al. 2007; Shultz, Nguyen et
al. 2009). There appears to be partial agreemehtevidence in-vitro of the contributors to high-
risk knee joint mechanics. More specifically, Slal. (2007) and Shultz et al. (2009) found that
knee joint angle at peak posterior ground readtores and knee flexion excursion, respectively,
were small predictors of anterior shear force;greament with the in-vitro findings. It was also

reported that the net knee extensor moment asndieted via inverse dynamics was the strongest

31



predictor of anterior shear force. This momenaigély a function of the net force, or the
summation of quadriceps and hamstrings forcessiméted to the patellar tendon (Krevolin,
Pandy et al. 2004) and is a large contributor teréor shear force similar to the cadaveric work
presented previously (Nunley, Wright et al. 2003)us, estimating these muscle forces and
resultant moments may be important in fully underding their influence on landing mechanics.
However, the contribution of the quadriceps anui$taings during deceleration
maneuvers was not found to be as determinant dirlgrmechanics in-vivo (Sell, Ferris et al.
2007; Shultz, Nguyen et al. 2009) as evidencedtio-(Withrow, Huston et al. 2008). In vitro,
quadriceps forces are reported to be large comtribto anterior shear forces and net knee
extension moments (Nunley, Wright et al. 2003) haohstrings forces to flexion and posterior
shear forces (Mesfar and Shirazi-Adl 2006). Thalisters considered in vivo included the
strength and activation (Shultz, Nguyen et al. 2@0%ctivation only (Sell, Ferris et al. 2007)
characteristics of the quadriceps and hamstringgltSet al. (2009) reported that quadriceps
activation, even when accounting for individuaksgth, did not predict peak net knee extensor
moment. Both Shultz and Sell also report similautes that the quadriceps and hamstrings
activity were small or non significant predictorsspectively, of peak anterior shear forces
determined via inverse dynamics. More specificaltg, only significant neuromuscular predictor
of anterior shear forces was quadriceps activithé250 ms post deceleration. It explained 7.3%
more of the variance of anterior shear force tihan ¢éxplained by peak knee extensor moment,
knee flexion excursion and hip flexion excursiohyfz, Nguyen et al. 2009). The findings
collectively fail to confirm the contribution of @driceps and hamstrings torques to knee joint
mechanics as highlighted in vitro. However, thegfoe the importance of the internal net joint

moment to predict anterior shear forces. Sell 28I07) points out that only knowing the
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internal net extensor moment observed via inveysamics does not allow one to determine
whether its change is modulated by greater qugaBioe by lesser hamstrings forces.

To summarize, in agreement with in-vitro findingballow knee joint angles, ground
reaction forces and greater net knee extensor msraem important contributors to greater
anterior shear force during in vivo deceleratiommavers. However, lack of knowledge of the
specific contribution of quadriceps and hamstritiggues to the net internal knee extensor
moment during deceleration maneuvers limits oulitgthdo characterize the contribution of thigh
muscle torques to high-risk knee joint mechanickeWassessed during deceleration maneuvers,
the relevance of using SEMG to assess the contribof quadriceps and hamstrings to kinetics
and kinematics of the knee joint appears to bemahiin disagreement with in-vitro findings.
One possible explanation for this discrepancyas tihe SEMG methods commonly used to
estimate muscle activity fail to fully represenrg tielation between the amplitude of the signal

and the amplitude of the force produced by the tBusc

Evidence Supporting the Adoption of a New Method tdstimate Knee
Torques

During a deceleration maneuver, the quadricepshantstrings muscles function
antagonistically to control knee motion and agsistabilization of the joint. Since muscle force
is practically impossible to measure in-vivo, SEM& been used as an alternative to study the
contribution of muscles to movement. Because sEbfisasents the electrical activity going
through the muscle sEMG as detected at the sudfatebelly, the amplitude of the signal is
related to the isometric force produced at the feud¥oods and Bigland-Ritchie 1983;
Disselhorst-Klug 2009). However, this quantitatreéation is influenced by external factors, such
as the length and the rate of change in lengthabair in the muscle when the force and sEMG

measurement are made (Bigland and Lippold 1954e@an these differences, we will present
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the limitations of using the isometric method tteirthe torques produced about the joint by the

quadriceps and hamstrings during the impact phiaeleceleration maneuver.

The Isometric Method and its Potential Limitations

Technique and Purpose
The need for the normalization of the SEMG sigrea heen long recognized due to the
inherently high variability of the raw SEMG sign@lne of the most common normalization
methods in gait studies was introduced by Dubd. €1876). In this process, each SEMG data
point collected during dynamic function is dividieg the peak sEMG recorded during a maximal
voluntary isometric action. This technique haswa#id researchers to compare antagonistic
muscles in the same individual and also has provéidmean to make inter-individuals

comparisons.

Limitations of Using SEMG to Represent Torque

Making inter-individual and inter muscle comparisdargely assumes that surface EMG
is an accurate representation of torque, indeperadéhe individual, the knee joint angle, the
knee joint angular velocity or even the musclentéiest. However, it is important to remember
that sSEMG may not be an accurate representatitoragdie during dynamic function since the
SEMG/Torque ratio changes across the range of m@boorenbosch and Harlaar 2003), joint
velocities (Bigland and Lippold 1954) and indivitkiéDubo, Peat et al. 1976).

The purpose of this section is to describe theditimns of using the isometric method to
infer the torques produced about the joint by thusctes. Early on, the use of the isometric
method was pointed out to have limitations in ipteting dynamic muscular function (Dubo,
Peat et al. 1976), however this has been someghatad in the literature. These limitations are

related to the fact that the total force produaiagability of a muscle is affected by the number
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of cross bridges formed and the force producedash ef those cross bridges (Kandel, Schwartz
et al. 1995). The number of cross bridges formgukdds on the length of the muscle (Kandel,
Schwartz et al. 1995), the force produced is atfanof the velocity of cross bridge motion
(Kandel, Schwartz et al. 1995). The respectivaugrites of length and velocity on force
production are described using two separate relstips, the length-tension relationship and the
force-velocity relationship. These relationshipséhariginally been modeled in-vitro, but for the
purpose of this document, in-vivo results will bbegented. In-vivo the angle torque relationship
(length-tension) is similar to in-vitro howeveldtalso affected by the change of muscle moment
arm as a function of knee joint angle (Maganari312®&revolin, Pandy et al. 2004).

The Angle-Torque Relation
Briefly, the angle torque relation demonstrateslative increase in torque production in the mid
range of muscle length/range of motion, followedalsmall decrease (Figure 3)(Newman, Jones
et al. 2003). In-vivo the angle torque relationgfiip. length tension relationship) is similar e i
vitro. However, it is also affected by the chanfienascle moment that occurs with knee flexion
(Maganaris 2001; Krevolin, Pandy et al. 2004).Huggests that, in order to infer torque from
activation levels, one has to account for kneet jangle since, for a specific level of activation,
30 to 40 % more torque can be produced between®&U@° of knee flexion compared to other

knee joint angles (Figure 3).
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Figure 3:Quadriceps angle-torque relationship.

The dependency of torque production on knee joigteaduring knee extension is demonstrated as the
peak angle torque for quadriceps torque productohetween 50 and 70 ° of knee flexion (adaptet fro
(Newman, Jones et al. 2003)).

The Velocity-Torque Relation

The velocity-torque relation reveals a differentedponse of concentric and eccentric
actions across the muscle velocity spectrum, evemvaccounting for differences in activation
patterns along the velocity spectrum (Figure 4js Blaggests that when a muscle is acting
eccentrically, its torque producing capability éoconstant level of activation is larger than the

same muscle contracting at the same, concentiicitgl and also that this difference increases

with increasing eccentric and concentric velocifésadon, King et al. 2006).
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Figure 4:The relation between velocity and torque produc{deadon, King et al. 2006).
The dependency of knee extension torque produatiamgular velocity for a maximal level of activati
is demonstrated as the largest difference in tonopegluction capability is observed between high
eccentric velocities and high concentric velocities

Even though the two relationships presented abmyelaysiologically independent, they
combine to affect how much torque a muscle canyweds depicted in Figure 5. Synthesizing
both the angle-torque and velocity-torque relatios renders a complex but useful three
dimensional graph (Figure 5) that models the fgeserating capability of a muscle for a
specific level of activation. Muscle fiber forcag @reatest during high velocities lengthening
actions when the muscle is in a lengthened positionversely, the lowest force production
occurs when the muscle fiber is shortening at kiglhcity and at shorter lengths (Brown, Scott et
al. 1996). As stated previously, using the isornatréthod logically implies that SEMG
amplitude during dynamic function is representatiféhe torque produced about the joint by a
muscle. In turn this implies that independent aéd&ipint angle or knee angular velocity, a
muscle can produce the same torque, for a constaitof SEMG. Given the above review of the

angle-torque and torque velocity relationships #ppears to not be the case.
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Figure 5: Force-lengthvelocity relationships of a muscle fit(Brown, Scott et al. 199.

The dpendency of force production capabilis modeled as a function of both the velocity of mard
and the length of the muscle for a constant lefakctivation. 0 velocity represents an isometriti@t, 1.0
length is the optimal muscle length and fais expressed as a function of the force producdteapeal
force angle during an isometric actic

Furthermore, studies using maximal voluntary isgimetctions use only one angle to t
for peak SEMG and that angle varies largely amosigdies [e.g. 25° in Shultz et al2009) and
60° in Sell et al. (2007)[This means that any SEMG observed during dyné&miction will be
interpreted as having the same SEMG/Torque ratai #ee specific knee joint angle chosen
the isometric action. Howe\, the previous discussion of the anglegque and torgt-velocity
relationships demonstrated that this is not a vagbiproach since, for a specific level of activat
largely different torques may be produced dependmthe knee joint angligure3) and knee
joint angular velocity Eigure4).

Another aspect of this issue appears when onetaicsmpare antagonistic muscles .
specific knee joint angléhat is one muscle is theoretically contracting eccentiycahd the

other ones concentricallyith largely different SEMG/Torque ratio due teetdifferences il
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velocity of the action undertaken (Westing, Creskateal. 1991). This complicates quadriceps
and hamstrings comparisons during deceleration owens as they have been found to act
eccentrically and isometrically/concentrically (Rotson, Wilson et al. 2008), respectively, and
those actions produce notably different magnituafd@srques (Westing, Cresswell et al. 1991).
The isometric method does not account for thisaghie to the nature of its calculations (Dubo,
Peat et al. 1976). The isometric method does ramuaat for knee joint angle or angular velocity
specificities in the SEMG/Torque relation; or fafferences in torque generation capabilities
amongst quadriceps and hamstrings. Therefore, tiaintasEMG using the isometric method
may lead to large errors of interpretation of thechanical influences of the quadriceps and
hamstrings about the knee joint during deceleratianeuvers.

To understand the extent to which this error mgyaimour interpretation of the
mechanical contribution of the quadriceps and hangst to knee joint mechanics, the respective
functions of quadriceps and hamstrings muscles tebd detailed during deceleration
maneuvers. The quadriceps start from a relativetytened position with the knee in about 20°
of flexion and act mostly at lengths shorter thaat bf their peak torque production during
eccentric actions (60 to 69° of flexion) (Aagagimonsen et al. 1995; Brughelli, Cronin et al.
2010). Since the quadriceps are the main contniliatdeceleration at the knee, they must
lengthening in a rapid manner with knee flexiorpeitly suggested to be 1502.5230 °.§" at
touchdown during the deceleration of a stop junsfx (¥'u, Lin et al. 2006). Based on angle-
torque and velocity-torque relationships we careolesthat the SEMG/Torque ratio in an
isometric action at relatively short lengths is imdiifferent, in this case higher, than that which
can be produced at the same length during a lemigipection (Kellis and Baltzopoulos 1998).
The difference becomes even greater when the kogegiinto more flexion. Therefore, using

the isometric method will assume a higher ratimtslaould be and as such will likely lead to an
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underestimation of the torque produced about timt iy the quadriceps during a deceleration
maneuver as surmised from EMG data.

During landing, the hamstrings start from a rekdiMengthened position very close to
the peak torque angle for concentric hamstringsmm¢peak torque angle around 35° at 60 °s-1)
(Aagaard, Simonsen et al. 1995; Onishi, Yagi e2@02) and 50° of knee flexion during
isometric actions in a fully prone position (Kilgad, Donnelly et al. 2007). The velocity at which
the hamstrings are acting during deceleration marsus difficult to determine (as we have
been unable to locate this specific informationdeceleration maneuvers) as it depends on the
combined flexion of the hip and the knee (Blackbamd Padua 2008). Evidence presented in an
earlier section of this literature review showd & hamstrings are possibly remaining isometric
or shortening at slow velocity (Robertson, Wilsomle 2008; Jonhagen, Halvorsen et al. 2009),
however this remains specific to each individual eninfluenced by the combined motions of
the knees and hips (Jonhagen, Halvorsen et al)200@rall, this concentric action is likely
much slower than that observed in the quadricepg@the single joint nature of the majority the
guadriceps musculature.

Therefore the assumption made by the isometric odetihat the SEMG/Torque ratio
remains similar to that observed in an isometrimact a specific knee joint angle of flexion
may not be as misleading for the hamstrings asfdrithe quadriceps and therefore using the
isometric method may lead to only a minor misedtioma More specifically, during concentric
actions the SsEMG/Torque ratio is only somewhat &éighan for isometric actions (Brown, Scott
et al. 1996), which suggests that the estimatidh®ftoncentric torque produced about the joint
by the hamstrings, as provided by the isometricogtis likely to only be a slight
overestimation of its actual value. However, teibased on the assumption that the hamstrings

are shortening or remaining isometric during thpaet phase of a landing. Given the
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information that we have presented in an earlietiae regarding the high inter-individual
variability in hamstrings changes in length, thigynbe problematic. In fact if the hamstrings are
actually lengthening during the impact phase, EMG/Torque relation would be largely altered
and the isometric method would provide a large westenation of the actual torque produced by
the hamstrings

When comparing the normalized SEMG of antagonistiscles, other issues arise since
the isometric method does not account for diffeesnin torque generating capability between the
guadriceps and hamstrings. The quadriceps can peaduch more knee extension torque
eccentrically than the hamstrings can producedlexorque concentrically or isometrically.
Aagaard et al. (1995) provide data to make the @oispn between the maximal torque
generating capability of the quadriceps acting etamlly and the hamstrings acting
concentrically. The quadriceps can produce aro@@Nam at 120 °$whereas the hamstrings
can only produce around 100 Nm at 128 ¢&agaard, Simonsen et al. 1995). When comparing
the normalized sEMG of the quadriceps and hamstridifferences in the maximal, or angle
specific torque generating capability of those nesscare not accounted for by the isometric
method. Since antagonistic muscles’ normalized sEMI@ compared as such (Kellis, Arabatzi
et al. 2003), it means that the mechanical inflessfcthe quadriceps upon the knee joint is
largely underestimated and that the mechanicalénfte of the hamstrings upon the joint is
slightly over-estimated.

Thus, the use of the isometric method to inferttingues produced about the joint by
antagonistic muscles may lead to large errorstohation, with the quadriceps and hamstrings
torques being largely under and over-estimategecs/ely. Studies have compared the
normalized SEMG of antagonistic muscles (Burdeewrlet al. 2003), and the above mentioned

errors may accumulate and lead to erroneous caanhkidn turn this may explain the lack of
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significance of the in-vivo findings regarding tbentribution of thigh muscles to high-risk knee
joint mechanics (Sell, Ferris et al. 2007; Shuguyen et al. 2009). Collectively, the evidence
presented here provides strong support to themdhtat it is necessary to account for differences
in SEMG/Torque ratio across muscles, knee jointengnd knee angular velocities for valid
comparisons of the mechanical influences of quagsa@and hamstrings about the knee joint
during deceleration maneuvers to be possible.

To summarize, we have presented findings that detraie large differences in the
sEMG/Torque relation across concentric and eceeattions suggesting that inferring the
mechanical influence of hamstrings and quadricépsitethe knee joint based on SEMG
normalized using the isometric method may leadgo@ estimation of their relative
contribution. The use of a calibration scheme agking those issues appears to be justified.
Models (to be discussed below) have addressed igmees and gathered valid information
regarding the mechanical influence of quadricepshamstrings during lower extremity dynamic

function.

The sEMG/Torque Ratio Method

Purpose and Technique

The purpose behind the use of SEMG/Torque ratioaliagl has been primarily driven by
a clinical need to understand the contributiorhadht muscles torques to knee joint mechanics
(Doorenbosch and Harlaar 2003; Doorenbosch andh&ta2004). This section will therefore
focus on models of muscle torque estimation theiless computationally intensive than forward
dynamics so that they can be used as clinical tueded on direct observation rather than on

post-collection data treatment and optimization.
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As in the isometric method, the initial step to S&Morque processing is based on
discrete quadriceps and hamstrings “calibratiotibas, where torque, knee joint angle, knee
angular velocity and sEMG are collected synchrolyo{@oorenbosch and Harlaar 2003;
Doorenbosch and Harlaar 2004). For each actiorsEMG/Torque ratio is calculated across the
range of motion and then modeled as a second palgmomial as a function of the knee joint
angle (Doorenbosch and Harlaar 2003). This regulismuscle specific equation where the input
variable is knee joint angle and the output vagatile SEMG/Torque ratio. In some cases, the
dependency of the sSEMG/Torqgue ratio on velocitydlas been described (Doorenbosch and
Harlaar 2003). Based on kinematic data gathereidgidynamic function, the observed knee
joint angle is used as an input in the previouglyadibed equations to interpolate the
sEMG/Torque for the quadriceps and hamstrings,ragglg. Finally, the SEMG collected during
dynamic function and the simultaneously interpa&EMG/Torque ratio can be used to estimate
muscle torque. Not only does this provide an egtonaof isolated muscle torque, but it can also

be used to solve for the net knee joint moment (Baloosch and Harlaar 2003).

Validity

Both Internal (Doorenbosch and Harlaar 2004; Ddaosnh, Joosten et al. 2005) and
external validity (Doorenbosch and Harlaar 2003hef sEMG/Torque method have been
previously assessed. Internal validity is definedhee ability of the method to estimate muscle
torgues as observed through isokinetic assessiaetnal validity assessment focuses on the
guantitative comparison of the resolved net joiniment as previously described and the net
knee joint moment determined via inverse dynamizgyais.

In Doorenbosch and Harlaar (2004), healthy padicip were asked to perform maximal
concentric actions of the knee flexors and extenabseven different velocities (30, 60, 90,120,

150,180 and 210 %. For each individual separately, data from fiféhmse velocities (30, 60,
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90,180 and 210 “3 were used to create a second order polynomiatitmexpressing the

relation between sEMG and torque as a functionusdale, knee joint angle and of knee velocity.
The internal validity was verified by inputting aaet SEMG, velocity and knee joint angle from
one of the two remaining velocities (150 and 18 &d comparing the estimated torque values
with the actual torque values recorded by the dymaater. Those comparisons included the root
mean square as well as the absolute differenceali$mute estimation error of the
SEMG/Torque model at 150 ™svas larger in extension (Absolute: Mean: 11.82:Mm, RMS:

19 £ 9%) than flexion (Absolute Mean: 8.78 +3.69 NRMS: 20 £ 7%). This error was
considered acceptable for the purpose of estim&uoignetic, mono-joint movement torque
based on SEMG as more complex models to estimajaddased on SEMG, have found similar
errors (20 to 29 % error) (Hof, Pronk et al. 1987).

Additionally, sub maximal (50% and 75 % of MVC) iatis have been used to calibrate
the sEMG/Torque model (Doorenbosch, Joosten @085). When this model was used to
estimate torque at 100 % effort, reports suggestasi validity to that observed in the previously
presented study (Doorenbosch, Joosten et al. 20B8)relative errors ranged from 6 to 21% for
extension and 12 to 23% for flexion (Doorenbosdosfen et al. 2005).

Limited work has investigated the validity of usithg SEMG/Torque model to estimate
the net knee joint moment during dynamic functidbnorenbosch and Harlaar (2003) used
concentric calibration actions at 99® model the dependency of the SEMG/Torque ratio o
knee joint angle using a second order polynomiatti€@pants were then asked to perform a
single legged jump with the SEMG electrodes stiieéhed, while 2D kinematics and ground
reaction forces were also collected during the mfSphase. Subsequently, SEMG/Torque ratios
were interpolated, for the hamstrings and quadsicgparately, based on the knee joint angle

observed during the push off. Quadriceps and hargsttorques were estimated separately by
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dividing the sEMG data by the sEMG/Torque ratiotfer same angle. Finally, subtracting
hamstrings from the quadriceps estimated torquedered an estimation of the net knee joint
moment which was further compared to the data peavby an inverse dynamics analysis. To
estimate the external validity of the SEMG/Torquetimod, the absolute (in Nm) and relative (as a
percent of the moment provided by the inverse dycsanalysis) differences between the net
extensor moment found via inverse dynamics ana¢goint moment found via SEMG/Torque
were calculated (RMS error: 15.3 + 3.7 Nm, or 1838 %). It is difficult to comment on the
guality of the fit of the SEMG/Torque method to émse dynamics (due to lack of comparable
data), aside from the rather small difference betwie two methods. However, it is important to
note that the SEMG/Torque and inverse dynamicsesddiifferent components of the dynamic
stability systems. The biggest difference is thaerse dynamics estimate net joint moment as
created by all knee dynamic and passive componeheseas SEMG/Torque only studies the
contribution of the quadriceps and hamstrings éortét joint moment. As such it can be expected
that the two methods will provide slightly diffetestimates of the net joint moment.

