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Gender, Tibial Rotation Torque, Valgus 2
Abstract

The interaction between gender, tibial rotation torque 

(direction), and valgus angle during a single-leg vertical 

jump-landing was examined (knee position). Subjects (N =

30) were assessed during a one-time testing session. Peak 

torque and the ratio of peak torque to body weight for 

internal and external tibial rotation was obtained from the 

Biodex II dynamometer. Peak vertical ground reaction force 

was obtained from the Bertec forceplate. Maximum vertical 

jump height, knee flexion angle, and knee varus/valgus 

angles were obtained from the MotionMonitor™ 

electromagnetic, 3-dimensional motion analysis system. A 2 

x 2 (gender x direction) mixed factorial analysis of 

variance (ANOVA); 2 x 4 (gender x knee position) mixed 

factorial ANOVA; Pearson product moment correlation (torque 

and valgus); independent groups t-test between gender and 

the ratio of internal to external tibial rotation peak 

torque; and independent groups t-test between gender and 

the total valgus excursion during the jump-landing were 

computed. No significant interaction was found for gender x 

direction (p = .755) and/or gender x knee position (p =

.555). Compared to males, females displayed an overall 

significantly (p = .016) greater valgus angle. Internal
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Gender, Tibial Rotation Torque, Valgus 3
tibial rotation peak torque to body weight ratio was 

significantly (p = .001) less than external tibial rotation 

peak torque to body weight ratio. Subjects also displayed 

significantly (p = .001) greater knee valgus angle at 

initial contact and at peak valgus angle than at 3 0° of 

flexion and at peak vertical ground reaction force. No 

significant gender difference was found for the ratio of 

internal to external tibial rotation peak torque (p = ,907) 

and/or the total valgus excursion during the jump-landing 

(p = .210).
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Gender, Tibial Rotation Torque, Valgus L-

An Examination

of Gender Differences Between Tibial Rotation Torque and 

Knee Valgus Angle During Single-Leg Vertical Jump-Landing 

The anterior cruciate ligament (ACL), as it attaches 

on the posteromedial side of the lateral femoral condyle 

and inserts on the anterior intercondylar area of the 

tibia, stabilizes the knee against hyperextension, anterior 

tibial translation, internal tibial rotation, and valgus 

angular displacement (Arnheim & Prentice, 2000;

Bendjaballah, Sirazi-Adl, & Zukor, 1997; Marieb, 2001). 

Researchers (Arendt & Dick, 1995; Gray et al., 1985;

Malone, Hardaker, Garrett, Feagin, & Bassett, 1993) have 

i found that, compared to males athletes, female athletes areI
(
i

2 - 8.38 times more likely to tear their ACL. 

Epidemiological studies have revealed that the most common 

mechanism of ACL injury is non-contact and involves a jump- 

landing and/or cutting motion with the foot planted, tibia 

externally rotated, femur internally rotated, knee flexed 

less than 302, and knee in a valgus position (Boden, Dean, 

Feagin, & Garrett, 2000; Ireland, 2001; Noyes, Mooar, 

Matthews, & Butler, 1983; Olsen, Myklebust, Engebretsen, & 

Bahr, 2004; Teitz, 2001). Researchers also report that 

females more often displayed these high risk kinematics
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Gender, Tibial Rotation Torque, Valgus 5
compared to males during biomechanical investigations 

(Chappell, Yu, Kirkendall, & Garrett, 2002; Ford, Myer, & 

Hewett, 2003; Kirkendall & Garrett, 2001; Malinzak, Colby, 

Kirkendall, Yu, & Garrett, 2001; McLean, Lipfert, & van den 

Bogert, 2004; Zeller, McCrory, Kibler, & Uhl, 2003).