Estimating muscle or joint torque using the SEMG(Le ratio is a clinically relevant
method, as it relies on the performance of onlgva hot necessarily maximal, calibration
actions. It allows estimation of net joint or mwesahoment with similar levels of accuracy as in
other, more complex, models e.g.: 22% (Hof, Prared.€1987). Despite its demonstrated
relevance, this method has never been used tozanidig contribution of thigh muscles torques

to high-risk knee joint mechanics.

Limitations & Shortcomings
Using sEMG/Torque modeling relies on three maimaggions that may affect its
validity and/or the relevance of the findings. Eiisis assumed that the muscles act at the same

velocity as that observed during the calibratiotioas. This may be problematic for muscles,
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such as the hamstrings, that cross two joints laeafore may lengthen or shorten depending on
the respective and simultaneous motion of the hgpkaee joints. Since this combination of
motions at the hip and knee joints are known tapgtdifferent ways between individuals
during lower extremity motion, the validity of tfiedings may be affected, even if the evidence
found in the literature lends evidence to the amyt{Doorenbosch and Harlaar 2003;
Doorenbosch and Harlaar 2004; Doorenbosch, Joestn2005).

Second there is an inherent assumption that thle apgcific relation between sEMG
and torque is linear across intensities (Doorenipodmosten et al. 2005). There is some evidence
that this relation might be slightly curvilinearsome limited cases, for example when the rectus
femoris and vastus medialis are contracting ahBitees between 20 and 40% Alkner and Tesch
(2000). However, it appears that it does not affieetvalidity of this method and that maximal or
sub maximal calibration actions may be used witlattgring the validity of the resultant model
(Doorenbosch and Harlaar 2004; Doorenbosch, Joestain 2005).

Finally, it is assumed that the relation betweeM&Eand torque remains the same
between open kinetic chain, as in calibration agtj@and closed kinetic chain, as in dynamic
function. Addressing this issue Alkner et al. (2pfaund no difference in the isometric
SEMG/Torque relation of the quadriceps muscle gtoetween leg press and knee extension.

Collectively, it appears that SEMG/Torque modelingy be a viable approach to study
guadriceps and hamstrings mechanical influence tipoknee joint during deceleration
maneuvers. When purporting to infer mechanicalrdomtions of thigh muscles to knee joint
motion and moments, the processing procedure dEMG recordings should consider
differences in the SEMG/Torque relation betweenctass knee joint angles and knee angular

velocities.
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The goal of this work was to provide a rationaletfe use of a SEMG/Torque calibration
procedure in studying the mechanical influencenefquadriceps and hamstrings upon the knee
joint during deceleration maneuvers. This methaants for known differences in the
sEMG/Torque relation across muscles, knee jointesnand knee joint angular velocities and
provides an estimation of quadriceps and hamsttiorggies during deceleration maneuvers. This
will contribute to a better understanding of thegtaes imparted about the knee joint by the
quadriceps and hamstrings and in turn of theirrg@kcontribution to high-risk knee joint
mechanics.

Summary

With knee kinetics and kinematics being centrdligh-risk mechanics and ACL load,
the first part of the review focused on the desimpof the influence of internal and external
forces on ACL load during the impact phase of aeltgation maneuver, providing a background
of the kinematic, kinetic and neuromuscular factbeg contribute to ACL load both in controlled
and more realistic environments.

Next, studies reproducing the demands of a ded¢elrrmaneuver in a laboratory
environment were presented, specifically as thiegedo the contribution of thigh muscles
activity to anterior shear force and knee extensomment. It was demonstrated that the findings
of those studies are somewhat in disagreementthétfindings of in-vitro studies, as they
generally fail to identify associations of thigh sole activity to high-risk knee joint mechanics.

Lastly, we presented the limitations of using sEntemalized with the isometric
method to represent the torque produced aboubtheljy a muscle. We further introduced
potential reasons for the lack of findings in tekation between thigh muscle activity and knee
joint mechanics, which are likely linked to thetf#tat the isometric method does not account for

fundamental differences in SEMG/Torque across nesséinee joint angles and knee angular
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velocities. We finally introduced the rationale forelatively new method, accounting for
specificities in the SEMG/Torque ratio, to inveatg the mechanical contribution of quadriceps
and hamstrings to high-risk knee joint mechaniagéndudeceleration maneuvers.

Although it is clear from evidence in-vitro and cmwn understanding of
neuromechanics that thigh muscle forces largelyridmrie to high-risk mechanics during
deceleration maneuvers, there is no clear evidehttes in the in-vivo literature. This may be
due to long recognized limitations of using themstric method to infer the torques created
about the knee joint by thigh muscles. Based orttingent research it appears that the use of an
action specific SEMG/Torque relation may contribtate better understanding of the mechanical

contribution of thigh muscles to high-risk kneenfomechanics.
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CHAPTER Il

METHODS

The overall objective of this research was to dweitee the mechanical contribution of
thigh muscles torques impulses, determined thrangjkidualized, muscle head and action
specific modeling of the SEMG/Torque relation daraction of knee joint angle, to high-risk
knee joint mechanics during the impact phase oirtitial deceleration of a drop jump maneuver.
The central hypothesis was that greater quadritmepgses and lesser hamstrings torques impulses

would predict greater magnitudes of high-risk kjoéet mechanics.

Participants

Forty-three healthy female, college students, betvtbe ages of 18 and 25 were
recruited from the University to participate in $tedy. Exclusion criterion for the study were:
body mass index >30 (BMI = wt/ht?); a history ofeeninjury involving the osteochondral
surface, ligament, tendon, capsule, or menisci;na@gical conditions affecting the connective
tissue; a vestibular or balance disorder; or playsictivity levels less than 2 or more than 10
h/week. Prior to participation, participants read aigned a consent form approved by the
University’s Institutional Review Board for the pection of human participants. Only females
were studied not only because they have a greatieleince of ACL compared to the male
population (Arendt, Agel et al. 1999) but also hesathis higher incidence is thought to be
largely due to specific, modifiable, neuromusctiators (Hewett, Myer et al. 2005; Hewett,

Myer et al. 2007).
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Instrumentation

A calibrated Biodex System 3 isokinetic dynamoméBodex Medical Systems Inc.;
Shirley, NY) was used to record torque, positiod aelocity during the strength measurements
(calibration actions) used to calculate the sEME&die ratios. A 16 channel Myopac telemetric
system (Run Technologies, Mission Viejo, CA) reeardurface electromyography (SEMG)
activity of the vastus lateralis (VL), vastus mdidigV/M), semitendinosus (ST) and bicep
femoris (BF) during the calibration actions andidgithe drop jump maneuvers. The Myopac
unit has an amplification of 1mV/V with a frequenggndwidth of 10 to 1000Hz, a common
mode rejection ratio of 90dB min at 60Hz, an infasgistance of 1 K2, and an internal sampling
rate of 8 KHz. The sEMG signal was detected withmt0 bipolar Ag-AgCl surface electrodes
(Blue Sensor N-00-S; Ambu Products, @lstykke, Damkjnaith a center-to-center distance of 20
mm. SEMG data was acquired, stored and exported) BataPac 2K2 lab application software
(Version 30.13, Run Technologies, Mission Viejo,)CA

During the drop jump, kinematic data for the pelhest thigh, left shank and left foot were
sampled at 240 Hz using a PhaseSpace Motion cappitreal system with LED sensors
(PhaseSpace; San Leandro, CA) and Motion Monitfiwaoe (Innovative Sports Training;
Chicago, IL). Kinetic data (1000Hz) was collectesihg a force plate (Type 4060-nonconducting;
Bertec Corporation, Columbus, OH). Those data \aatematically collected 500 ms prior to

ground contact and 2500 ms after ground contact.
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Procedures

All participants completed a familiarization sessfollowed by a data collection session

2 to 7 days later.

Familiarization Session

Informed consent was obtained from the particiemt the session began by measuring
the standing height (cm), body mass (kg), hip, tnensl chest circumferences using a standard
tape measure, and recording demographic informatidime participant, including age and
dominant stance limb (determined as the stanceded to kick a ball). The participant also filled
in physical activity and menstrual history questiaines (See Appendices B and C). The
participant was then equipped with SEMG. All skieas were first thoroughly cleaned with
isopropyl alcohol and shaved if necessary. 10mralaipAg-AgCl sEMG electrodes (Blue
Sensor N-00-S, Ambu Products, @istykke, Denmarkevpéaced midway between the motor
point and the distal tendon of the vastus lategais biceps femoris of the dominant limb (left),
perpendicular to the length of the muscle fibersrfad 2005). A reference electrode was placed
over the bony portion of the proximal anteromedraft of the tibia.

The participant was then positioned on the dynantenweith the seatback tilted at 25°
hip flexion from anatomical zero. The rationale fising 25° of hip flexion was that it
approximated the average hip position in the 10@ast ground contact during landing (Decker,
Torry et al. 2003). Seat length was adjusted sbothigaparticipants legs were hanging freely with
the posterior knee ~1 cm away from the seat edge akis of rotation of the knee was aligned
with that of the dynamometer using the lateral epityle as an anatomical landmark. Straps were
secured around the hip and thigh to minimize thdrdaution of accessory muscles to the torque
measured. The dynamometer attachment length wasteadjso that the shin cuff rested
comfortably on the tibia, approximately 3 cm proairnto the medial malleolus, to allow full dorsi
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and plantar flexion. The prescribed range of mof&f) was defined between 0° (full active
extension) and 90° of knee flexion. To assessafttive extension and account for seat pad
compression, the tester performed successive atguss to the dynamometer arm so that when
the participant was contracting their quadricelps,lég was at 0 ° of flexion. Then the limb was
moved to 90° of flexion by the tester to finalibe definition of the range of motion.

Once set up was complete, the participant wastfasted to perform ramping isometric
actions (five seconds) of the quadriceps and hamastat 25° of knee flexion. The participant
was instructed to gradually increase their effevel in producing torque in the desired direction
and aim to reach maximal torque by the secondiaf $econd. The participant performed 5 to 10
sub maximal actions followed by 2 to 3 maximal @asi with 30 seconds of rest between.

The isometric SEMG data for the vastus lateralis)(&hd the bicep femoris (BF) during
the maximal ramping isometric repetition with thghest torque observed were saved and band
pass filtered (A order Butterworth, Zero-Lag, 10-300 Hz) and the Rdnoothing (100 ms
constant) was calculated (Shultz, Nguyen et al9200he resultant respective peaks in VL and
BF isometric SEMG were retained and used in detatian of a 20% MVIC threshold of
preactivation in other data collection.

The participant then performed 3-5 isokinetic faanization actions for the eccentric
quadriceps (270°% and concentric hamstrings (90 salibration actions. Those velocities
were chosen as representative of knee flexion itglobserved during the deceleration phase, as
previous reports suggest that not only are hangsracting concentrically (Robertson, Wilson et
al. 2008; Jonhagen, Halvorsen et al. 2009) butthlsiothey shorten slower than the quadriceps
lengthen, mostly because their change in lengsimisilitaneously influenced by hip and knee
kinematics (Robertson, Wilson et al. 2008; Jonhab@tvorsen et al. 2009). Another rationale

for choosing these velocities is that there wowdimilar movement artefacts in the SEMG
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signal during calibration actions and actual drtapgp maneuver which should improve the
validity of the model. After these, the VL and B&agks in isometric SEMG obtained previously
were entered separately into DataPac to set ugualdre-activation threshold and elicit a 20%
preactivation prior to the isokinetic muscle actidhe 20 % value was chosen as it has been
reported as a pre-activation amplitude during @ guonp maneuver (Shultz, Nguyen et al. 2009)
and as a mean to control for large differencesdiividuals pre-activation levels observed during
pilot testing.

Performance of isokinetic actions was instructethiee phases, preactivation,
maintenance and maximal activation. For preactwatine participant was asked to gradually
increase muscle activity until they heard the comanéold’, which was given when they
reached the desired level (15 to 25 % of max sEMfhd MVIC) and marked the end of pre-
activation and the beginning of maintenance. DutiTegmaintenance phase, lasting around one
second, the participant had to keep their musdleadion constant; when this was completed
another ‘hold’ command was given. This last commsigdaled the participant that the isokinetic
action was about to start. Within the next onenar $econds, the maximal activation started with
the experimenter actually released the dynamorhetsdl manually, and the participant was
instructed to start a maximal action as rapidly asdorcefully as possible. For the experimenter
most of the testing relied on the use of DataPacqssing capabilities which allow for real time
filtering of SEMG data, with the ability to flasim&ED on a graphic interface upon attaining a
specific threshold. Pilot work revealed that prognaing of 15 % of peak isometric SEMG
optimized the ability to ensure pre-activation 6f25% MVIC at the beginning of the isokinetic
action (see pilot work below).

Immediately following each action, torque and fositlata were low pass filtered(4

order Butterworth, Zero-Lag, 11 Hz) based on figgiof power spectrum residual analyses and
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full wave rectified and low pass filtered for SEM@&" order Butterworth, Zero-Lag, 3

Hz)(Winter 1990). The experimenter verified thex2B % activation level in the 100 ms prior to
the beginning of the isokinetic action. In ordetrain/familiarize the participant, she completed 5
to 10 successful actions, including pre-activatietease and maximal isokinetic action. A
successful action was defined as starting withatlegage sEMG in the 100 ms prior to release
between 15 to 25 % of the maximal isometric sSEM&Hie muscle of interest and followed by a
maximal effort as described by the participant. ©tihe individual had performed three
guadriceps and hamstrings actions successfullp, jdrap testing was begun.

For the drop jump maneuver training, the particigood on a 45 cm box, in a starting
position with feet shoulder width apart, hips aneds extended, toes facing forward, equal
weight on both feet and hands at ear level. Théggaant was then instructed on how to perform
the task, and considered as trained upon complefidrconsecutive successful trials. A trial was
deemed successful if the participant:1) Slid off blox; 2) Landed with each foot on each force
plate both prior to and following the maximal jun®);Produced a maximal effort during the

propulsion phase; and 4) Kept their hands at eat.le

Data Collection Session

The participant was first equipped with SEMG ascdbsd on the familiarization day
with the vastus medialis and Semitendinosus alswhastrumented, and wore running shoes
(Uraha 2, Adidas, USA). The participant startechveitcs minute warm up on a cycle ergometer at
50 W and completed the warm up as described alupe@n completion of this step the
participant performed three, five seconds ramping G4 of the quadriceps, first, and
hamstrings, second, as described above. The p&&& salues of the summed VL and VM
during isometric knee extension and the summedrBFSA during isometric knee flexion efforts

were recorded and averaged over the three repetitt® % of this value was used as activation
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threshold for the strength measurements. Afterriutei of rest the participants were asked to
perform three successful, as previously definedvemified each time, eccentric quadriceps

(270 ° §") and concentric hamstrings actions (90 (8ounterbalanced order) in the passive
mode of the Biodex 3. A rest period of 20 seconds wbserved between each maximal action to
allow for adequate recovery and minimize effect&atfjue or surface tissue warming to avoid
changes in the frequency and amplitude charadterist the sEMG signal (Konrad 2005). The
specificity of the passive mode available on Bio8esystem is that it acts upon the joint
regardless of the effort provided by the partictpamd as such is easier for participants to
understand, especially in the eccentric mode (Caiglroix et al. 2003). Dynamometer voltages
representative of unprocessed knee joint angles kabocity, torque and vastus lateralis, vastus
medialis, Biceps Femoris and Semitendinosus sEM&s then exported in .csv format for
further analysis.

Development of Strength Protoc@he strength testing procedure described above was

chosen as a result of prior experiments that redeidle importance of controlling pre-activation
levels during strength testing for the calculaidithe SEMG/Torque relation. Specifically, we
assessed the between day reliability of the sthetegting procedures by having 11 individuals
perform three eccentric quadriceps (-270%nd three concentric hamstrings (99°actions on

an isokinetic dynamometer (Biodex System 3) adtingassive mode. The tests were performed
on two separate occasions 5-7 days apart. In aacoedwith the previously described methods,
participants performed 3 maximal actions aftermaitute warm up. Data were collected through
DataPac and further exported as .csv files. The wate then imported into Matlab (R2008b,
The MathWorks, Natick, MA) for further analysisclading filtering and gravity correction as
recommended by the manufacturer. From these tdnaqgec¢urves we extracted both peak

torques and body weight normalized peak torqueth®quadriceps and hamstrings, the average
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of the three trials was used for each day. Ovetwioedays those values of the absolute peak
torque were tested for consistency (ICC 2,1), aedipion (standard error of measurement). The

consistency ranged between 0.89 and 0.95 and doésjom between 4.4 and 12.3 Nm. (Table 1)

Table 1. Interday Reproducibility and Precision of Peak Torque

Peak Torque Day 1 Day 2 ICC SEM
MeanzSD MeanzSD

Quadriceps 180154 165250 0.94 12.3

(Nm)

Hamstrings 53+19 55+20 0.95 4.4

(Nm)

Normalized quadriceps 20 540.5 20 3+0.5 0.89 02

(Nm/kg) .510. .310. . .

Normalized hamstrings

(Nm/kg) 0.7+0.2 0.8+0.2 0.92 0.1

Despite the satisfactory consistency and precisfdgarque data, we found that pre-
activation levels, i.e. the activation occurringopto the release of the dynamometer level arm,
varied widely, both amongst participants and betwaacasions. Therefore, we subsequently had
10 participants visit the laboratory on two sepaacasions in a pilot study attempting to control
preactivation. During the first (familiarizationjsit they were introduced to the laboratory
environment, signed informed consent forms and iesetrained to perform isometric knee
flexion and extension, hamstrings concentric aratlgaeps eccentric actions. They were then
instructed to pre-activate as described previotsB0 % of the peak SEMG observed during
their MVIC by gradually increasing pre-activationthe muscle group of interest, which was
visually monitored on screen via visual display.ailthe participant could perform the ramping
satisfactorily, she performed 3-5 repetitions @& domplete action including the maximal
isokinetic action (initiated manually by the expeenter when the LED flashed upon reaching 15
% of MVIC sEMG amplitude). On the second visit fraaticipant was fully equipped with SEMG

electrodes as described above including VL and ¥Mesenting the quadriceps and BF and ST
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representing the hamstrings. The participant was gositioned on the Biodex, as in the first
session, and performed isometric and isokinetioastas previously described. Three successful
trials were saved and stored for further analyidie average filtered and normalized sEMGs over
the 100 ms prior to the release were then idedtifieMatlab (R2008b, The MathWorks, Natick,
MA). Those values, for the three repetitions, wesged for within-day consistency (ICC 3,1) and
precision (SEM). The results presented below (T@bkuggest that the set pre-activation values
obtained from our protocol could be precisely impdmted. ICC values showed moderate to low
values, which are in large part likely due to thettthat the measures studied were inherently
inducing very low between subject variability doehe fixed outcome. Overall, the relatively
similar means and the small standard deviationssaagepetitions provides evidence of a

consistent measure.

Table 2. Preactivation Values (ICC, SEM)

Rep 1 Rep 2 Rep 3 SEM
%MVIC %MVIC %MVIC ICC BMVIC
MeanzSD MeanxSD MeanxSD
Quadriceps
90 °s! 2145 23+8 20+4 0.67 30.7
180 °s! 21+4 1945 21+3 0.56 20.8
270 °st 1945 19+4 19+4 0.38 30.4
Hamstrings
90 °s! 2145 18+4 20+3 -0.28 50.2
180 °s! 20+4 22+3 20+3 0.07 30.2
270 °st 2145 20+4 21+4 0.55 30.3

This was further tested by calculating the limiteigreement as described by (Bland and
Altman 1986). Figure 6 reveals that there a smal tbowards greater values than 20 %, overall

most preactivation values fall within the + 5% waind
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Figure 6:Preactivation values, Limits of agreement.
The agreement between the actual pre-activatitmegaand the sought value (20 %). The limits of
agreement are calculated as the average differewee three repetitions with reference to the 208alg

Drop Jump Maneuver

Upon completion of the strength testing, the pgodict performed drop jump testing. With
SEMG electrodes attached, twenty LED sensors (IsgpithaseSpace, San Leandro, CA) (four
per segment) were secured to the foot, tibial stiadtlateral thigh, and sacrum to obtain 3D
positions and orientation of each rigid segmenéegmental reference system defined body
segments with the positive X-axis defined as thetgyior to anterior axis; positive Y-axis defined
as the distal to proximal longitudinal axis; angipige Z-axis defined as the left right axis. The
ankle joint center was determined by the midpoetideen the medial and lateral malleoli, the
knee joint center by the midpoint between the mexdid lateral joint line, and the hip joint center
was determined by the rotation method (Leardinp@azo et al. 1999). Vertical ground reaction
force data was collected at 1000 Hz with a Bertecd plate (model 4060-NC; Bertec
Corporation, Columbus, OH). Following the methodsatibed on the familiarization day, the

participant completed five successful trials dunvigich complete biomechanical data was
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collected. The time synchronized kinematic, kinedied SEMG data were stored and further

exported as .exp files.

Data Reduction

All further data reduction and analysis were peried in Matlab (R2008b, The
MathWorks, Natick, MA) using proprietary algorithn®he .csv and .exp files were imported
into a database created using Matlab (R2008b, TéihWorks, Natick, MA) and further

processed within that database.
The sEMG/Torque Ratio

| sometric Calibration Actions

Torque (Figure 7) from isometric actions was lowsspfiltered (4 order Butterworth,

Zero-Lag, 11 Hz).
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Figure 7:Raw and Filtered Dynamometer Voltage Indicativésometric Quadriceps Torque.
Processing of the voltage signal representativiheftorque produced. Prior to (Dark grey line) and
following (Light grey line) low pass filtering {4rder Butterworth, Zero-Lag, 11 Hz).
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Filtered torque data (V) was then converted to Mooeding to manufacturer’s
calibrations and gravity corrected. For each isoimaction the peak torque produced was
recorded. The sEMG data was also processed (REjwsing full wave rectification, band pass
filtering (4" order Butterworth, Zero-Lag, 10-300Hz) and RMS ething (100 ms constant)
(Shultz, Nguyen et al. 2009). Peak sEMG valued/fdrand VL were recorded from isometric
extension actions and peak BF and ST recorded ifometric flexion actions. The isometric
SEMG/Torque ratio was calculated for each isomditne extension action by dividing the peak
VL and VM seEMG amplitudes by half of the peak exstien torque produced, and, for isometric
knee flexion efforts, by dividing BF and ST peakvB& amplitudes by half of the peak flexion
torque produced. The decision to assume equalilbotion from the two heads of the quadriceps
to the knee extensor torque was based on previmdisds that demonstrate this occurrence in
vitro (Lieb and Perry 1968). The four isometric sS&GMorque values were then averaged over
the three repetitions and retained for furthemestion of the muscle torques during the impact

phase of the initial landing of a drop jump manewseng the isometric SEMG/Torque ratio.
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Figure 8:Raw and Filtered Quadriceps (VL And VM) sEMG Duramglsometric Action.
Processing of the SEMG, raw (Grey Lines) and prsed<Black lines), bandpass fitlef"(drder
Butterworth, Zero-lag, 10-300 Hz), and RMS smo@{ifD0 ms constant).
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I sokinetic Calibration Actions
Torque (Figure 9) and position data from the isekicalibration actions were low pass
filtered (4" order Butterworth, Zero-Lag, 11 Hz). After filtag, and accounting for AC baseline,

the torque data was converted to Nm according toufaaturer's specifications.

Torque (V)
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Time (ms)

Figure_lQ:RaW and Filtered Dynamometer Voltage IndicativEotentric Quadriceps Torque
I(Dzrzgeis)iﬁg of the voltage signal representativéneftorque produced. Prior to (Light grey line) and
following (Black line) low pass filtered (4rder Butterworth, Zero-Lag, 11 Hz).

Raw voltage indicative of position was low pastefiéd (4' order Butterworth, Zero-Lag,
11 Hz), converted to degrees and used to calctilatgravity correction according to
manufacturer’s specifications. Subsequently, thgtjpom data was used to truncate isokinetic

actions defined as the knee reaching ten (begihming 80 degrees of knee flexion (end). The

torque data were then gravity corrected, and trealcas illustrated in Figure 10.
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Figure 10:Gravity Corrected and Truncated Eccentric Quadredmrque (Nm)

The sEMG data from the dynamic actions were praxkasing full wave rectification
and low pass filtering {4order Butterworth, Zero-Lag, 4Hz)(Winter 1990) €$EMG data was
truncated in the same way as the torque data (lmspdsition data), and finally normalized to
the peak MVIC sEMG used in the calculation of temetric SEMG/Torque ratio.

Then, separately for each of the four muscles stydhe angle and action specific
SsEMG/Torque ratio was calculated by dividing, fack data point, the processed sEMG by half
of the torque produced (Figure 12). This data Wwas linearly extrapolated to render values of

the angle and action specific SEMG/Torque ratioveen 0 and 100 degrees of knee flexion.
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Figure 11:Representative SEMG Processing.
Raw (Light Grey line) and rectified filtered (Da@ey line) SEMG as a function of time during an
isokinetic calibration action.
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Figure 12:sEMG/Torque Ratios for vastus lateralis and vasteslialis.

I nternal validation of the angle specific SEMG/Torque ratio

Internal validity of the angle and action spec#ttMG/Torque ratio (ability of using the
above described angle and action specific SEMGU®ratio to estimate muscle torque and
predict the actual dynamometer measured torquepreasously assessed. After processing the

SEMG and torque as previously described, we modékedesulting curve as a function of the
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knee joint angle using @%order polynomial (Doorenbosch and Harlaar 2008)s Tunction
represents, for each knee joint angle, the pergerdhthe peak MVIC sEMG necessary to create
one Nm (Figure 12). Then, for each repetition, merpolated the SEMG/Torqgue ratio based on
knee joint angle data collected during the isokinedlibration action (Eccentric quadriceps (-
270°s") and concentric hamstrings (98ysThen we divided the processed SEMG by the angle
and action specific SEMG/Torqgue ratio to estimateeextensor (using VL and VM), or flexor
(using BF and ST), torque. These torque curvemastd based on the angle and action specific
sEMG/Torque ratio were then compared to the meddiogtput from Biodex) torque curves as

described in Figure 13.

---------
o ~,

Torque (Nm)

Absolute RMS= 18 Nan

anp Relative RMS—14 %%

Actual Torque Measured
20 -==Torgue estimated using sSEMG/Torque

L L L '
40 50 &0 70 BO %0
Knee Angle (Degrees)

Figure 13:Representative Data Curve for Actual and Estimdtetjues (Hamstrings
Concentric).
Measured (grey line) and estimated (dotted linejies during dynamometer testing.

The root mean square values (relative error) agsgmted in Table 3 and fall within the
range reported previously in the literature foraamtric actions included in Table 3 for

comparison.
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Table 3. sSEMG/Torque Relation Polynomial and Root Mean Squag Error

Torques (Nm) Absolute Error (Nm) Relative Error (%)
Quadriceps
Ecc 90 °s' 32+13 12+4
*Con 120°s? 70.6+20.5 11+3
*Con 150°s? 110.8+60.2 19+9
Ecc 180°¢ 32+17 13+4
Ecc 270°¢ 32+13 14+3
Hamstrings
Con 90°s! 12+3 14+3
*Con 120°s? 50.8+10.7 14+4
*Con 150°s? 80.9+30.7 20+7
Con 180°¢ 12+6 15+4
Con 270°& 1143 17+4

*Numbers inltalic are from Doorenbosch et al. (2004)

Reduction of the Biomechanical Data
Three dimensional knee joint angles were calculasiag Euler angle definitions with a

rotational sequence of Z Y’ X" (Kadaba, Ramakrigiheaal. 1989). Raw kinematic data was
linearly interpolated to force-plate data and sgbsetly low-pass filtered {4order Butterworth,
Zero-Lag, 12 Hz). Knee intersegmental forces antheris were calculated using an inverse
dynamics analysis within the MotionMonitor softwghenovative Sports Training, Chicago, IL).
Successful trials were exported (.exp format) idirig knee kinematics and kinetics in the
coronal, transverse, and sagittal planes, vertiatlial/lateral and anterior/posterior ground
reaction forces and unprocessed VL, VM, BF and BWIGs.

Further data processing took place in Matlab (RBOU8e MathWorks, Natick, MA).
The impact phase of the initial deceleration w&sdd from the point where the vertical ground
reaction force exceeded 10N, to peak in verticaligd reaction force (F2) as exemplified in

Figure 14.
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Figure 14:Ground Reaction Force During Landing.

Identification of the beginning (ground contact)daend (2 peak in ground reaction force:F2) of thepact
phase from the vertical ground reaction force data.
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Over this impact phase, 3D knee biomechanics ifrfuchoment impulses and
kinematic excursions in 3 planes, as well as petdriar knee shear force were calculated and
averaged over 5 trials. (Table 4) This rendere@isenxariables indicative of high risk knee joint
mechanics for each participant; which were retafioedurther statistical analysis and are

described thereafter.

66



Table 4. Descriptors of calculated independent variables.

Variable Calculation Name Direction
(Unit)
. Difference between knee flexion angle at landind anthe
Flexion - - : : KFE
: end of the impact phase of the initial landing afrap jumg
excursion °) .
maneuver Flexion (-)
Peak Maximal value of the net internal knee extensor reotas Extension (+)
) . ) " PKEM
extension | calculated through an inverse dynamics analysimduhe
) o ; . (Nm)
moment impact phase of the initial landing of a drop jumpneuve
Peqk Maximal valug .o.f the anterior shear f_orce during ittnpact PASF  Anterior (+)
anterior phase of the initial landing of a drop jump manews .
X ) ; (N) Posterior (-)
shear force | calculated through an inverse dynamics analysis
Frontal Difference between knee adduction/abduction angle a KVE
plane landing and at the end of the impact phase oftthiali ©)
excursion | landing of a drop jump maneuver Valgus rot. (+)
Peak Identified as the maximal value of the net abdurctio Varus rot. (-)
frontal moment as calculated through an inverse dynamialysia PKVM
plane during the impact phase of the initial landing afrap jumg (Nm)
moment | maneuver
Transverse | Calculated as the difference between knee interxtavnal KRE
plane rotation angle at landing and at the end of thesichphase )
excursion | of the initial landing of a drop jump maneuver
. . - External rot. (+)
Peak Maximal value of the net internal/external rotatrmoment External rot. (-)
transverse | as calculated through an inverse dynamics anatysisg PKRM '
plane the impact phase of the initial landing of a dromp (Nm)
moment | maneuver

Drop Jump Data and Thigh Muscles Torques Estimation

Muscle Torque Estimation Based on the | sometric SEMG/Torque Ratio

For the muscle torque estimation based on the isans&=MG/Torque ratio the non

normalized SEMG amplitudes of the SEMGs collectednd) the drop jump were used. The

SEMG was band pass filtered"(@rder Butterworth, Zero-Lag, 10-300 Hz) full waneztified,

and then RMS smoothed (25 ms constant) was cagcu(&hultz, Nguyen et al. 2009). The

isometric SEMG/Torque ratio used was unique oventhole impact phase. To estimate the
muscle torques for each of the four heads the igtereEMG/Torque ratio was divided by the
amplitude of the processed sEMG for each data ploinhg the impact phase. The impulse of

those muscle torques estimated using the isonsENG/Torque ratio{Lso :Vastus Lateralis
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torque impulseVMso vastus medialis torque impuld8hso bicep femoris torque impuls&Tso
:semitendinous torque impu)seere used to calculate the net knee joint monmaptiise
(NETiso).

To address Hypothesis 1 a, the net knee joint mbimgulse, calculated as the
difference between the summed estimated quadrtoegses impulsesvlso andVM;sg) and the
summed estimated hamstrings torques impuBEgd andSTso), was averaged over five trials
and retained as a raw valle¢HT,sq).

To address Hypothesis 1 b the four estimated musele impulses were averaged over

5 trials. These four value¥l(;so, VMiso, BRsa. STiso) were retained for further statistical tests.

Muscle Torque Estimation Based on the Angle and Action Specific SEMG/Torque
Ratio

For the purpose of thigh muscles torque estimatioing the impact phase of landing
using the angle and action specific SEMG/Torquie raEMG data were full wave rectified, low
pass filtered (A order Butterworth, Zero-Lag, 4 Hz) (Figure 15) amimalized to the max
SEMG during MVIC actions as previously recordede Tietermination of the angle specific
sEMG/Torque ratio during the impact phase of thigainanding of a drop jump maneuver was
based on the knee joint angle observed duringniipadt phase of the initial landing of a drop
jump maneuver. To achieve this, we relied on actlieok-up technique in which Matlab extracts
the sEMG/Torque ratio from the actual values caliad, as presented above (c.f. Isokinetic
calibrations actions), during eccentric actionstfer quadriceps and concentric actions for the
hamstrings. For each data point (i.e. Knee flexingle) during the impact phase, Matlab refers
to the reference array (SEMG/Torque ratio for daute flexion angle between 0 and 90° of
flexion) and extract the “y” (SEMG/Torque ratio)lva for the specified “x” (Knee joint angle

during the impact phase of the initial landing afrap jump maneuver). This allows for a direct
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estimation of the SEMG/Torque coefficient rathelirgerpolation based on a polynomial (Figure
16).

Then for each data point during the impact phagbenitial landing of a drop jump
maneuver, VL, VM, BF and ST torques were estimatedividing the processed sEMG value by

the simultaneous sEMG/Torque ratio.

0.35F
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Contact

— Vastus Lateralis sSEMG
— Vastus Medialis sSEMG
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=)
)
T
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Figure 15:Quadriceps SEMG During the Drop Jump Maneuver.
Representative non normalized filtered SEMG forvagtus medialis (Light Grey Line), vastus lateyali
(Dark Grey Line) during a drop jump maneuver.
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Figure 16:Quadriceps and Hamstrings SEMG/Torque Coeffici@ntgng the Impact Phase.
SEMG/Torque coefficients for the quadriceps (Liginey Line) and the hamstrings (Dark Grey Line) as
determined based on knee flexion position durirgrfipact phase of the initial deceleration of thepd
jump maneuver and sEMG/Torque relation calculatedrd) calibration actions.

The impulse of those muscle torques estimated ubagngle and action specific
SEMG/Torque ratio\{Lpyn: Vastus lateralis torque impulSéMpyy: vastus medialis torque
impulse BFyyy: bicep femoris torque impuls&Tyy:semitendinous torque impulse) were used to
calculate the net knee joint moment impulSE (pyn).

For Hypothesis 1 a The Net Knee Joint Moment Inp@&EToyy) calculated based on
thigh muscle torques estimated using the angleaahdn specific SEMG/Torque ratio was
averaged over five trials and retained as a rawevalr further statistical tests.

For Hypotheses 1 b, 2 b, 2 ¢, 2 e and 2 g: Fofailnemuscles studied, the torque
impulses estimated using the angle and action fipe&iMG/Torque ratio¥YL pyn, VM pyn,
BFpyn, STovn, all Nm*s) were used in the analysis.

For Hypotheses 2a, 2d and 2f: For the four mustledied, the body weight and height
normalized torque impulses estimated using theeaaugli action specific SEMG/Torque ratio

(VL DYNBWH VM DYNBWH BFDYNBWH SToynswh all Nm*S/BWl/Ht_l) were used in the statistical

analysis.
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Statistical Analyses

Power Calculations

Based orthe correlation between independent and dependeiattie: collected during
pilot testing of the protocdN=5), we found that the average correlations between dirpzase
VM torque impulselmpact phase VL torque impulsimpact phas@amstring ST torque
impulse, Impact phase hamstrings BF torque imgand the dpendent variables w0.3. Using
those values fahe correlations in *Power version 30.10.Faul, Universitat Kiel, Germa))
rendered an effect size bfl7. With six predictors, G power estimated thatp2Bticipants will
render 95 % power at= 0.05.

Since the preliminary correlation data vcalculated based on 5 subjects (, we
explored the statistical power that would be gaifnedh increasing the number of participat
To that effect, and for exploratory purposes ownlg increased the number pérticipants 50 in
G*Power and observdtie resultant effect on the power of the anal Figurel7 shows that 30

participants will render approximate98% of power.

F tests — Linear multiple regressions Fixed model, R? deviation from zero
Number of predictors = 6, o ghr prob = 0%5. Fffect size f2 = 1.17391
. L

A o Tans®
u.y—_ _
V4

(1-B err prob)
o o
3
1

= 0.5

T T T T T T T T T T T T T T T T T
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Figure 17: EstimatedPoweras a Function of Sample Size.
Predicted power as a function of the sample siz#h an n 0130 showing 98 % power.
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Hypothesis Testing

To address our first hypothesis, that the net sdgitane joint moment impulses
calculated (quadriceps minus hamstrings) basedastus lateralis, vastus medialis, bicep femoris
and semitendinous torque impulses estimated witlsthmetric SEMG/Torque ratio, will be
lesser than that estimated using an inverse dysaamialysis or the angle and action specific
SsEMG/Torque ratio during the impact phase of thigaindeceleration of a drop jump maneuver,
we first performed a 1 (Net Knee Joint Moment Ingedlby 3 (Mean of estimation: Inverse
dynamics (KEM), Isometric SEMG/Torque ratio (NEJ), angle and action specific
SEMG/Torque ratio (NEdyn)) Repeated Measures ANOVA. Then, we performedMukcles:
VL,VM,BF,ST) by 2 (Means of estimation: IsometriEMG/Torque ratioVLiso, VMso, BFRso,

STiso) and angle and action specific SEMG/Torque rafiodyn, VM pyn, BFoyn, STovn)
RMANOVA. Significance value was set a priori akP.05. To further investigate main effects
and interactions we performed pair sampled t-testparisons using Bonferoni correction.

To address our second hypothesis, that duringnpeact phase of the initial deceleration
of a drop jump maneuver, greater vastus lateralisvastus medialis and lesser bicep femoris and
semitendinous torque impulses, estimated usingnigie and action specific SEMG/Torque ratio,
will predict greater magnitudes of variables intdliea of high-risk knee joint mechanics in the
three planes of motion, we fitted separate linegrassion models to examine the extent to which
vastus lateralisL pyn), vastus medialisyM pyn), Bicep femoris BFpyy) and semitendinous
(SToyn) torque impulses predicted high-risk knee jointhamnics in the three planes of motion.

In the sagittal plane we studied:

a) The extent to which raw vastus lateralit {vn), vastus medialisMM pvn), Bicep

femoris BFEpyn) and semitendinou$pyn) torque impulses estimated using the angle andract
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specific SEMG/Torque ratio, predicted knee flexéoewursion (KFE) after accounting for body
weight and height.

b) The extent to which raw vastus laterali tvn), vastus medialisyM pyn), Bicep
femoris BFEpyn) and semitendinou$pyn) torque impulses, estimated using the angle and
action specific SEMG/Torque ratio, predicted thekpmternal knee extension moment (PKEM)
after accounting for body weight and height.

¢) The extent to which raw vastus lateralfs (vn), vastus medialisMM pyn), Bicep
femoris BFEpyn) and semitendinou$pyn) torque impulses, estimated using the angle and
action specific SEMG/Torque ratio, predicted pealeraor shear force (PASF) after accounting
for body weight.

In the frontal plane we studied:

d) The extent to which body weight and height ndized vastus lateralid/L pynswH),
vastus medialisMM pynewh), Bicep femoris BEpynewr) and semitendinouSToynewr) torque
impulses, estimated using the angle and actionfsgpesEMG/Torque ratio, predicted knee
abduction excursion (KVE).

e) The extent to which raw vastus lateralit fyn), vastus medialisMM pvn), Bicep
femoris BFpyn) and semitendinou$pyn) torque impulses, estimated using the angle and
action specific SEMG/Torqgue ratio, predicted thakpmternal knee abduction moment (PKVM)
after accounting for body weight and height.

In the transverse plane we studied:

f) The extent to which raw vastus laterafd._(yn), vastus medialisMM pyn), Bicep
femoris BFpyn) and semitendinous$pyn) torque impulses, estimated using the angle and
action specific SEMG/Torque ratio, predicted knaerinal rotation excursion (KRE) after

accounting for body weight and height.
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g) The extent to which raw vastus laterali& (vn), vastus medialisyM pyn), Bicep
femoris BFpyn) and semitendinous{pyn) torque impulses, estimated using the angle and
action specific SEMG/Torqgue ratio, predicted thakpimternal knee internal rotation moment

(PKRM) after accounting for body weight and height.

74



CHAPTER IV

RESULTS

Forty-three females successfully completed datecodn. However, data on three
participants was eliminated for technical issueddta collection. Therefore data from forty
participants (Age=21.2+1.5 yrs, Height=164.2+7.3 dhass=6018 kg, BMI= 22+2 kg/m?) were
used for analyses. MeanzSD and range (minimum tanmam) for variables of net muscle
torques, estimated using both the isometric anteaartd action specific SEMG/Torque ratios,
and joint moments impulses using the isometric SEM@jue, angle and action specific
sEMG/Torque and inverse dynamics methods are pexs@nTable 5 while dependent and
independent descriptives during the impact phasleeoinitial landing of a drop jump maneuver

are listed in Table 6 and a correlation table @vjuted is Table 7.

Hypothesis 1: Differences in Net Joint Estimation 8ing Isometric or
Action Specific SEMG/Torque

Hypothesis 1 a)

A 1 (Net Knee Joint Moment Impulse) by 3 (Mean stiraation: Inverse dynamics
(KEM), Isometric SEMG/Torque ratio (NEgk), angle and action specific SEMG/Torque ratio
(NETpyn) Repeated Measures ANOVA revealed a significalecebf means of estimation
(P<0.001). Post-hoc tests showed significantly lofirec0.001) estimation of net knee joint
moment using the isometric SEMG/Torque method (N TMean 3.30 + 1.87 Nm*s) compared

to the angle and action specific SEMG/Torque me(iNiTpyy) (Mean 4.29 + 2.18 Nm*s) or
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inverse dynamics analysis (KEM) (Mean 4.46 + 1.94*8). However, there was no difference

between NEfyn and KEM (P = 0.93).

Hypothesis 1 b)

A 4 (Muscles: VL,VM,BF,ST) by 2 (Means of estinati Isometric SEMG/Torque ratio
(VLiso, VMiso, BRso, STso); angle and action specific SEMG/Torque ralfe{yn, VMpyn, BFoyn,
STovny) RMANOVA demonstrated a significant interactiortwseen muscle and mean of
estimation (P<0.01). Posthoc testing showed thaitnteraction, as shown in Figure 18, was due
to VL;so (Mean 1.84 + 1.22 Nm*s) and VM, (Mean 1.85 + 1.08 Nm*s) being lower than Mk
(Mean 2.23 = 1.26 Nm*s) and Vi (Mean 2.60 + 1.48 Nm*s), with no difference betwee
BFso (Mean -0.18 + 0.18 Nm*s), $b (Mean -0.20 + 0.22 Nm*s), By (Mean -0.28 £ 0.29

Nm*s) and SEyy (Mean 0.26 + 0.21 Nm*s).

Table 5. Net Joint Moment and Muscle Torque Impulses

Estimated Net Moment Impulses (Nm*s) Mean + SD Rarey

Based on isometric SEMG/Torque (NEJ* 3.30 + 1.87 0.98 - 8.29
Based on dynamic SEMG/Torque (Nis) 4.29+ 218 146 - 9.64
Based on inverse Dynamics (KEM) 446 191 1.16 - 9.37

Muscle torque impulses (Nm*s)

Estimated using the angle and action specific SEM@&jue ratio

Vastus lateralis (Vbyn) 223+ 126 069 - 7.14
Vastus medialis (VMyn) 260 + 148 037 - 7.96
Bicep femoris (Bbyn) -028+ 029 -1.26 - -0.02
Semitendinous (Shn) -0.26 £+ 0.21 -1.07 - -0.07
Estimated using the isometric SEMG/Torque ratio
Vastus lateralis (Viso) 1.84 + 1.22 046 - 511
Vastus medialis (Viso) 185+ 1.08 0.19- 4.87
Bicep femoris (Bgo) -0.18 £+ 0.18 -0.72- -0.01
Semitendinous (Sdo) -0.20 £ 0.22 -0.98- -0.02

*NET pyn & KEM >NET g0 (P<0.05)
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B Angle and action
specific isokinetic

M [sometric

Estimated Muscle torque Impulse (Nm*s)
—_
o

Vastus Medialis Vastus Lateralis Bicep Femoris Serditgyus

* Indicates Isometric SEMG/Torque ratio significlgntP<0.05) lower than angle and action specifiM§ZTorque
ratio

Figure 18:The Interaction Between Muscle Studied and Meaii®@fue Estimation.
Angle and contraction specific SEMG/Torque ratitiraates of torque impulses are greater than those
obtained using the isometric SEMG/Torque ratio
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Hypothesis 2: Contribution of Muscle Torque Impulse to High Risk

Mechanics

To allow the reader an overview of the data, dpieg statistics and a correlation matrix

are respectively provided in tables 6 and 7.

Table 6. Means + SD and Range for Dependent and IndependeXariables

All variables are observed over the impact phagbefnitial landing of a drop jump maneuver.

Variables Mean + SD Range

Muscle Torque Impulses estimated using the angleaation specific SEMG/Torque ratio
(Nm*s)

Vastus lateralis (Vbyn) 2.10 £ 1.18 0.67 6.56

Vastus medialis (VMyn) 249 + 141 0.38 7.23

Bicep femoris (Bbyn) -0.33 + 0.39 -1.88 -0.02

Semitendinous (Skn) -0.23 + 0.24 -1.21 -0.04

Joint Excursions (Degrees)

Knee flexion excursion (KFE) -44.3% 6.86 -26.32 - -60.83

Knee frontal plane excursion (KVE) -392 512 -16.87 6.49

Knee transverse plane excursion (KRE) -7.35 477  -17.82 3.05

Peak Net Knee Joint Moment (Nm)

Peak internal knee extension moment (PKEM) 11222 31.09 32.20 213.47

Peak internal frontal plane moment (PKVM) -10.08 15.21 -42.72 35.99

Peak internal transverse plane moment (PKRM) -8854.99 -21.54 0.47

Force (N)
Peak anterior shear force (PASF) 398 78 205.56 - 607.91
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Table 7. Correlation Matrix of Dependent and Independent Vaiables (Hypotheses 2a-g)

79

1 2 3 4 5 6 7 8 9 10 11 12 13
1 Vastus Lateralis torque impulse (a) 1
2 Vastus Medialis torque impulse (a) 0.48* 1
3 Bicep Femoris torquienpulse(a) -0.33* -0.07 1
4 Semitendinous torque impulse (a) -0.}0.32*0.72* 1
5 Knee flexion excursion (b) 0.01 -0.0a.17 0377 1
6 Frontal plane excursion (b) 0.11 0.26.09 -0.1¢ -0.01 1
7 Knee transverse plane excursion b) -0.10 -000@ -0.0¢ 0.27 0.37* 1
8 Peak knee extension moment (c) 0.36* 0.4709 -0.2¢f -0.21 0.39*-0.14 1
9 Peak frontal plane moment (c) 0.26 0.32*30 -0.21 -0.24 0.39*-0.05 0.14 1
10Peak transverse plane moment (¢c) -0.14 081 -0.07 0.21 0.08 0.23 -0.21 0.54* 1
11Peak anterior shear force (c) 0.36* 0.38*22 -0.27 -0.23 0.18 -0.19 0.76* -0.09 -0.38* 1
12Weight 0.31 0.49+0.16 -0.1z 0.13 0.21 -.061 0.60* 0.02 -0.00 0.63 1
13Height 0.17 0.46*0.09 -0.0¢ -0.04 0.38* 0.10 0.42* 0.15 0.18 0.250.65* 1

N=40, * Significant correlations (P<0.05)

a) Integration of the muscle torques estimated usiegangle and action specific SEMG/Torque ratios tweimpact phase

of the initial landing of a drop jump maneuver.

b) Calculated as the difference between knee fleximiesat landing and at the end of the impact pbésdee initial landing

of a drop jump maneuver.

c) ldentified as the maximal value of the anteriorastferce as calculated through an inverse dynaames$ysis during the

impact phase of the initial landing of a drop jumpneuver.



Summary of the Regression Models for Hypothesidding R Squared Values and Final Regression Egjsati

Dependent Step
variable

Predictor variables

R2 Change (P
value)

Final Regression Equation

Knee Flexion

BW, HEIGHT

4.3% (0.440)

Excursion

VI—DYN, VM DYN, BI:DYN, STDYN

17% (0.166)

KFE=-0.726+ 0.283y - 0.24Q,; - 0.027
vioyn + 0.102ympyn -0.144pvn +
0.524pyn

Peak Extensor

BW, HEIGHT

35.7% (<0.001)

Moment

VI—DYN, VM DYN, BI:DYN, STDYN

11% (0.172)

PKEM=-0.226 + 0.54&y* - 0.009,r +

0.248,.pyn -0.016Mmpyn +0.35&kpyn -
0.39%pyN

Peak Anterior

BW

39.2% (<0.001)

Shear Force

VI-DYN, VM DYN, BFDYN, STDYN

8.1% (0.285)

PASF=-0.009 + 0.636* + 0.26Q, pyn
- 0.209movn + 0.18%rpyn - 0.3427pyn

Frontal Plane

BW, HEIGHT

14.9% (0.050)

Excursion

VI-DYN, VM DYN, BFDYN, STDYN

2.9% (0.883)

KVE=-2.428 -0.124y + 0.4441
+0.010ypyn + 0.048ympyn -0.063Frpyn
- 0.104pvn

Peak Frontal

BW, HEIGHT

4.6% (0.416)

Plane Moment

VI-DYN, VM DYN, BFDYN, STDYN

29.4% (0.025)

PKVM=-1.361 - 0.54px* + 0.329 -

0.021.pyn + 0.514Mmpyn* -
0.636Grpyn* + 0.34%1pvn

Transverse

BW, HEIGHT

3.7% (0.494)

Plane
Excursion

(I SN I OO TSNS B R IS B PN B O V=S BN

VI-DYN, VM DYN, BFDYN, STDYN

1.4% (0.966)

KRE=-1.156 -0.213y+ 0.2381 -
0.123vipbvn - 0.079mpyn -0.11Qrpyn -
0.15&rpvn

Peak

=

BW, HEIGHT

5.9% (0.323)

Transverse.
Plane Moment 2

VI-DYN, VM DYN, BFDYN, STDYN

23.2% (0.077)

PKRM=-1.474 - 0.365y + 0.29% -
0.442, pyn* + 0.578mpyn™ -
0-58&FDYN* + 0.57QTDYN

* indicates significance of the predictor at theDlevel.
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Sagittal Plane

Knee Flexion Excursion

When predicting knee flexion excursion, it was fduhat once accounting for individual
differences in height and weight (R2= 4.3%, P =0)4htering of all the torque impulses into the
regression did not significantly increase the presdi variance in knee flexion excursion (R2
change = 17%, P = 0.166) (Table 8). The overallehpcedicted 21 % of the variance in the
knee flexion excursion (P=0.223). Table 9 prestrmagparameter estimates for the full regression
model when examining the contribution of thigh masdorque impulses, estimated using the
angle and action specific SEMG/Torque ratios, dkrerimpact phase of the initial landing of a
drop jump maneuver to the knee flexion excursiomnduthe impact phase of the initial landing
of a drop jump maneuver.

Table 8. Regression Coefficients for the Final Regression Miel Looking at the Individual
Neuromuscular Characteristics Predicting Knee Flexan Excursion

Unstandardized Standard

Variable Coefficients Error t Sig.
Constant -20.236 27.874 -0.726  0.473
Weight 0.244 0.194 1.257 0.217
Height -0.226 0.203 -1.113 0.274
Estimated Vastus Lateralis Torque Impulse -0.160 153. -0.138 0.891
Estimated Vastus Medialis Torque Impulse 0.496 1.12 0.440 0.662
Estimated Bicep Femoris Torque Impulse -2.507 4.6450.540 0.593
Estimated Semitendinous Torque Impulse 14.830 7.3352.022  0.051

* Significant Regression Coefficient, P < 0.05
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Peak I nternal Extensor Moment

When predicting peak internal knee extension momewas found that once accounting
for individual differences in height and weight £R35.7%, P <0.01) entering of all the torque
impulses into the regression did not significainigrease the amount of variance in the peak in
internal extensor moment (R2 change = 11%, P =2).@7able 8).

The final regression model predicted 46.7 % ofvtuéance in the peak in internal
extensor moment (P=0.001). Table 10 presents ttzarder estimates for the full regression
model when examining the contribution of thigh miadorques impulses, estimated using the
angle and action specific SEMG/Torque ratios olerilpact phase of the initial landing of a
drop jump maneuver, to the peak internal knee spiemoment as determined by inverse
dynamics.

Table 9. Regression Coefficients for the Regression Model b&ing at the Individual
Anthropometrics and Muscle Torque Impulses Predictig Peak Internal Extensor Moment

Unstandardized Standard

Variable Coefficients Error t Sig.

Constant -23.446 104.763 -0.226 0.823
Weight 2.111* 0.722 2.923 0.006
Height -0.039 0.756  -0.052 0.959
Estimated Vastus Lateralis Torque Impulse 6.538 4.301 1.520 0.138
Estimated Vastus Medialis Torque Impulse -0.344 4194 -0.082 0.935
Estimated Bicep Femoris Torque Impulse 28.189 17.291 1.630 0.113

Estimated Semitendinous Torque Impulse -50.883 27.305 -1.864 0.071
* Significant Regression Coefficient, P < 0.05
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Peak Anterior Shear Force

When predicting peak anterior shear force, it veamél that once accounting for
individual differences in weight (R2= 39.2%, P <@L, entering of the muscle torque impulses
into the regression did not significantly incretis® amount of variance explained (R2 change =
8.1%, P =0.285).

The final regression model predicted 47.7 % ofvdu@ance in peak anterior shear force
(P<0.001). Table 11 presents the parameter essrfmt¢he full regression model when
examining the contribution of thigh muscles torgumegulses, estimated using the angle and
action specific SEMG/Torgue ratios over the impgatse of the initial landing of a drop jump
maneuver, to the resultant peak anterior sheae fasaetermined by inverse dynamics.

Table 10. Regression Coefficients for the Final Regression Miel Looking at the Individual
Anthropometrics and Muscle Torque Impulses Predictig Peak Anterior Shear Force

Unstandardized Standard

Variable Coefficients Error t Sig.

Constant -0.728 80.091 -0.009 0.141
Weight 6.306* 1.468 4.296  0.000
Estimated Vastus Lateralis Torque Impulse 17.403 68D 1631 0.112
Estimated Vastus Medialis Torque Impulse -11.621 288 -1.132 0.266
Estimated Bicep Femoris Torque Impulse 37.284 42.150.885  0.383
Estimated Semitendinous Torque Impulse -111.162 6487. -1.643 0.110

* Significant Regression Coefficient, P < 0.05
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Frontal Plane

Frontal Plane Excursion

When predicting frontal plane excursion, it wasrfduhat once accounting for individual
differences in height and weight (R2= 14.9%, P 50)@ntering of all the torque impulses into
the regression did not significantly increase tim®ant of variance in the frontal plane excursion
(R2 change = 2.9%, P = 0.883).

The final regression model was not significantiplaining the variance in the peak knee
adduction/abduction excursion based on anthropareetnd muscle torque impulses as
investigated in the current study (R2= 17.8%, F836). Table 12 presents the parameter
estimates for the full regression model when exangithe contribution of thigh muscles torques
impulses, estimated using the angle and actionfspsEMG/Torque ratios over the impact
phase of the initial landing of a drop jump maneueehe frontal plane excursion during the
impact phase of the initial landing of a drop jumaneuver.

Table 11. Regression Coefficients for the Final Regression Miel Looking at the Individual
Anthropometrics and Muscle Torque Impulses Predictng Frontal Plane Excursion

Unstandardized Standard

Variable Coefficients Error t Sig.

Constant -51.546 21.227 -2.428 0.021
Weight -0.082 0.148 -0.554 0.583
Height 0.312 0.155 2.014 0.068
Estimated Vastus Lateralis Torque Impulse 0.044 0.880 0.050 0.961
Estimated Vastus Medialis Torque Impulse 0.172 0.858 0.200 0.842
Estimated Bicep Femoris Torque Impulse -0.814 3.537 -0.230 0.819
Estimated Semitendinous Torque Impulse -2.207 5.586 -0.395 0.695

* Significant Regression Coefficient, P < 0.05
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Peak Internal Frontal Plane Moment

When predicting peak internal frontal plane monmewas found that once accounting
for individual differences in height and weight £R£.6%, P=0.416), adding all the muscle torque
impulses significantly increased the variance iakpiaternal frontal plane moment explained by
the model (R? change = 29.4%, P=0.014).
The final regression model predicted 34 % of thiéewae in peak internal frontal plane moment
(P=0.025). Table 13 presents the parameter essnf@téhe full regression model when
examining the contribution of thigh muscles torgimgulses, estimated using the angle and
action specific SEMG/Torque ratios over the imgat@se of the initial landing of a drop jump
maneuver, to the resultant peak internal frontah@lmoment as determined by inverse dynamics
during the impact phase of the initial landing afrap jump maneuver. Specifically, greater
magnitudes of vastus medialis torque impulse aadtgr magnitudes of bicep femoris torque
impulse were predictive of greater internal valgu@ment magnitudes about the knee.
Interpretation of the regression equation suggestsfor every increase of 1INm.s in the Vastus
Medialis and Bicep Femoris torque impulses, inasaxd 5.5 and a 24.5 Nm in the peak internal
abduction moment would be observed.

Table 12. Regression Coefficients for the Final Regression Miel Looking at the Individual
Anthropometrics and Muscle Torque Impulses Peak Intrnal Frontal Plane Moment

Unstandardized Standard

Variable Coefficients Error t Sig.
Constant -76.914 56.498 -1.361  0.183
Weight -1.033* 0.393 -2.626  0.013
Height 0.687 0.412 1.667 0.105
Estimated Vastus Lateralis Torque Impulse -0.274 2.342 -0.117  0.908
Estimated Vastus Medialis Torque Impulse 5.527* 2.284 2.420 0.021
Estimated Bicep Femoris Torque Impulse -24.484* 19.4 -2.601 0.014
Estimated Semitendinous Torque Impulse 21.880 ¥4.861.472 0.151

* Significant Regression Coefficient, P < 0.05

85



Transverse Plane

Transverse Plane Excursion

When predicting transverse plane excursion it wasd that once accounting for
individual differences in height and weight (R2¥%, P=0.494), adding all the muscle torque
impulse did not increase the variance in transvpia@ae excursion explained by the model (R?
change = 1.4%, P=0.966).

The final regression model was not significantiplaining the variance in the transverse
plane excursion moment based on anthropometricenaisdle torque impulses as investigated in
the current study (R2= 5.3%, P= 0.927). Table B$@nts the parameter estimates for the full
regression model when examining the contributiothgfh muscles torques impulses, estimated
using the angle and action specific SEMG/Torquiesaiver the impact phase of the initial
landing of a drop jump maneuver to the transvelseepexcursion during the impact phase of the
initial landing of a drop jump maneuver.

Table 13. Regression Coefficients for the Final Regression Miel Looking at the Individual
Anthropometrics and Muscle Torque Impulses Predictng Transverse Plane Excursion

Unstandardized Standard

Variable Coefficients Error t Sig.
Constant -24.542 21.221  -1.156  0.309
Weight -0.128 0.148 -0.865 0.388
Height 0.156 0.155 1.005 0.389
Estimated Vastus Lateralis Torque Impulse -0.498 0.880 -0.566  0.755
Estimated Vastus Medialis Torque Impulse  0.265 0.858 0.309 0.969
Estimated Bicep Femoris Torque Impulse -1.326 3.5360.375 0.785
Estimated Semitendinous Torque Impulse 3.120 5.5840.559 0.823

* Significant Regression Coefficient, P < 0.05
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Peak I nternal Transverse Plane Moment

When studying peak internal transverse plane moiheras found that once accounting
for individual differences in height and weight £38.9%, P= 0.323), including all the muscle
torgue impulses in the model did not significamtigrease the amount of variance explained (R2
change = 23.2%, P = 0.077).

The final regression model was not significantiplaining the variance in the peak
transverse plane moment based on anthropometmcsiascle torque impulses as investigated in
the current study (R2= 26.6 %, P= 0.095). Althotlygh R2 was not significant, the parameter
estimates for the final model reveal that increasedus lateralis, decreased vastus medialis,
decreased bicep femoris, and increased semiterglinogue impulses were all significant
predictors of increased internal rotation momeRts (0.014-0.029).

Table 15 presents the parameter estimates fouthee§ression model when examining
the contribution of thigh muscles torques impulessimated using the angle and action specific
SEMG/Torque ratios over the impact phase of theirdanding of a drop jump maneuver to the
peak transverse plane moment during the impactepbiae initial landing of a drop jump
maneuver Interpretation of the regression equatimgests that for every increase of INm.s in
the Vastus Lateralis and Bicep Femoris torque isgsibnd for every decrease of 1 Nm.s in the
Vastus Medialis and Semitendinous, respective asge of 1.8, 7.42, 2.04 and 11.74 Nm in the

peak internal rotation moment would be observed.
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Table 14. Regression Coefficients for the Final Regression Miel Looking at the Individual
Anthropometrics and Muscle Torque Impulses Predictng Peak Transverse Plane Moment

Standardized Standard

Variable Coefficients Error t Sig.
Constant -28.813 19551 -1.474 0.150
Weight -0.230 0.136 -1.692  0.100
Height 0.203 0.143 1.427 0.163
Estimated Vastus Lateralis Torque Impulse -1.871* .810 -2.308  0.027
Estimated Vastus Medialis Torque Impulse 2.041* 90.7 2.582 0.014
Estimated Bicep Femoris Torque Impulse -7.425* 8.25 -2.279  0.029
Estimated Semitendinous Torque Impulse 11.747* %.14 2.283 0.029

* Significant Regression Coefficient, P < 0.05
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CHAPTER V

DISCUSSION

The first purpose of this study was to examinedifferences between estimations of
knee joint extensor moment impulse during the ihpaase of the initial landing of a drop jump
maneuver using three different methods: isomeEMG/Torque ratio, angle and action specific
sEMG/Torque ratio and inverse dynamics analysig. fWo first methods calculated the net knee
joint moment as the difference between quadricepshamstrings torque impulses estimated
during the impact phase of the initial landing afrap jump maneuver using the sSEMG/Torque
ratio calculated during calibration actions perfethon an isokinetic dynamometer. The extensor
moment impulse calculated through an inverse dyosiamalysis was used as a reference against
which the results of the other methods were contpdriee second purpose was to assess the
extent to which the torque impulses of quadricapslEmstrings medial and lateral components,
estimated using the angle and action specific sHM(Bjue ratio, predicted high risk knee joint
mechanics in the three planes of motion duringrtipact phase of the initial deceleration of a
drop jump maneuver.

The primary finding was that, during the impact gdhaf the initial landing of a drop
jump maneuver; the angle and action specific SEM@{lie ratio provided a better estimation of
the net knee joint moment calculated using an serelynamics analysis than the isometric
SEMG/Torque ratio. We also found that, during th@act phase of the initial landing of a drop
jump maneuver, torque impulses of quadriceps antgstiangs medial and lateral components
estimated using the angle and action specific sH\fBle ratio were moderate predictors of

high-risk knee joint mechanics in the frontal arahsverse planes of motion.
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The following discussion will first focus on theesgific differences between net knee
joint moments estimated using an inverse dynamadyais, the isometric SEMG/Torque ratio
and the angle and action specific SEMG/Torque r&gzond, we will discuss the factors that
may have affected our ability to predict high rigiee joint mechanics in the three planes of
motion based on the torque impulses of quadricegfhamstrings medial and lateral components
estimated using the angle and action specific sHM(Bjue ratio. This will be followed by a

discussion of clinical/research implications of fimelings and directions for future research.

Differences in Net Joint Estimation

The net joint moment calculated in an inverse dyinaranalysis (PKEM) represents the
sum of all moments, occurring at the joint, andated by passive and active structures, but does
not allow us to differentiate their respective cimttions (Winter 1990). In the current study, the
net knee joint moment was also calculated as fifiereince between the active extensor
(Quadriceps represented by the sum of vastus listaral vastus medialis) and flexor muscle
torques (Hamstrings represented by the sum of Berapris and semitendinous). Muscle torques
were estimated using two methods, first the isameEMG/Torque ratio and second the angle
the action specific SEMG/torque ratio. Impulsesevesed for the statistical analyses.

Our findings are in agreement with our hypothesekssinow that the net knee joint
moment impulse, based on muscle torque impulsesatsd using the angle and action specific
SEMG/Torque ratio (Mean: 4.29 + 2.18 Nm*s), was sighificantly different (Mean difference:
+3 %) from the net knee joint moment calculatech@sin inverse dynamics analysis (Mean: 4.46
+ 1.91 Nm*s) while the net knee joint moment cadtet based on muscle torques estimated
using the isometric SEMG/Torque ratio (Mean: 3.3D87 Nm*s) was significantly lower

(~25%) than the previous two methods.
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To our knowledge, limited studies have comparechtteknee joint moment calculated
using muscle torques estimation, to the net knie¢ ppoment calculated via an inverse dynamics
analysis during a landing maneuver. Doorenboseh €2003), compared the net knee joint
moment estimated using an angle and action spa&ifitG/Torque ratio and inverse dynamics
during the propulsion of a jump. Based on the figdi but without further justification, the
authors stated that using the angle and actiorifspgEMG/Torque ratio to estimate muscle
torques during a dynamic maneuver was a clinigaligvant method. Arguably, the reason why
the authors pronounced this model to be relevartliimical use is that in their study, it allowed
for differentiation of the co-contraction pattewfsACL deficient and healthy participants. In
comparison to the current investigation; Doorenhacal. (2003) used the propulsion of a squat
jump, concentric in nature, whereas we used thadtphase of a landing which is mostly
eccentric. Additionally, only five healthy and fiveCL deficient individuals were studied in
Doorenbosch et al. (2003) whereas the current figagion studied 40 healthy females. Their
model resulted in a greater error between the tethads of net knee joint moment estimation
(13.3% for healthy individuals) (Average root mesguare error (RMS) between inverse
dynamics analysis moment and SEMG/Torque rationeséid net knee joint moment; expressed
as a percent of the peak extensor moment as cadutarough inverse dynamics) than in our
study (average difference between net knee joimhemt impulses based on the angle and action
specific SEMG/Torque ratio (NE¥n) and inverse dynamics (KEM)3%). Thus, the current
approach appears to be more appropriate thanshdthy Doorenbosch et al. (2003) to estimate
net knee joint moment based on an inverse dynanalysis. One of the reasons for the
difference in the findings may be that Doorenbaatchl. (2003) used d%order polynomial to
model the sEMG/Torque ratio as a function of knegle@during the calibration actions. Using a

polynomial likely induced some error due to thérfg of the curves. We used a direct
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interpolation technique that does not carry sucbresince the algorithm used to interpolate the
SEMG/Torque ratio during the impact phase of tligainanding of a drop jump maneuver is set
to find the exact, angle specific, SEMG/Torqueaatilue gathered from the calibration actions.

Using the more traditional approach of the isometEMG/Torque ratio to estimate
guadriceps and hamstrings torque impulses andefuctidculate the net knee joint moment
during the impact phase of landing resulted in 26% underestimation of the net knee joint
moment. It is important to note that such resuksdifficult to compare with the literature. The
isometric method, as is used, ignores the torqoéymtion capability of muscles, but uses
normalized SEMG as an indicator of the mechanidéiénce of muscles upon the joint. As such
it makes the assumption of the SEMG/Torque ratibout however making the calculations of
the resultant muscle torques estimates. To sumeastimating net knee joint moment using the
angle and action specific SEMG/Torque ratio apptalbe more valid than other methods used in
the literature to estimate net sagittal moment iisgabout the knee.

Regarding the second part of hypothesis 1, we Ingsited that quadriceps estimated
torque impulses would be greater when using théeaargd action specific SEMG/Torque ratio
than with the isometric SEMG/Torque ratio and thathamstrings estimated torque impulses
would be higher using the isometric SEMG/Torquerathis was based on prior evidence of
differences in SEMG/Torque relation across actielogities as previously presented in Figure 4
(Yeadon, King et al. 2006). For the quadriceps,results confirm our hypothesis; estimated
quadriceps torque impulses were greater with tigéesand action specific SEMG/Torque ratio
(VLpyn> VLisoby 21%, P=0.004 and VMn> VM 50 by 30%, P< 0.001). For the hamstrings the
results were opposite to the hypothesis, with goiicant differences between estimated torque
impulses using the angle and action specific SEM@]iie ratio and using the isometric

SEMG/Torque ratio (Bfyn > BFiso by 50%, P=0.08 an8Tpyn> STiso by 31 %, P=0.20).
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Quadriceps torque impulses were 21-30% greater whtémated with the angle and
action specific SEMG/Torque ratio compared to gweretric SEMG/Torque ratio. This may be
explained by lower sEMG/Torque ratio observed dugncentric compared to isometric actions
(Yeadon, King et al. 2006). This means that in stré® compared to isometric actions, greater
torques can be produced for a specific level afzaton. Similar to our findings, Yeadon et al.
(2006) reported that the maximal torque generatapgability of the knee extensors of two
international standard athletes was 30 to 40 %sdnidhring eccentric than isometric actions.
Thus, current findings for the quadriceps agred wigh the limited literature we were able to
locate on SEMG/Torque ratios.

Contrary to our hypothesis, hamstrings torque isgsilwere not different when using the
angle and action specific SEMG/Torque ratio or whging the isometric SEMG/Torque ratio.
Our hypothesis was based on in-vitro evidence thdépendent of muscle length, the force
generating capability of a muscle is less duringcemtric than isometric muscle actions (Brown,
Scott et al. 1996; Yeadon, King et al. 2006). la tarrent study, it appears that this was not the
case, and that the isometric SEMG/Torque ratiosiragdar to the angle and action specific
sEMG/Torque ratio. Further insight into this isssi@rovided by plotting the isometric
SEMG/Torque ratio and the angle and action spesiidG/Torque ratio as calculated during

isometric and concentric calibration actions (FegL®).
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Figure 19:1sometric And Concentric SEMG/Torque Ratio Durirgjiiration Actions.
Greater SEMG/Torque ratios observed during conder{gray line) than isometric (black line) actions.

Figure 19 shows that overall the sSEMG/Torque riatimctually greater during concentric
than isometric hamstrings actions. Consequentéy/sitmilarity of the estimated torque impulses
for the angle and action specific SEMG/Torque ratinnot be explained by similar isometric and
angle and action specific SEMG/Torque ratios. Bdhlculations leading to the estimation of
muscle torques, the other variable that may infteeorque is the SEMG amplitude. The RMS,
used for to filter the sEMG for isometric SEMG/Taggratio, and low pass filter, used to filter the
SEMG for the angle and action specific SEMG/Torrat®, both result in a linear envelope of the
filtered SEMG. However, the low pass filtering bétsEMG during isokinetic actions appears to
result in lower absolute and relative values (%M G during MVIC) than RMS smoothing of
the isometric actions, which in turn would resal&i greater SEMG/Torque ratio simply because
of a lower value of the numerator in SEMG/TorqueEMG divided by torque. Our choice to
filter the SEMG differently for the isometric andgle and action specific SEMG/torque ratios,
was based on the wide recognition/acceptance sétimethods in the literature (Burden, Trew et
al. 2003). This difference in processing complisdtee comparisons of the estimations of

hamstrings torque impulses between methods. Howariger studies should investigate the
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extent to which this difference in filtering affedhe findings of the association between sEMG
and joint mechanics. With regards to our purpogéeéncurrent study, using the isometric
SsEMG/Torque ratio to estimate mechanical outconfi@suscles resulted in large
underestimations of the quadriceps and net kneefodments.

Our ability to closely replicate the impulse of tiet knee joint moment during the
impact phase of the initial landing of a drop jumaneuver is determinant in the validation of a
method designed to assess the contribution of gquegdr and hamstrings to knee joint mechanics
in the three planes of motion. Looking at the Isvif agreement between the angle and action
specific SEMG/Torque and inverse dynamics methbagite 20) may bring further insight to the
validity of using the angular and action specitd&G/Torque ratio to estimate the contribution
of thigh muscle to net knee joint moment. As thiginal intent of the limits of agreement was to
compare an alternative method to a reference mgBladd and Altman 1986) it is well suited to

this analysis.
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Figure 20:Limits of Agreement: Inverse Dynamics and Angle Actibn Specific SEMG/Torque
Estimations Of Net Knee Joint Moment.

The majority of net joint moments estimated udiregangle and action specific SEMG/Torque ratio were
20 % of the net joint moment estimated using aarsevdynamics analysis.
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In order to compare the current errors to the Buhiiterature, we expressed the
difference between the net knee joint moments eséidhusing the angle and action specific
sEMG/Torque and inverse dynamics as a functioh@piak in inverse dynamics net knee joint
moment (Doorenbosch and Harlaar 2003). The linfisgoeement (Figure 20) reveal that using
the angle and action specific SEMG/Torque ratior @stimates, on average, the net joint moment
by less than 1% and that all aside from three plaitats fall within the range of the mean plus or
minus 1.96 standard deviations. This lends sugpdhte validity of the model (Bland and
Altman 1986). Additionally, there was almost an @&quumber of participants for which the angle
and action specific SEMG/Torque ratio based esionaif net knee joint moment over or under-
estimated the net knee joint moment impulse asmé@ted by inverse dynamics (KEM), which
drove the small average difference between thenetihods. A description of the amplitudes of
the actual errors is warranted here to better wtaied the difference between the two methods of
net knee joint moment estimation. Averages of aliedifferences between the two methods of
net knee joint moment estimation, during the imgéase of the initial landing of a drop jump

maneuver, are visually reported in Figure 21.
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Figure 21:Net Knee Joint Moments Estimated Using an inveggeabics or the Angle and
Action Specific SEMG/Torque Ratio During the Imdaktase.

The estimation of the net joint moment using aagktaction specific SEMG/Torque ratio is most aeter
between ~30 - 60 % of the impact phase.

Figure 21 demonstrates that despite overall eoestimation of the angle and action
specific SEMG/Torque as described in the limitagfeement (Figure 20), the inverse dynamics
and sEMG/Torque based net knee joint moment cutugsg the impact phase of the initial
landing of a drop jump maneuver are similar in ratwith the biggest difference between the
two occurring between ground contact and 30 % eifrtpact phase. Overall, the model appears
to be most valid in the middle of the impact phasd this may be due to the fact that the muscle
actions undertaken in the extremes of the rangeotion are most different from those used to
calibrate the SEMG/Torque ratio.

Assessing the validity of the argind action specific SEMG/Torque ratio against iseer
dynamics is somewhat complicated by the fact tifatrimation represented by the two methods
greatly differs. Inverse dynamics analysis estim#te net knee joint moment including the
mechanical contributions provided by all active gadsive structures (Winter 1990), whereas we
only accounted for the torques produced by the Geegas and hamstrings. Also, inverse

dynamics does not allow for specifying the conttitms of flexor and extensor torques and
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therefore does not allow us to directly asseswdlidity of our muscle specific findings. These
issues make it difficult for us to ascertain thigiorof the difference between the current method
and inverse dynamics. It is likely that varioustas, such as the misestimation of extensor and
flexor torques or not accounting for the momenésatad by other active and passive structures,
contributed to the differences observed.

Muscle torque estimation during the impact phagh®initial landing of a drop jump
maneuver is based on the angle and action spe&MG/Torque ratio. This ratio is designed to
best represent physiological characteristics ofdbwual” SEMG/Torque ratio. However, this
“actual” ratio remains unknown and if calibratioctians are not fully representative of those
performed during landing, the SEMG/Torque raticakdted will not be ecologically valid which
in turn may result in misestimation of muscle taguauring landing. Differences in body
position and/or knee joint flexion velocity betweelibration actions and landing maneuvers are
two aspects that may hinder the ecological validftthe angle and action specific SEMG/Torque
ratio. Despite our best efforts to use hip and kmestions representative of the positions
experienced during landing maneuvers, we did naifypdip position to account for increasing
hip flexion during landing. This may have affectad calculation of the sSEMG/Torque ratio and
our estimation of quadriceps and hamstrings torgee=ssious evidence reports 33° of hip flexion
excursion (14 to 47°) between the instants of gdatontact and peak loading (Blackburn and
Padua 2008). Our participants performed calibragictions in 25 ° of hip flexion as it represents
a value that approximates the middle of the higeaof motion during the impact phase of the
initial landing of a drop jump maneuver. Howeves hép flexion increases, the length of the
Rectus femoris decreases and based on the lengthfigation, this is likely to decrease its
contribution to the net knee joint moment (Salzn&orpurn et al. 1993; Kong and van Haselen

2010). During calibration actions with the hip &t%2of hip flexion, the rectus femoris remained

98



in a relatively lengthened position, contributilmgknee extensor torque to a large extent
(Salzman, Torburn et al. 1993; Zhang, Wang etGD3®. This contribution was accounted for in
the sEMG/Torque ratio because the torque produgehdorectus femoris was included in the
sEMG/Torque ratio; however, the change in rectosofés contribution to the net knee joint
moment was not. If the actual contribution of teetus femoris decreases during the landing and
our method still assumes equal contribution, it fi@yprone to overestimating the net knee joint
moment compared to what is physiologically occuyrin

The change in hip flexion angle may also have &ffitbamstrings torque estimations. As
mentioned previously, when the hip flexes hamstrileggth increases (Visser, Hoogkamer et al.
1990). The hamstrings were in a relatively shordgmasition during calibration actions used to
calculate the sSEMG/Torque ratio. If hip flexion wgreater during landing, the hamstrings would
have been placed in a better position to producpig which may in turn have resulted in an
underestimation of the torque produced by the hdmgst (Lunnen, Yack et al. 1981). Isometric
hamstrings torque has been shown to increase byb2fdeen 0 and 45° of hip flexion with a
concurrent decrease of 8% in SEMG amplitude. Fatlaraccount for this increased torque
producing capability together with decreased sEM@Ildaude may result in both an
underestimation of the hamstrings torques and anestimation of the net knee joint moment
during the impact phase of the initial landing afrap jump maneuver.

Knee flexion velocity during the landing may alsovl affected the ecological validity of
the SEMG/Torque method. Specifically, for the qieeiys, we used a 270 sccentric action,
which is less than the average knee flexion velatitring the impact phase of the initial landing
of a drop jump maneuver (Current study=- 442+ 69.°Burther analysis of current data revealed
that individuals for which the angle and actiondifie SEMG/Torque ratio over estimated the net

knee joint moment also had significantly greatezekflexion velocities during landing than those
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individuals for which the angle and action speci#fttMG/Torque ratio under estimated the net
knee joint moment (-463 + 75*¥/s -413 + 44 °$; P = 0.019). This may indicate that the
sEMG/Torque ratio estimated during calibration@usi may not be an accurate depiction of what
actually happens at the muscle during the impaas@lof the landing. The overestimation
observed would be linked to a decrease in torquergéing capability at greater eccentric
velocity. This change would not be accounted foth®/current method as we only calibrated the
SEMG/Torque relation using one velocity. This hyysis, that eccentric torque generating
capability decrease per unit of SEMG differs frorayious reports that torque producing
capability of the quadriceps increases slighthhviricreasing eccentric velocities (Yeadon, King
et al. 2006). The fact that we used active femattesnot international level athletes may explain
this difference, as higher level athletes are nikedy to be well trained for high velocity
eccentric actions. To summarize, the overestimatforet knee joint moment may have been
driven by their lessened efficiency during highecentric velocities (potentially higher
SEMG/Torque ratio) compared to the velocities udaung the calibration actions. This in turn
would result in an overestimation of the quadriciEpgues and of the net joint moment.
However, the extent to which using faster calilmatctions may have affected the model is
difficult to predict as no studies could be fouhdtthave published information related to
guadriceps angle specific SEMG/Torque ratio at leigbentric velocities in females. Part of the
difficulty would necessitate healthy females pariorg maximal eccentric quadriceps actions at
very high velocities (>400 deg/sec), which, fronpesence, are quite difficult for participants to
perform. Possibly, those individuals could be tedito perform such high velocity actions. But,
such an extensive eccentric training protocol nesylt in neuromuscular changes that affect the
ability or the way in which individuals perform thending maneuvers and as such could be

detrimental to an observational study.
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For the hamstrings, 90*soncentric calibration actions were selected beeati
evidence that hamstrings are acting concentricaliyng the initial descent phase of lunges
(Jonhagen, Halvorsen et al. 2009) and squats (Rame\Vilson et al. 2008). The exact nature of
the hamstrings action during the impact phaseefrtttial landing of a drop jump maneuver, and
the extent to which it varies between individuatd] remains unclear. Despite the previous
evidence showing that the hamstrings are likelingatoncentrically (Robertson, Wilson et al.
2008; Jonhagen, Halvorsen et al. 2009) there isnpiat for isometric or eccentric action
depending upon the coupled hip and knee sagitalepkinematics. It is expected that using
eccentric calibrations actions would have resultesl lower SEMG/Torque ratio because of the
well accepted greater torque generating capalifitylower SEMG amplitude of eccentric Vs.
concentric actions (Bigland and Lippold 1954; kselind Baltzopoulos 1998). A lower
SEMG/Torque ratio would result in higher estimabegnstrings torques and, subsequently, lower
net knee joint moment estimation. This may haverawed the fit of the SEMG/Torque based
estimation of the net knee joint moment to thatwlalted using an inverse dynamics analysis. To
further investigate the type of action undertakehe hamstrings during the impact phase of the
initial landing of a drop jump maneuver, we rel@da simple model proposed by Vandekojt et
al. (2008) to estimate hamstrings (Bicep femori semitendinous) length based on
simultaneous inputs of hip and knee sagittal pngdes. Using the hip and knee sagittal plane
data collected in the current study, this modallted in estimated increases in bicep femoris
(11+1.8%) and semitendinous (12+2.0%) lengths dutfie impact phase of the initial landing of
a drop jump maneuver. This is counter to the preshiohypothesized shortening actions used for
the current model. Given the uncertainty of hamgtaction during the impact phase, further
work is needed to clarify the calibration actiooeity that would best represent their actual

length changes during the impact phase of thelri@nding of a drop jump maneuver.
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Finally, considering other structures potentiallgating a knee flexor moment and not
accounted for by the current method may be impottaaxplain the discrepancy between the
findings of the angle and action specific SEMG/Tumrgatio and inverse dynamics. Amongst
those, the gastrocnemius may be specifically ingodrio explain the difference in knee flexor
moment between the current method and inverse dgsanalysis early in the impact phase of
the initial landing of a drop jump maneuver. Prexgidn vivo work demonstrated that the
gastrocnemius contributes to the flexion momenhéolargest extent (18 Nm) when the knee is
flexed around 30° and the ankle dorsiflexed (Galland Challis 2002). During the period right
after ground contact, this may lead to an overegton of the knee net joint extensor moment
(Figures 20 and 21) since the angle and actionfspesEMG/Torque ratio does not account for
the contribution of the gastrocnemius to the kieeof moment.

Passive structures and their resultant contribatiware also not accounted for in the
sEMG/torgue ratio method. Amongst those, the ACly imave contributed to the net knee
extensor moment calculated through inverse dynanmgsart because it contributes to the
control of anterior shear force. The ACL is knowrréstrain around 87 % of anterior shear forces
(Butler, Noyes et al. 1980), when doing so it ilngao contribute to a knee flexor moment
because of its flexion moment arm (1cm average é&&tvd and 70 ° of knee flexion)(Herzog and
Read 1993). Using this information with the curréata suggests that the ACL may be
contributing to a 3.5 Nm instantaneous flexor monféwerage + SD Peak Anterior Shear Force,
Current data =398 N+ 78 * 87 % * 0.01 m = 3.46.68 Nm). This may be a significant
contribution as it represents 10 — 15 % of the ayererror of estimation observed between

inverse dynamics and angle and action specific SBMdfgue ratio.
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Summary

To summarize, the net knee joint moment calculbtestd on quadriceps and hamstrings
torgues estimated using the angle and action SERIGUE ratio was similar to the net knee joint
extensor torque extracted from inverse dynamicsdéseribed how a lack of ecological validity
of the calibration actions used to calculate thgIGETorque ratio as well the differences in
estimated mechanical outcomes between the two niednad the contribution of other structures

to the net knee joint moment may explain the olexnifferences.

Contribution of Muscle Torque Impulses to High RiskMechanics

The following section will discuss the findingsatdd to hypotheses 2 a-g in a plane by

plane manner.
Sagittal Plane

Knee Flexion Excursion

Reports based on 3D video reconstruction of aatjaty events suggest that the small
knee flexion excursions (24°) observed betweernn$tant of ground contact and 40 ms post
ground contact are part of the ACL injury mechan{gmga, Nakamae et al. 2010). Decreased
knee flexion excursion is thought to be due toitlzeeased quadriceps eccentric torque producted
to counteract the external flexor moment createdrbynd reaction forces (Lloyd and Buchanan
1996). Since females who have lesser knee flextonrsions also have greater quadriceps
activation (Malinzak, Colby et al. 2001; GriffinJlFohm et al. 2006), we hypothesized that
greater magnitudes of quadriceps torque impulsédemser magnitudes of hamstrings torques
would predict smaller knee excursions. Contrarguohypothesis, anthropometrics and muscle
torque impulses did not predict knee flexion exmursSimilar findings have been previously

reported in studies investigating the contributtdmeuromechanical factors to knee flexion
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excursion (Shultz, Nguyen et al. 2009). After actog for peak isometric strength, neither
quadriceps nor hamstrings pre-or post-ground contarenalized activations were found to be
significant predictors of knee flexion excursiorridg the deceleration phase of the initial
landing of a drop jump maneuver (Shultz, Nguyeal e€2009). The current method did not
improve the ability to understand neuromusculatrdoutions to knee flexion excursion despite
accounting for the angle and action specificitiethe SEMG/Torque ratio.

Our observed knee flexion excursions (23+3° at 4D were similar to those reported in
a study of ACL injury mechanism (24° at 40ms) (Koijakamae et al. 2010). This lends
evidence to the validity of studying the impact gdaf the initial landing maneuver to replicate
sagittal plane kinematics representative of theelomt mechanics leading up to actual ACL
injury.

The discrepancy between our hypothesis and thermuiindings may be due to
mechanical factors that have not been accounteid fbe analysis we undertook. Based on the
assumption that stiffer landings are characterigedmaller flexion excursions, lower
deceleration velocities and result from large etteegquadriceps torques (Devita and Skelly
1992), we split the group by the median in knegidlie excursion and assessed differences
between the two groups created (small excursiohV&0large excursion: 24°, Difference: 22
%). We found that the small excursion group expesel slightly shorter impact phase lengths
(76ms Vs 80 ms, Difference: 5 %), greater vastiesaddis (+7%), greater vastus medialis (+17%),
and lesser bicep femoris (-76%) and semitendin&ii®4). along with lesser average
deceleration velocities (-53@&* Vs. -605°, Difference: -15%). Despite the differences in
kinematics, no significant differences in estimataascle torques could be highlighted between
those two groups. This may be due the greatemitataous torques of the small excursion group

not being apparent, in comparison with those uralegggreater excursion. This is due to the fact
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that those individuals with greater excursion, valatually use lesser instantaneous quadriceps
torques, produce them over a 5 % longer period hvigsults in a larger impulse. Together with
other findings that females that go on to gettimjgried have a 16% shorter deceleration phase
than those who do not (Hewett, Myer et al. 2005 demonstrates the potential importance of
accounting for the duration of the impact phase.

For an exploratory analysis we reran the regressicfuding anthropometrics and
impact phase duration in a first step, followedtyscle torques impulses. The results showed

that after accounting for anthropometrics and lemjtthe impact phase {R 71%, P<0.001)

including the average torques increased the vagianplained by 9.6 % (P=0.01). In the final
model, lesser impact phase duration (beta: -1.8td)greater vastus lateralis impulse (beta:
0.295) were significant predictors of lesser kriegidbn excursion. This suggests that increasing
vastus lateralis torque by 1.18 Nm*s is linked tousmd a three degree decrease in knee flexion
excursion. To summarize, accounting for the dunatibthe impact phase is determinant in

understanding the contribution of the thigh mustbelenee joint excursions in the sagittal plane.

Peak Extension Moment

Laboratory based investigations report that thé reae extensor moment is the most
direct contributor to anterior shear force (Sedris et al. 2007; Shultz, Nguyen et al. 2009),
which in turn is known to stress the ACL (Butleigyés et al. 1980). As a component of the
inverse dynamics analysis, it expresses the netiak knee joint moment provided by all
structures and is calculated based on kinematiosing reaction forces and anthropometric data
(Winter 1990). Since the quadriceps and hamstirage large extensor and flexor moment
producing capability, respectively, we hypothesiiteat greater quadriceps torque impulses and
lesser hamstrings torque impulses would predicitgrepeak knee extension moment during the
impact phase of landing.
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As expected, greater weight was predictive of greaeak knee extension momefity
0.540, P = 0.006). But contrary to our hypothasme of the muscle torque impulses were
predictive of the peak net internal knee extensmment. Similarly, Shultz et al. (2009), the only
other study that investigates the contribution@inomechanical factors to net knee joint moment
findings, reported that after accounting for pesdmetric strength, neither quadriceps nor
hamstrings normalized sEMG (averaged in the 150@®ppost-ground contact) were
significant predictors of the peak in the knee egiien moment during the initial landing of a
drop jump maneuver (Shultz, Nguyen et al. 2009gr&fore the current method does not
improve our understanding of the neuromuscularrdmrttons to the peak net internal knee
extension moment despite accounting for the angleaation specificities of the SEMG/Torque
ratio. Potential reasons will be discussed below.

Our findings for the magnitude of peak net kneatjextensor moment are smaller than
those observed in the literature; Shultz et alo@0@eported peak KEM (deceleration phase)
(0.087 + 0.029 Nm * BW * Ht™); Sell et al. (2007) reported KEM at Peak Poste@mund
Reaction Force (0.056 + 0.044 Nm * BW Ht™); whereas KEM for the impact phase in the
current study was 0.011 + 0.003 Nm * BWHt™. Our results are more similar to those reported
by Zhang et al. (2000) in a study of male kinetiosing a step off landing from a 32 cm box. The
authors report average peak knee moment right tatgpeak in ground reaction force of 2.04 +
0.38 Nm* BW* (Zhang, Bates et al. 2000) which is very simitattte 1.86 + 0.42 Nm* BW
observed in the current study. The difference betwghultz et al. (2009) and the current data
may be explained by the fact that they report kisatbserved through the whole deceleration
phase between ground contact and deepest kneerflexiereas we observed the impact phase

only.
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Inter-individual differences in the duration of til@pact phase may have again affected
the findings. Specifically, as individuals perfoentanding maneuver, the amplitude of the knee
extensor moment is largely determined by the stfffnof the muscular system with greater
instantaneous quadriceps torques resulting in higbaks in the knee extensor moment and
shorter impact phases (Devita and Skelly 1992; ghBates et al. 2000). Conversely, those
landing in a softer fashion, and with lower peakthie knee extensor moment, would have longer
durations of the impact phase (Decker, Torry e2@03). Using the impulse may therefore fail to
differentiate between the stiff and soft landingsduse the higher moment produced during a
stiff landing may be hidden by the longer duratbbrthe impact phase in those with a soft

landing. This is exemplified in the following Figu@?2.
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Figure 22:Exemplification of the Confounding Effect of Usirige Impulse of Quadriceps
Torques.

When the length of the impact phase is not accduiote higher instantaneous torques (Black Lineyma
result in similar impulses than lower instantanetargjues.
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In the above Figure 22, the artificially createdadshows two individuals with similar
impulses (3.72 Vs. 3.75 Nm*s), one landing in gahion and experiencing a 7 % higher
guadriceps torque (99 Vs. 92 Nm) and a 20 % shomjeact phase (50 Vs. 60 ms). This suggests
that using the impulse of the quadriceps torque fayo differentiate between two different
landing styles. The average quadriceps torque &46% Nm) highlights a difference in
guadriceps torques between the stiff and soft fegedand as such may better represent the
neuromuscular characteristics of the quadricepthiBpurpose of this study.

Second, joint stiffness is a function of the refattontribution of the quadriceps and
hamstrings to the net knee joint moment (DeckertyTet al. 2003). In the current study, we
observed the magnitude of the quadriceps and hawgstiorques separately without regards to
their relative magnitudes. Co-contraction ratiogliffierent forms are commonly found in the
literature assessing neuromuscular strategies @dbosch and Harlaar 2003; Kellis, Arabatzi et
al. 2003). It is plausible that the mechanical oate of a specific hamstrings torque will be
different depending on the magnitude of the sinmgtas quadriceps torque.

To summarize, muscle torques impulses estimated) tise current method did not
predict the peak in internal knee extension monteit finding may be related to the nature of
impulses and the fact that they are largely affbbiethe duration of the impact phase or to the

necessity to look at the ratio between hamstrimgscuadriceps torques.

Peak Anterior Shear Force

Anterior shear force is the most direct ACL loadingchanism (Butler, Noyes et al.
1980). The forces created by the thigh muscleshagght to be major contributors to anterior
shear forces with quadriceps torques increasingriantshear forces (Grood, Suntay et al. 1984;
Li, Rudy et al. 1998) and hamstrings forces deangabiem (Pandy and Shelburne 1997; Mesfar

and Shirazi-Adl 2006). Therefore, we hypothesited greater quadriceps torque impulse
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together with lesser hamstrings torque impulse doukdict increased peak anterior shear
forces. Contrary to our hypothesis, current findisgowed that once accounting for individual
differences in weight (R2= 39.2%, P <0.001) addheyestimated muscle torque impulses did not
significantly increase the proportion of varianoenterior shear force explained by the model
(R? change = 8.1%, P =0.285). In the final modehenof the muscle torque impulses were
significant predictors of the peak in anterior sHeece.

Other biomechanical studies of landings have repdtie ability to predict peak anterior
shear forces. Sell et al. (2007), found that thegrated EMG of the vastus lateralis was a
significant positive predictor of anterior shearci®in a model, including peak posterior ground
reaction force, knee flexion moment, knee flexiogla and gender, that in total accounted for
86% of the variance of anterior shear force. Statlal. (2009) report similar findings where
knee flexion excursion, hip flexion excursion, kmeg¢ensor moment and quadriceps activation
post ground contact were collectively significaregictors of anterior shear force (R2= 53.8 %)
and the activation of the quadriceps post groumdam after accounting for all of the afore-
mentioned variables, explained an additional 7.3%h@variance in the peak anterior shear
force. Both of these previous studies includedtsdgilane kinematic and kinetic variables, in
the current model however we did not. It is vekgly that these previous significant findings are

due to the inclusion of the net knee extensor monaanit is highly correlated to anterior shear
force (Current data: R 59%, P<0.001).

Other factors that may explain why our model ditipredict the peak anterior shear
force was that ground reaction forces likely cdnitte to anterior shear force and ACL load
through two main mechanisms (Li, Rudy et al. 1998)e vertical component of ground reaction
forces induces an anterior shift of the tibia iigkato the femur because of the posterior tibial

slope (Li, Rudy et al. 1998). The posterior compuran the other hand, contributes to the

109



external flexion moment that needs to be countedaosy an extensor moment to avoid collapsing
of the knee (Devita and Skelly 1992). The quadscaeate this extensor moment but also
contribute to shear and compressive forces thatatzayresult in shear (Grood, Suntay et al.
1984; Li, Rudy et al. 1998). However, the effecthd ground reaction forces on knee joint
mechanics and the extent to which it varies adrasigiduals is largely unknown and may have
affected our ability to predict peak anterior shieaces from neuromuscular variables.

Based on prior in-vivo and in-vitro evidence it apps that failing to include specific
information about the individual's landing stylechuas peak knee flexion, duration of the impact
phase or peak ground reaction force into the regresnodel may have contributed to our
inability to distinguish the contribution of quackeps and hamstrings to sagittal plane knee joint

mechanics as observed through inverse dynamics.

Frontal Plane

Frontal plane knee joint mechanics are commonlgrilesd as part of a multi-planar
ACL injury mechanism (Markolf, Burchfield et al. 98; Ireland, Gaudette et al. 1997; Ireland
1999; Koga, Nakamae et al. 2010) and external galgoments during landing have been shown
to predict ACL injury (Hewett, Myer et al. 2005)elfett et al. (2005) suggest that increased
external valgus moments are due to a lack of neusouaiar control characterized by a
heightened reliance on the quadriceps. This iscbaseeports that quadriceps forces induce
valgus moments (Zhang, Wang et al. 2003) and exng¢DeMorat, Weinhold et al. 2004)

whereas hamstrings forces are known to create vaotisns (Kwak, Ahmad et al. 2000).

Frontal Plane Excursions
Knee valgus collapse is thought to be part of tl Anjury mechanism (Ireland,

Gaudette et al. 1997; Koga, Nakamae et al. 201@)jraoneased knee valgus excursions are often
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associated with a greater risk of ACL injury (NepuWright et al. 1999; Boden, Dean et al.
2000; Olsen, Myklebust et al. 2004). The quadricaps hamstrings are thought to influence
frontal plane knee joint mechanics not only becanigkeir large size but also because of their
respective valgus and varus moment arms (LloydBarahanan 2001). Therefore we
hypothesized that greater vastus lateralis andafiedorque impulses together with lesser bicep
femoris and semitendinous torque impulses wouldiptgreater valgus excursions. Contrary to
our hypothesis, none of the anthropometric andoreuscular variables studied in the final
model were significant in explaining the varianedhie knee frontal plane excursion.

As one would expect, excursions observed in theeouistudy (Frontal plane excursion: -
3.99 (Varus) = 5.12°) were of lesser magnitude thase observed during the 40ms post ground
contact of actual injury events (~12° Valgus) (Koijakamae et al. 2010). A prospective study
of females reported that females who went on teagug non-contact ACL injury had similar
valgus excursions than those who did not get idj@hgjured: 4 °; Non injured: 4.8°) but that
they reached greater peak valgus angle becausedhé&cted the ground already in a valgus
position (ground contact front plane angle; Injured (Valgus); Non injured: -10.4 ° (Varus))
(Hewett, Myer et al. 2005). In the current study garticipants landed in initial valgus (2.8 + 3°)
which is similar to other values reported previgusr females landing from a volleyball block
jump (1.6 £ 2.8°)(Hughes, Watkins et al. 2008). ldwer, they moved towards varus which is
more comparable to frontal plane knee joint kinecsateported for males during landing from a
volleyball block jump (Frontal plane excursion:53Varus) £ 9.6 °) (Hughes, Watkins et al.
2008). The reason for the difference between tperted literature and the current study in terms
of frontal plane excursions during landing is uaclas the tasks and populations were very
similar, however the current study investigatett@ter period after ground contact which may

likely explain the difference in the magnitude loé¢ results.
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Our model attempted to explain the variance intiibplane excursion based on sagittal
plane estimations of muscle torques. However ittieletween those two variables may be
mitigated by the angle specific moment arms oftkiigh muscles in the frontal plane. For
example, the extent to which quadriceps forcesdad@lgus rotation largely increases when the

knee is flexed to more than 3@hereas the capability of the hamstrings to caaitehis

rotation does not increase to the same extenbaetangles (Kwak, Ahmad et al. 2000).

The non significance of the current results mag aks explained by the fact that other
factors, such as external (ground reaction) aredrial (muscle) forces are likely to contribute to
the moment found using an inverse dynamics anallysisexample ground reaction forces are
known to induce valgus motions (Meyer and Haut 2@0® the gastrochemius may contribute to
posterior shear force (O'connor 1993) and neutoaltél plane alignment (Lloyd and Buchanan
2001). Not accounting for those may have affectadability to predict frontal plane excursion
based on estimated muscle torque impulses.

To summarize, our participants displayed frontahpl kinematics similar to those
reported in the literature for ground contact positbut on average moved into varus rather than
valgus as is commonly observed which may be exgthby the fact that we studied a shorter
phase than previous studies. Our inability to prefdontal plane excursions during the impact
phase of the initial landing of a drop jump maneuvay be explained by the limitations of our
approach in using the SsEMG/Torque method and reuiwading for other factors that may
influence frontal plane knee excursion, such asmglaontact frontal plane knee joint position,
peak ground reaction forces or the contributionstbér structures. Because of the importance of
frontal plane kinematics, further investigatiomaguired to determine the factors contributing to

increase valgus excursions.
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Peak Internal Frontal Plane Moment

Hewett et al. (2005) found that increased extevaljus moments were predictive of
injury and suggested that increased valgus mormeaysbe due to a heightened reliance on
guadriceps during deceleration. Therefore, we hysized that greater quadriceps estimated
torque impulses together with lesser hamstringmagtd torque impulses will predict greater
internal knee valgus moments. The findings showdftar accounting for anthropometric (R2=
4.6%, P=0.416) inclusion of the muscle torquesiBaamtly increased the amount of variance
explained (R2 change = 29.4%, P=0.014). The fiegtassion model predicted 34% of the
variance in the peak frontal plane moment withdesgeight (Beta= -0.540), greater magnitudes
of bicep femoris (Beta= -0.636), and vastus mesli@eta= 0.514) predicted greater peak
internal valgus moment. Mechanically, those findikgn be explained by quadriceps torques
creating frontal plane moments (Zhang, Wang €2@03), and by the valgus moment arm of
bicep femoris (Lloyd and Buchanan 2001).

In comparison to the literature, our participantptayed lesser internal valgus moments
(8.7 £ 17.3 Nm) than reported in other studieddéwett et al. (2005), prospectively screened
females who go on to injure their ACL had much tgeaagnitudes of valgus moments during a
drop jump maneuver off of a 30 cm box than those did not get injured (Relative: + 31%,
Injured: -45.3 £ 28.5 Nm Vs. Non Injured — 18.4%d@ Nm) (Hewett, Myer et al. 2005). This
suggests that on average our participants displ@gser high risk mechanics in the frontal plane.
The graphical representation of the abduction marasm function of the percent landing phase
proposed in McLean et al. (2007) provides furtinsight into this. Specifically, it was shown that
the peak in external valgus moment occurs lateq@8®0%) in the landing phase and that early
in the landing (15-30%), a phase correspondingedrnpact as defined in the current study,

frontal plane moments are characterized by neatrakternal varus moments (Between 0.01-
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0.05 Nm* BW* * Ht™%), more similar to the current results (0.09 +Nré* BW™ * Ht™). The
differences in phases investigated may therefoplagxthe magnitude differences of the current
findings.

Our limited ability to predict peak frontal plane@ments during the impact phase of the
initial landing of a drop jump maneuver (> 70% loé tvariance remained unexplained in our
model) may be explained by the limitations of therent method. The angle and action specific
SEMG/Torque ratio does not account for internal extgrnal forces, as well as differences in
structural characteristics, that may influencegbak in frontal plane knee moment. For example
ground reaction forces and frontal plane positiograund contact is highly correlated with
valgus moment (r=0.69) (Sigward and Powers 200igh&t loading rates, due to a 15% shorter
impact phase duration, are also observed in feméthshigher knee valgus moments (Hewett et
al. (2005) possibly imparting a greater load ugwknee joint structures, including the ligaments
and joint capsule (Lloyd and Buchanan 1996). Thay tmave in total affected the sensitivity of
the model to predict the variance in the peakontl plane moment since those variables were
not accounted for in the current approach.

To summarize, greater magnitudes of vastus med@ifue impulses and greater
magnitudes of bicep femoris torque impulses weeeliptive of greater internal valgus moment
magnitudes about the knee. This is likely due ¢orttuscles anatomical arrangement and frontal
plane mechanical influences upon the knee joirdydland Buchanan 1996). In the current
method, not accounting for kinematic and kinetidatales may explain the limited predictivity
of the regression model to distinguish the contrdyuof the muscle torque impulses to frontal

plane knee joint mechanics.
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Transverse Plane

In the transverse plane, internal rotation excamsigkoga, Nakamae et al. 2010) and
peak external internal rotation moment (Meyer amdt-2008), are commonly related to the ACL
injury mechanism (Koga, Nakamae et al. 2010). Batgrnal (muscle) (Zhang, Wang et al.
2003) and external (ground reaction) forces (Meyet Haut 2005) can contribute to transverse
plane knee joint mechanics. This is determinedhit Ipy the interaction of forces and knee joint
geometry, specifically the more concave shapeehibdial menisci, that facilitates internal
tibial rotation during axial loading (BlankevooricdiHuiskes 1996; Vedi, Williams et al. 1999;

Meyer and Haut 2008; Stijak, Herzog et al. 2008).

Transverse Plane Excursion

Since quadriceps and hamstrings forces induceniatérirokawa, Solomonow et al.
1992; MacWilliams, Wilson et al. 1999; Li, DeFratieal. 2004) and external (Kwak, Ahmad et
al. 2000) rotations, respectively, we hypothesitbed greater quadriceps torque impulses and
lesser hamstrings torque impulses would predictgranternal tibial rotation excursions.
Contrary to the hypothesis, our results suggestibigher anthropometric nor neuromuscular
variables as investigated in the current studyipted internal rotation excursion (R2= 5.3%, P=
0.927).

The magnitude of internal rotation excursions dyitimee impact phase in the current
study (7.3°) are slightly smaller than those obseérmduring actual injury events (8.0°) (Koga,
Nakamae et al. 2010). As such the impact phadeedhitial landing of a drop jump maneuver
appears to be a relevant time epoch and task todege high risk transverse plane kinematics.

While the quadriceps and hamstrings, in isolatéwe,thought to respectively act as
internal (Zhang, Wang et al. 2003) and externaltoss (Li, Rudy et al. 1998; MacWilliams,

Wilson et al. 1999; Kwak, Ahmad et al. 2000) of titéa, current findings suggest that their
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mechanical contributions to internal tibial rotatiexcursion were not significant. A reason may
be that the extent to which thigh muscles torgessmated in the sagittal plane, affect transverse
plane knee joint mechanics is largely dependettnee flexion angle (Kwak, Ahmad et al.

2000). In a cadaveric model, quadriceps forces Waenad to induce the greatest magnitudes of
internal rotation between 30 and 60° of knee flaxiioi, Rudy et al. 1998; Kwak, Ahmad et al.
2000) whereas the ability of the hamstrings to teutihose motions was most pronounced with
the knee flexed to more than 30°. The interpretatiothe estimated torque impulses in the
current method in comparison with in-vitro studiesessitates for those torques to be expressed
as forces. This conversion, of torque to forcengle specific as it includes the sagittal plane
moment arms of the quadriceps and hamstrings (ldexrd Read 1993). Reports show that the
guadriceps moment arm is relatively independetih@knee flexion (+ 1.cm between 0 and 90 °
of flexion, moment arm at full extension= 4 to 6)onhereas the hamstrings moment arms
largely increase with knee flexion (+ 2 to 3 cnviostn 0 and 90 ° of knee flexion, moment arm
at full extension= 0.5 to 1.5 cm) (Herzog and R&883). Thus, failure to account for initial knee
joint angles may have contributed to our inabildypredict internal rotation excursions.

As an exploratory follow up, we compared the quaaps estimated torques impulses for
those landing in internal rotation (or neutral) {d=Mean angle at ground contact= - 3°) Vs.
those landing in external rotation (n=26, Mean arailground contact = 6°) and compared their
kinematic and neuromuscular variables. Taken t@getie findings suggest that the initial
internal rotation group experienced larger peadrimdl rotation angles (Internal rotation group -
10° Vs. External rotation group -1°), apparentlgdogse they landed already in internal rotation
and not because they underwent greater excursioasgverse plane excursion (Internal rotation
<0) Internal rotation group -7° Vs. External rotatigroup -7°)(P=0.98). The internal rotation

group, however, appear to have relied on a neurcmausstrategy characterized by 46% greater
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vastus medialis (P<0.05), 57% greater vastus la&dR<0.05) extensor torques and 87%
(P<0.05) greater bicep femoris and 37% greatertsedinous (P>0.05) flexor torques. This
difference in neuromuscular strategy suggeststitioge landing in internal rotation adopted a
generalized co-contraction strategy to maintairekpesition in the transverse plane (Lloyd and
Buchanan 2001).

Regardless of neuromuscular strategy used, it appieat the current participants were
relatively homogenous in the amount of internahtion excursion. Therefore, it may be more
appropriate to investigate the relation betweeimaséd muscle torque impulses and transverse
plane peak position at the end of the impact pfiasak”) rather than excursion through the
impact phase. The advantage of proceeding in aiisién is that differences in ground contact
knee alignment in the transverse plane would Heatefd in the predicted outcome. Therefore we
reran the regression model, including, internadtroh angle at ground contact, duration of the
impact phase and the muscle torque impulses. Huttsesuggest that landing in internal rotation
(Beta=0.687, P<0.001) and having a shorter implaas@ (Beta=-0.299, P=0.019) predicted a
greater peak transverse plane position, while timéribution of estimated muscle torque
impulses were non-significant.

Based on this information it is difficult to drawcanclusion regarding the possible
mechanical outcomes of the muscle torques, buirtorgarize, those individuals landing in
internal rotation experienced greater peak intemiattion angles, had greater quadriceps and
bicep femoris torque impulses, but went throughsiiae amount of excursion as those landing
in external rotation. This may be a conditionegogse strategy to control internal rotation
excursions as demonstrated by greater overall miscjue impulses (Lloyd and Buchanan

2001).
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Peak I nternal Transverse Plane Moment

In isolation, the application of large internalatbbn moments at the tibia can result in
ACL rupture (Meyer and Haut 2008). Since quadricaps hamstrings forces contribute to
internal (Zhang, Wang et al. 2003) and externddiltitotation moments (Kwak, Ahmad et al.
2000) respectively, we hypothesized that greatadqoeps torque impulses and lesser
hamstrings torque impulses would predict greatak fpeternal rotation moments during the
impact phase of the initial landing of a drop jumaneuver. Our results show that the final
regression model neared statistical significan@xjpiaining the variance in peak transverse
moment (R?= 26.6 %, P= 0.095). Increased vastasdlid torque impulse (Beta= -0.442),
decreased vastus medialis torque impulse (Beta#8)).8ecreased bicep femoris torque impulse
(Beta= -0.588), and increased semitendinous targpalse (Beta= 0.570) were significant
predictors of increased internal rotation moments.

Mechanically, those findings can be explained leyghatomical arrangement and the
mechanical contribution of the afore mentioned rfassto knee joint transverse plane mechanics.
Vastus lateralis, vastus medialis and semitendiaoeisilemonstrated internal rotators (Buford,
Ivey et al. 2001; Zhang, Wang et al. 2003) wheléesp femoris is an external rotator (Buford,
Ivey et al. 2001).

The magnitude of internal rotation moment obseiaetie current study (8.15 Nm) is
smaller than that observed elsewhere during thg jdiap (Current study: (0.08 Nm * BW* Ht"
1Vs. 0.11 Nm* BW! * Ht™) (McLean, Fellin et al. 2007) which may be exptinas mentioned
previously, by the fact that McLean et al. (200%)eastigated the entire stance phase whereas we
looked at the impact phase. Based on the grapt@padsentations of group data in the afore
mentioned report, lower moments than those repadgueaks can be observed to occur within

the first 25 % of the landing phase. Internal fibiation moments of around 0.03 Nm * BW
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Ht™* can be estimated from the graphs presented, viditiore comparable to the values we
presented (0.08 Nm * BW* Ht™). The importance of a 8 Nm internal rotation tarqupon ACL
loading mechanics is unclear as Meyer et al. (2008)cadaveric set up, demonstrated that ~33
Nm of internal tibial rotation torque resulted ifCA rupture.

Several factors may have affected our ability tpl@x a significant proportion of the
variance in peak transverse moments during thedtrgdease of the initial landing of a drop jump
maneuver because of other forces and momentslgoat@ntribute to the knee joint moments
observed using an inverse dynamics analysis. Wadatidccount for ground reaction force
magnitude. This may be an important factor sincengd reaction forces have been found to
increase internal tibia rotation (Meyer and Hau@2(possibly because of shape differences
between the medial and lateral joint structuredtang (Blankevoort and Huiskes 1996; Vedi,
Williams et al. 1999; Meyer and Haut 2008; Stijellerzog et al. 2008). When considering
internal forces not accounted for in the currenthod, we did not include more proximal
muscles such as muscles attaching to the illidtiaad (Kwak, Ahmad et al. 2000) or hip
extensors and abductors (Powers 2010), that agestegl to influence knee rotation mechanics.
In the current method and regression we did nadatcfor the extent to which the contribution
of those structures to transverse plane knee fo@thanics varies between individuals. In turn,
this may have affected our ability to predict tlxéeat to which muscles contributed to transverse
plane moments.

To summarize findings in the transverse plane; teusecque impulses did not predict
excursions, potentially because of the small vditalof the internal rotation excursion values.
We found that individuals landing in internal radait went through the same amount of knee
excursion as those who landed in external rotdiidrused a neuromuscular strategy

characterized by overall increased muscle tordt¥esalso found that, in a non significant model
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predicting 26 % of the variance in internal rotatimoment, increased vastus lateralis, decreased
vastus medialis, decreased bicep femoris, andasetesemitendinous torque impulses were all
significant independent predictors of increasedriml rotation moments. Further studies are
needed to investigate the exact extent to whiclvaiiance in peak internal rotation moment can

be explained by isolated muscle torque impulsdsydheir interactions.

Implications & Future Directions

Current findings revealed that greater vastus nied@ques do predict higher risk
mechanics in the frontal and transverse planelzaidtose individuals landing with the knee
close to full extension and in internal rotatior amore likely to have to rely on greater muscle
torques to control knee motion. Based on thispjiteaars important that prevention programs
should include components that promote ground contaa flexed position and neutral knee
alignment in the frontal and transverse planesttegeavith the ankle slightly dorsiflexed. The
direction of this practice should be guided byfthdings relating increased impact phase
duration and relatively externally rotated knegratund contact with lesser peak internal rotation
moment. Those findings together with injury meckandescriptions relate that the short time
frame in which the injury occurs may not allow tbe response to a specific stimuli from the
passive structures. This highlights the importasfdearned strategies to perform safer landing
and as such, practicing landing as described atloweld be performed from different types of
approaches that are specific to the game playedhwhay provide for central adaptations
(Pascual-Leone, Amedi et al. 2005) decreasing ¢henpial for injury during actual match play
(Hewett, Lindenfeld et al. 1999; Powers and Fi@%0). To increase the ecological validity of
this practice, having the individuals reacting tgpacific command should be gradually included
once the individual can perform the maneuver ia@dequate fashion (assessed by the visual

inspection of a double legged landing, checkingstdficient knee flexion and frontal plane
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neutral alignment throughout the descent phasalod@ajump). Gradually, motor skills related to
the task of landing may also transfer to the gdmaugh increased physical performance
(Hewett, Lindenfeld et al. 1999) and awarenesstofsonal demands presented in the reactive
practice.

The findings of hypothesis 1 suggest that in fesjalsing the angle and action specific
muscle torque impulses provides a better estimatiGgagittal plane knee joint mechanics
estimated through inverse dynamics than the clalbsigsed isometric method. Therefore in
future studies looking at the relation between sEAM@ biomechanical measures in the sagittal
plane, angle and action specific SEMG/Torque naalels should be implemented, to better
understand the role of sagittal muscles duringitaméctivities.

The findings of hypothesis 2 are the first to ré@odirect estimation of muscle torques
during a landing maneuver based on angle and aspiecific SEMG/ratio. Based on this method
we found that vastus medialis and bicep femorisevgegnificant predictors of peak internal
moments in the frontal and transverse planes. dles pf vastus medialis and bicep femoris
were, however, dependent on the plane studiedu¥asédialis contributed to increased frontal
plane high risk mechanics and decreased transpknse high risk mechanics, whereas bicep
femoris contributed to increased frontal plane higk mechanics and decreased transverse plane
high risk mechanics. In summary, this suggeststmeribution of muscle torques to high risk
mechanics is largely a function of the plane ofioostudied. This differential effect of muscle
upon knee joint mechanics may be due to otherifgstach as ground contact knee position in
the three planes of motion as it largely determthesnfluence of the applied forces upon the
joint. Further studies should investigate the delpaeny of muscles torques to ground contact

knee position.
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The current project has raised several issuesreqdtard to advancement of the work in
future investigations. In the discussion of hypstid, it was pointed out that not knowing the
exact action undertaken by the hamstrings may ivergrsome of the error observed when the
current method was compared to inverse dynamicefbre it would be relevant to assess how
hamstrings length actually changes during the éeaibn phase of a landing maneuver in order
to use the most valid calibration action to calteithe SEMG/Torque for the hamstrings.

Another issue highlighted in the discussion wagdifference in filtering methods
between the isometric and angle and action spexifidG/Torque ratio methods, further studies
should investigate how changing the filtering pagtars actually affects the directionality of the
findings. This would allow further insight into tlhisefulness of the angle and action specific
sEMG/Torque ratio compared to the isometric method.

We have also suggested that the contribution ofipra and distal muscles may have
affected our ability to more closely match the irseedynamics analysis. One way in which we
could investigate this issue using the current,dati® include the energy absorption at the hip in
the regression model as a representation of theilooton of the hip to the overall muscular
work. This may also bring further insight into thienultaneous contributions of the hip and knee
muscles to high risk knee joint mechanics.

With regards to predicting high risk knee joint mauics, the current study focused on
the impact phase of the landing because of ity¥aalge to commonly report ACL injury
mechanism. Future studies should look at highkisde joint mechanics over the whole
deceleration phase and determine the extent tdmth&muscle torques created during the
impact phase contribute the subsequent mechantbe ¢bint. This would allow for the data
extracted from the sEMG/Torque ratio to be compapdtie relatively large body of evidence

addressing landing mechanics over the entire lgnolmrase. Given the seemingly important
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nature of ground contact knee joint position iredetination of landing mechanics, future
research should also focus on a better undersiguodithe neuromuscular factors occurring
during the flight phase that potentially contribtaeknee joint position at ground contact and
duration of the impact phase. Those appear to periiant to understand the contribution of
muscle torque impulses to high risk knee joint na@its during the impact phase of the initial

landing of a drop jump maneuver.

Limitations

It is recognized that there are limitations asdedavith the current study. The angle and
action specific SEMG/Torque ratio is limited in ihtly because the calibration actions were
performed on an isokinetic dynamometer, in an agein, whereas the impact phase of the drop
jump is a closed chain activity. To a certain ektars may have affected the validity of the angle
and action specific SEMG/Torque ratio because @fdifferences in the direction of the
resistance vector of forces, and how they contiboishear and compressive forces, between the
calibration actions and the impact phase of thdifmhmaneuver (Kaufman, An et al. 1991,
Fleming, Ohlen et al. 2003).

This study was further limited as we did not acadonknee position at ground contact
in our regression models. This may be importaningerstand the contribution of the torque
impulses to knee joint mechanics, specificallyhia sagittal plane due in part to the effect of knee

flexion on the moment arm of the quadriceps anddtangs but also because medial condyle

displacement is limited between 0 and®3ff knee flexion (Johal, Williams et al. 2005). $hi

may have contributed to our limited ability to eaipl excursions based on muscle torque

impulses during the impact phase of landing whieeekhee is in a relatively extended position.
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Finally, including both the lateral and medial campnts of the quadriceps and
hamstrings in the regression models may have afldbie directionality of the regression
coefficients findings. Since the medial and latemhponents of the quadriceps are innervated by
the femoral nerve (Thiranagama 1990), they werbligorrelated (Correlation medial/lateral
quadriceps: 0.48) in the current study. Given tloiselation there is a possibility that this could
explain some of the differential directionalitytbe regression coefficients for the medial and

lateral components when assessing their contribiitiche peak in the internal rotation moment.

Summary and Conclusions

Based upon current findings, the angle and acpeciic SEMG/Torque ratio appears to
provide a better estimation of the net knee joiotmmant than that estimated using the isometric
SEMG/Torque ratio. However, there were inter-indial differences in the magnitude of error of
the estimated net knee joint moment that may bedwgul upon through minor changes in the
methods. Those misestimations were likely influehlog other external and internal forces
influencing the net knee joint moment determinesimverse dynamics and not accounted for in
the current method. Collectively, it was concludeat the use of angle and action specific
SEMG/Torque ratio provides a better estimationagfitsal joint moments than does the
traditional isometric approach to SEMG normalizatio

In spite of the afore-mentioned potentially confdimg factors, vastus medialis and bicep
femoris muscle torque impulses, estimated usin@tigge and action specific SEMG/Torque
ratio, were significant predictors of increasedfed plane and of increased and decreased,
respectively, transverse peak moments about the Kharent findings suggest that future studies
should include impact phase duration, ground cokiaematics and ground reaction forces as

those are shown in the current study to be detemmito understanding the contribution of
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muscle torque impulses to transverse and fronsalgoioments during the impact phase of the

initial landing of a drop jump maneuver.
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APPENDIX A.

INSTITUTIONAL REVIEW BOARD CONSENT FORM

UNIVERSITY OF NORTH CAROLINA AT GREENSBORO

CONSENT TO ACT AS A HUMAN PARTICIPANT: LONG FORM

Project Title: Strength, co-activation and kinematics during athletic tasks
Project Directors: Randy Schmitz & Jerome Sauret

Participant's Name:

What is the study about?

The purpose of the project is to evaluate the day to day repeatability of strength, muscle
activation and joint motions of a healthy population during athletic tasks

Why are you asking me?
You are a healthy male or female between 18 and 30 without current lower extremity joint injuries or
past knee surgeries. You are fairly active (2 to 10 hours a week) and you do not smoke.

What will you ask me to do if [ agree to be in the study?

We will ask you to fill in physical activity and menstrual history questionnaires.

We will ask you to perform knee extension and flexion maximal efforts on a machine that assesses
your muscle strength.

We will have you perform several athletic tasks (jumping and landing tasks) during which we will
observe knee motion as well as muscle activity, Those activities are not very strenuous.

Finally, we will take body size measurements using a standard measuring tape.

Is there any audio/video recording?

No.

What are the dangers to me?
There is minimal danger associated with the participation in this study. Anytime physical activity is
performed there is a small chance of joint or muscle injury.

If you have any concerns about your rights or how you are being treated please contact Eric Allen in
the Office of Research and Compliance at UNCG at (336) 256-1482. Questions about this project or
your benefits or risks associated with being in this study can be answered by Dr Randy Schmitz who
may be contacted at 336.334.3031 or at rjischmit@uncg.edu.

Are there any benefits to me for taking part in this research study?
There is no direct benefit to you as a subject.

Are there any benefits to society as a result of me taking part in this research?
Society may benefit from a greater understanding of how people activate their muscles during physical
activity

Will I get paid for being in the study? Will it cost me anything?
There are no costs to you or payments made for participating in this study.

How will you keep my information confidential?

All information obtained in this study is strictly confidential unless disclosure is required by law. The
information will be kept in a secured office and electronic information will be stored on a password
protected computer,

What if I want to leave the study?
You have the right to refuse to participate or to withdraw at any time, without penalty. If you do

UNCG IRB
Approved Conaent Form

Valid ﬂ_toé@;éz"

134



withdraw, it will not affect your in any way. If you choose to withdraw, you may request that any of
your data which has been collected be destroyed unless it is in a de-identifiable state.

What about new information/changes in the study?
If significant new information relating to the study becomes available which may relate to your
willingness to continue to participate, this information will be provided to you.

Voluntary Consent by Participant:

By signing this consent form you are agreeing that you read, or it has been read to you, and you fully
understand the contents of this document and are openly willing consent to take part in this study. All
of your questions concerning this study have been answered. By signing this form, you are agreeing
that you are 18 years of age or older and are agreeing to participate, or have the individual specified
above as a participant participate, in this study described to you by .

Signature: Date:

UNCG IRB
Approved Congsent Form

Valid fm{o M’
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APPENDIX B.

MENSTRUAL HISTORY QUESTIONNAIRE

FEMALE MENSTRUAL HISTORY

This questionnaire asks questions about your menstrual cycle. As a reminder, this information is
strictly confidential. None of this information will be shared with anyone besides the study
investigators. Your survey uses a coded identification number in substitution for your name. If
you have any questions, or do not understand any of the questions, please let us know.

Subject Code: Date: Date of Birth:

How old were you when you started your menstrual periods (Years of Age)?

When was the first day of your last period (month/day)?

On average, how many days are there between your menstrual periods (i.e. 21 days, 28 days,
32 days, etc.)?

How many menstrual periods have you had in the last 12 months?

Does your cycle length vary more than 1-2 days per month? YES NO
Have you missed any menstrual periods within the last 12 months (Please Circle)? YES NO

Since starting your menstrual periods, has there ever been an extended time where you did not
have a menstrual period (Please Circle)? YES NO

If YES, when was the most recent, and for how long?

When do you expect your next menstrual period will start (month/day)?

Do you experience premenstrual symptoms (Please Circle)? YES NO

If you experience premenstrual symptoms, please indicate their severity on a scale of 0-10:

0 (None) 5 (Moderate) 10 (Severe)
Check all that apply: Bloating: Spotting:

Irritability: Mood Swings:

Food Cravings: Other:

Are you currently taking hormones (e.g. birth control pills, estrogen therapy, etc) for any reason
(Please Circle)? YES NO

Have you taken hormones (e.g. birth control pills, estrogen therapy, etc) for any reason in the
past (Please Circle)? YES NO

If Yes, When did you take these, and for how long?

Do you have plans to become pregnant in the near future? YES NO
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APPENDIX C.

ACTIVITY RATING SCALE

PHYSICAL ACTIVITY AND HEALTH HISTORY

Do you have any General Health Problems or llinesses? (e.g. diabetes, respiratory
disease) Yes No

Do you have any vestibular (inner ear) or balance disorders? Yes No
Do you smoke? Yes No
Do you drink alcohol? Yes No If yes, how often?

Do you have any history of connective tissue disease or disorders? (e.g. Ehlers-Danlos,
Marfan’s Syndrome, Rheumatoid Arthritis) Yes No

Has a family member of yours ever been diagnosed with breast cancer? Yes No
(if no, please skip next question.)

If yes, please put a check next to the types of relatives that have been diagnosed. You
may check more than one box:

Mother Sister Grandmother Aunt
Male relative (father, brother, grandfather, or uncle)
Other type of relative (please write in)

Please list any medications you take regularly:

Please list any previous injuries to your lower extremities. Please include a description
of the injury (e.g. ligament sprain, muscle strain), severity of the injury, date of the injury,
and whether it was on the left or right side.

Body Part Description Severity Date of Injury LorR
Hip

Thigh

Knee

Lower Leg

Ankle

Foot
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Please list any previous surgery to your lower extremities (Include a description of the

surgery, the date of the surgery, and whether it was on the left or right side)

Body Part Description Date of Surgery LorR

Please list all physical activities that you are currently engaged in. For each activity,
please indicate how much time you spend each week in this activity, the intensity of the
activity (i.e. competitive or recreational) and for how long you have been regularly
participating in the activity.

Activity #Days/week #Minutes/Day Intensity Activity Began When?

What time of day do you generally engage in the above activities?

Please list other conditions / concerns that you feel we should be aware of;
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The Activity Rating Scale

(partcode =-------- )

Please indicate how often you performed each activity in your healthiest

and most active state, in the past year.

Less than
one time in
a month

One time in
a month

One time
in a week

2or3
times in a
week

4 or more
times in a
week

Running: running while
playing a sport or jogging

Cutting: Changing directions
while running

Decelerating: coming to a
quick stop while running

Pivoting: turning your body
with your foot planted while

skiing, skating, kicking,
throwing, hitting a ball (golf,
tennis, squash), etc.

playing a sport; For example:

Investigator Comments:
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APPENDIX D.

ANOVA SPSS OUTPUTS

Within-Subjects Factors

Measure:MEASURE 1

Dependent
Means of estimation ‘Variabl
1 Iso_Net_Joint
2 Dyn_Net_
Joint
3 ID_Net_Joint
Multivariate Tests
Fffect Value F Hypothesis df
Means_of_estimation  Pillai's Trace 434 | 14.589° 2.000
Wilks' Lambda 566 | 145897 2.000
Hotelling's Trace 768 | 14.589° 2.000
Roy's Largest Root 768 | 145897 2.000

a. Exact statistic

b. Desigsn: Inter-:tlegés
Within Subjects Design: Means_of_estimation

Multivariate Tests’

Fifect Emor df Sig

Means_of_estimation Pillai's Trace 38.000 000
Wilks' Lambda 38.000 000
Hotelling's Trace 38.000 000
Roy's Largest Root 38.000 000

b. Design: Intercept

Within Subjects Design: Means_of_estimation
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Measure MEASLIRE 1

Mauchly's Test of Sphericity’

Means_of_sstimation

L Mauchiy's ¥

. Chi-

g

39

BET

5432

2

066

Tmﬁwndlhrm&mﬁmﬂmmmmmmﬁmmmwmmm
vanables is propordonal (o

b. Design. Int
Within Subjects

an i0enty mari.

- Means_of_estimation

Mauchiy's Test of Sphericity

2

Epailon
Grasnhouss-
Geisaer Huynh-Faddi | Lower-bound
B2 oM 500

Tests the null hypothesis that the emor covariance malrix of the orthonormalized transformed dependent
vanables |3 proporional to an dentty matrx,

a. May be used io

are displaved in the Tests of

b. Design: Intercept

Within Subjects Design: Means_of_estimation

Measure MEASLURE 1

Tests of Within-Subjects Effects

Type [l Sum
| Source of Squares df Mean Square |
Means_of_estimation Sphernicity Assumed 31.543 2 15.772
Greenhouse- Gaiaoer 31.543 1.765 17.872
Huynh-Feldt 31.543 1.842 17122
Lower-bound 31543 1.000 31.543
Emor - Sphericity Assumed 113330 78 1453
(Mearss_of_estimation) Greenhouse-Geisser 113330 | 68.831 1.646
Huynh-Feidt 113330 | 71847 1577
Lowes-bound 113330 | 39.000 2.906
Tests of Within-Subjects Effects
Measure: MEASURE 1
F Sig
Means of estimation  Sphericity Assumed 10.855 000
Gresnhouse-Geisser 10,855 _DDD
Huynh-Feldt 10.855 000
Lower-bound 10.855 002

the W I:rtg:l:-ramr;-ad teats of gignificance. Comacted teats
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Measure MEASLIRE 1

Tests of Within-Subjects Contrasis

'I;.frpe Il Sum
Means of estimabion Sgquares di Mean Sguare
Means_of_estimation Lirsear 27023 1 27.023
Chaadratic 4520 i 4520
Emor ) Linsar 6025 3 1.564
\imamie o o Quadratic 52339 39 1.342
Tests of Within-Subjects Contrasts
Measure MEASURE 1
- = -F m
Means_of estimation Linear 17.280 000
Quadratic 3368 074
Tests of Between-Subjects Effects
Measure MEASURE 1
Transformed Variable- A
‘I"}pﬂ il Sum
SOUAres di Mean = Sig.
Intercapt 1541 454 1 1541 454 215018 ooo
Emor 350673 38 8.292
[DataBetl] C:\Users\Jerome\Desktop\data diss\state\dataset\hyplosl2.sav
Paired Samples Statistics
Std. Error
Mean N =i _Dewviabion Mean
Pair 1 Iso MNet Joint 303854178 40 |1.87382145E0 2SE2455T04
Dyn_Met_dJoint | 4 206752081 40 |2.1807547T3ED 348075008
Pair2 ID_Met_Joint 4 455242067 40 |1.90561560E0 0342826
Oyn Vast Lal | 2232384675 40 |1.28054024E0 JAS93TNSIT
Pair 3 1D _Met_Joint 4 486242062 40 |1.90561560E0 3013042826
Iso_Met_Joint 3.303854176 40 |1.873621459E0 2O62455704
Paired Samples Comelations
N Comeiahion 7 -
Pair1 iso Net Joint & 40 J73 000
Dyn_Net_Joint
Pair2 1D Net Joint & 40 A9 o2
Dyn_Vast_Lat
Pair3 ID_Met Joint & 40 562 000
lsg_MNef_Jaint
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APPENDIX

E.

REGRESSIONS OUTPUTS

Regression: Sagittal plane excursion

Model Summary

Change Statistics
Adjusted R Std. Error of R Square
Model R R Square Square the Estimate Change F Change dfl dr2 Sig. F Change
1 208" 043 -008 6.88834 043 840 2 37 440
2 458" 210 o6 6.62979 166 1.736 33 166
a. Predictors: (Constant), Height, Weight
b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse, VastusMedialislmpulse,
BicepFemorisImpulse
ANOVA*

Model Sum of Squares dr Mean Square F Sig.
1 Regression 79.734 2 39.867 840 4407

Residual 1755.624 37 47.449

Total 1835.358 39
2 Regression 384.871 6 64.145 1.459 223"

Residual 1450.487 33 43.954

Total 1835358 39

a. Predictors: (Constant), Height, Weight

b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse, VastusMedialisImpulse,
BicepFemorisImpulse

¢. Dependent Variable: FlexionExcursion

Coefficients”
Unstandardized Standardized
Coecfficients Cocfficients Correlations
Model B Std. Error Beta t Sig. Zero-order | Partial Part
1 (Constant) -24.887 26875 =926 360
Weight 231 182 268 1.269 212 128 204 .204]
Height -.203 199 -216 -1.023 313 -.043 -.166 -.165
2 (Constant) -20.236 27.874 =726 473
Weight 244 194 283 1.257 217 128 214 195
Height =226 203 -.240 -1.113 274 -.043 -.190 - 172
VastusLaterallmpulse -.160 1.155 -.027 -.138 891 015 -024 =021
VastusMedialisImpulse 496 1.127 102 440 662 -.039 076 068
BicepFemorislmpulse -2.507 4.645 - 144 -.540 593 167 -094 -.084
SemitendinousImpulse 14.830 7.335 524 2.022 051 366 332 313

a DNenendent Variahle: FlexinnFxenrzion
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Regression: Peak extensor moment

Model Summary

Change Statistics
Adjusted R Std. Error of R Square
Model R R Square Square the Estimate Change F Change dfl df2 Sig. F Change
1 597" 357 322 25.60413 357 10.266 2 37 000
2 683" 467 370 24.67975 110 1.706 4 33 A72
a. Predictors: (Constant), Height, Weight
b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse, VastusMedialisimpulse,
BicepFemorisImpulse
ANOVA®
Model Sum of Squares df Mean Square F Sig.
I Regression 13459.830 2 6729915 10.266 L0007
Residual 24256.143 37 655.571
Total 37715973 39
2 Regression 17616.004 6 2936.001 4.820 001"
Residual 20099.969 33 609.090
Total 37715.973 39
a. Predictors: (Constant), Height, Weight
b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse, VastusMedialisImpulse,
BicepFemorislmpulse
¢. Dependent Variable: PeakKEM
Coefficients”
Unstandardized Standardized
Coefficients Coefficients Correlations
Model B Std. Error Beta t Sig. Zero-order | Partial Part
1 (Constant) -59.037 99.896 -.591 558
Weight 2.183 676 559 3.229 003 596 469 426
Height 245 738 057 331 742 419 054 044
2 (Constant) -23.446 103.763 -226 823
Weight 2.111 722 540 2,923 006 596 454 372
Height -.039 756 -.009 -.052 959 419 -.009 -.007
VastusLaterallmpulse 6.538 4.301 248 1.520 138 364 256 193
VastusMedialisimpulse -.344 4.194 =016 -.082 935 469 -014 -010
BicepFemorisImpulse 28.189 17.291 358 1.630 113 -.091 273 207
SemitendinousImpulse -50.883 27.305 -.397 -1.804 071 -.249 -.309 -.237

a. Dependent Variable: Peak KEM
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Regression: Peak anterior shear force

Model Summary

Change Statistics
Adjusted R Std. Error of R Square
Model R R Square Square the Estimate Change F Change dfl df2 Sig. F Change
1 626" 392 377 62.26358 392 24,551 1 38 000]
2 688" 474 396 61.26377 081 1.313 4 34 285

a. Predictors: (Constant), Weight

b. Predictors: (Constant), Weight, SemitendinousImpulse, VastusLaterallmpulse, VastusMedialislmpulse, BicepFemorisImpulse

ANOVAS®
Model Sum of Squares df Mean Square F Sig
1 Regression 95177.899 1 95177.899 24.551 0007
Residual 147316.620 38 3876.753
Total 242494519 39
2 Regression 114884.042 5 22976.808 6.122 .000"
Residual 127610.477 34 3753.249
Total 242494519 39
a. Predictors: (Constant), Weight
b. Predictors: {Constant), Weight, SemitendinousImpulse, VastusLaterallmpulse,
VastusMedialisImpulse, BicepFemorislmpulse
¢. Dependent Variable: peak ASF
Coefficients”
Unstandardized Standardized
Coeflicients Coefficients Correlations
Model B Std. Error Beta t Sig. | Zero-order | Partial Part
1 (Constant) 26.214 75.874 345 732
Weight 6.208 1.253 626 4.955 000 626 626 626
2 (Constant) -.728 80.091 -.009 993
Weight 6.306 1.468 636 4.296 000 626 593 534)
VastusLaterallmpulse 17.403 10.669 260 1.631 112 361 269 203
VastusMedialisimpulse -11.621 10.268 -.209 -1.132 266 328 -.191 -.141
BicepFemorisImpulse 37.284 42.151 187 885 383 =229 150 110
SemitendinousImpulse -111.162 67.649 -.342 -1.643 110 =270 =271 -.204}

a. Dependent Variable: peakASF
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Regression: Frontal plane excursion

Model Summary

Change Statistics

Adjusted R Std. Error of R Square
Model R R Square Square the Estimate Change F Change dfl df2 Sig. F Change
1 386" 149 103 4.85079 149 3.240 2 37 050
2 422" 178 028 5.04865 029 289 4 33 883

a. Predictors: (Constant), Height, Weight

b. Predictors: (Constant), Height, Weight, Semitendinouslmpulse, VastusLaterallmpulse, VastusMedialisImpulse,
BicepFemorislmpulse

ANOVA®
Model Sum of Squares df Mean Square F Sig.
1 Regression 152.495 2 76.247 3.240 L0507
Residual 870.617 37 23.530
Total 1023.112 39
2 Regression 181.979 6 30.330 1.190 1336
Residual 841.133 33 25.489
Total 1023.112 39

a. Predictors: (Constant), Height, Weight

b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse,
VastusMedialisImpulse, BicepFemorisImpulse

¢. Dependent Variable: FrontalExcursion

Coefficients”
Unstandardized Standardized
Coefficients Coefficients Correlations
Model B Std. Error Beta t Sig. | Zero-order | Partial Part
1 (Constant) -50.536 18.926 -2.670 011
Weight -043 128 -.066 -333 741 209 -.055 -.050
Height 299 140 426 2.139 039 383 332 324
2 (Constant) -51.546 21.227 -2.428 021
Weight -.082 148 - 127 -554 583 209 -.096) -.087
Height 312 155 444 2014 052 383 331 318
VastusLaterallmpulse 044 880 010 .050] 961 11 009 008
VastusMedialisImpulse 172 858 048 .200) 842 233 035 032
BicepFemorisImpulse -.814 3.537 -.063 =230 819 -.086 -.040 -.036
SemitendinousImpulse -2.207 5.586 -.104 -.395 695 -.164 -069 -.062

a. Dependent Variable: FrontalExcursion
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Regression: Peak frontal plane moment

Model Summary

Change Statistics
Adjusted R Std. Error of R Square
Model R R Square Square the Estimate Change F Change dfl df2 Sig. F Change
1 215 046 -.005 15.25416 046 898 2 37 416
2 583" 340 220 13.43781 294 3.670 4 33 .0|4I
a. Predictors: (Constant), Height, Weight
b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse, VastusMedialisimpulse,
BicepFemorisImpulse
ANOVA®
Model Sum of Squares df Mean Square F Sig.
1 Regression 417.720 2 208.860 898 416"
Residual 8609.504 37 232.689
Total 9027.224 39
2 Regression 3068.253 6 511.376 2.832 .025"
Residual 5958.970 33 180.575
Total 9027.224 39
a. Predictors: (Constant), Height, Weight
b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse,
VastusMedialislmpulse, BicepFemorislmpulse
c. Dependent Variable: PeakKVM
Coefficients®
Unstandardized Standardized
Coefficients Coefficients Correlations
Model B Std. Error Beta t Sig. Zero-order | Partial Part
1 (Constant) -82.772 59.515 -1.391 173
Weight -.391 403 -.204 -970 338 -.023 -.157 -.156
Height 586 440 281 1.332 191 148 214 2144
2 (Constant) -76.914 56.498 -1.361 B3
Weight -1.033 393 =540 -2.626 013 -.023 -416 -371
Height 687 412 329 1.667 105 148 279 236
VastusLaterallmpulse =274 2.342 -.021 =117 .908 .260 -.020 -017
VastusMedialisImpulse 5.527 2.284 514 2.420 021 322 388 342
BicepFemorisImpulse -24.484 9.415 -.636 -2.601 014 -.301 -412 -.368
SemitendinousImpulse 21.880 14.867 349 1.472 51 -.209 248 208

a. Dependent Variable: PeakKVM
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Regression: Transverse Plane excursion

Model Summary

Change Statistics
Adjusted R Std. Error of R Square
Model R R Square Square the Estimate Change F Change dfl df2 Sig. F Change
I 1937 037 015 4.80708 037 18 2 37 494
2 231" 053 -119 5.04733 016 140 4 33 966
a. Predictors: (Constant), Height, Weight
b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse, VastusMedialislmpulse,
BicepFemorisImpulse
ANOVAS
Model Sum of Squares df Mean Square F Sig.
1 Regression 33.204 2 16.602 718 4947
Residual 854.995 37 23.108
Total 888.199 39
2 Regression 47.507 6 T918 311 927"
Residual 840.691 33 25.475
T'otal 888.199 39
a. Predictors: (Constant), Height, Weight
b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse,
VastusMedialislmpulse, BicepFemorislmpulse
c. Dependent Variable: TransverseExcursion
Coefficients®
Unstandardized Standardized
Coefficients Coefficients Correlations
Model B Std. Error Beta t Sig. Zero-order | Partial Part
1 (Constant) -25.436 18.755 -1.356 183
Weight - 130 127 =217 -1.024 313 -.061 -.166 -.165
Height 158 139 241 1.138 262 101 (184 84
2 (Constant) -24.542 21.221 -1.156 256
Weight - 128 148 =213 -.B65 393 -.061 -.149 -.147
Height 156 155 238 1.005 322 101 172 170
VastusLaterallmpulse -.498 880 -123 -.566 575 -.104 -.098 -.096
VastusMedialisImpulse 265 858 079 309 759 -019 054 052
BicepFemorisimpulse -1.326 3.536 - 110 =375 710 093 -.065 -.064
SemitendinousImpulse 3.120 5.584 158 559 580 .098 097 095

a. Dependent Variable: TransverseExcursion
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Regression: Peak transverse plane moment

Model Summary

Change Statistics
Adjusted R Std. Error of R Square
Model R R Square Square the Estimate Change F Change dfl df2 Sig. F Change
1 244 059 008 497115 059 1.167 2 37 323
2 sleb 266 132 4.65008 207 2.321 4 33 077
a. Predictors: (Constant), Height, Weight
b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse, VastusMedialislmpulse,
BicepFemorisImpulse
ANOVA®
Model Sum of Squares df Mean Square F Sig.
1 Regression 57.674 2 28.837 1.167 3237
Residual 914.357 37 24.712
Total 972.031 39
2 Regression 258.465 6 43.078 1.992 L0951
Residual 713.566 33 21.623
Total 972.031 39
a. Predictors: (Constant), Height, Weight
b. Predictors: (Constant), Height, Weight, SemitendinousImpulse, VastusLaterallmpulse,
VastusMedialislmpulse, BicepFemorisimpulse
c. Dependent Variable: peakKRM
Coefficients®
Unstandardized Standardized
Coefficients Coefficients Correlations
Model B Std. Error Beta t Sig. Zero-order | Partial Part
1 (Constant) -36.388 19.395 -1.876 069
Weight =132 131 -210 -1.004 322 -.003 -.163 -.160)
Height 219 143 320 1.528 135 184 244 2444
2 (Constant) -28.813 19.551 -1.474 150
Weight =230 136 =367 -1.692 100 -.003 -.282 -.252
Height 203 143 297 1.427 163 184 241 213
VastusLaterallmpulse -1.871 810 -442 -2.308 027 -.140 =373 =344
VastusMedialisImpulse 2.041 790 578 2.582 014 180 410 385
BicepFemorisImpulse -7.425 3.258 -.588 -2.279 029 010 -369 -.340
SemitendinousImpulse 11.747 5.145 570 2.283 .029 {088 369 341

a. Dependent Variable: peakKRM
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