The collateral ligaments provide secondary support to 

resist anterior tibial translation. However, these 

ligaments become more lax as the knee flexes (Arnheim & 

Prentice, 2000; Bendjaballah et al., 1997; Kelley, 1971) 

and consequently offer less relative assistance to the ACL 

as the knee is flexed further. General quadriceps and 

hamstring co-contraction also assist the ACL in stabilizing 

the knee during dynamic activity (Ciccotti, Kerlan, Perry,

& Pink, 1994; Huston & Wojtys, 1996; Knapik, Bauman, Jones, 

Harris, & Vaughan, 1991; Li et al. , 1999; Pandy Sc 

Shelburne, 1997) and have been reported to decrease 

anterior tibial translation (Li et al., 1999; Markolf,

Graff-Radford, Sc Amstutz, 1978; More et al., 1993; Pandy & 

Shelburne, 1997) . The semimembranosus, semitendinosus, and 

gracilis in particular, also provide dynamic stabilization 

of the knee joint by inhibiting excessive external tibial 

rotation (Louie & Mote, 1987; More et al., 1993) and valgus 

angular displacement (Goldfuss, Morehouse, Sc LeVeau, 1973;
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Gender, Tibial Rotation Torque, Valgus 6
Olmstead, Wevers, Bryant & Gouw, 1986; Pope, Johnson,

Brown, & Tighe, 1979).

Researchers (Chandy & Grana, 1985; Knapik et al.,

1991; Keller, 2003; Lephart, Ferris, Riemarm, Myers, & Fu, 

2002; Rankin & Thompson, 1983) have examined gender 

differences in hamstring strength and found that females 

generally have less hamstring torque capability. 

Specifically, Keller (2003) found no significant gender 

difference in external peak torque to body weight ratio, 

but males were significantly stronger than females in 

internal tibial rotation. Thus, Keller discovered that 

females have a decreased ratio of peak internal to external 

tibial rotation torque. Hewett, Lindenfeld, Riccobene, and 

Noyes (1999) and Huston and Wojtys (1996) also found that 

females, compared to males, have greater imbalance between 

quadriceps and hamstring muscle activation during activity. 

The deficit in hamstring muscle activation and torque 

production has been correlated to a decreased ability to 

resist anterior tibial translation (Ciccotti et al., 1994; 

Huston Sc Wojtys, 1996; Knapik et al. , 1991; Li et al. ,

1999; Pandy & Shelburne, 1997), which is thought to be the 

primary cause for strain placed on the ACL (Markolf et al., 

1995). Furthermore, anterior tibial translation combined
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Gender, Tibial Rotation Torque, Valgus 7
with internal tibial rotation and valgus moment magnifies

j
the strain placed upon the ACL (Markolf et al., 1995). 

Therefore, control of internal tibial rotation and valgus 

angular displacement must also be considered in the 

prevention of ACL injuries.

Since the hamstrings play a critical role in 

decreasing anterior tibial translation (Li et al., 1999; 

Markolf et al., 1978; More et al., 1993;.Pandy & Shelburne, 

1997), internal/external rotation (Louie & Mote, 1987), and 

varus/valgus rotation (Goldfuss et al., 1973; Olmstead et 

al., Pope et al., 1979), increasing hamstring torque 

capability may improve dynamic knee joint stability. 

Researchers have shown that it is possible to isolate and 

strengthen the medial and lateral hamstrings (Osternig, 

Bates, & James, 1980). Plyometric training programs have 

been shown to decrease the incidence of ACL injury (Heidt, 

i Sweeterman, Carlonas, Traub, & Tekulve, 2000; Hewett et
i

I al., 1999). However, the precise aspect of these training
i

! programs that contributes most to the decreased incidence
i
| of ACL injury is unknown. Continued research is needed on
I
| the biomechanical and neuromuscular variables that
!

j  contribute to ACL injury.
I
i
i
i
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Gender, Tibial Rotation Torque, Valgus 8
After reviewing the literature the researcher 

suspected that deficits in internal tibial rotation torque 

may permit excessive tibial rotation and valgus
i

biomechanics during activity, thus increasing the amount of 

strain placed on the ACL during activity. The purpose of 

the present study was to examine the interaction between 

gender, tibial rotation torque (direction), and knee valgus 

angle during single-leg vertical jump-landing (knee 

position). The investigator hypothesized that, compared to 

males, females would display a lower ratio of peak internal 

to external tibial rotation torque and greater knee valgus 

angle during the landing phase of the vertical jump- 

landing. Significant findings from the current study would 

aid in the improvement, selection, and prescription of 

training and injury prevention programs.

Method

The Biodex II isokinetic dynamometer (Shirley, New 

j York) was used to measure internal and external tibial

! rotation peak torque to body weight ratio and the ratio of

internal to external tibial rotation peak torque in males 

I and females. Internal and external tibial rotation peak

j  torque was measured at a velocity of 30°/s to evaluate

strength differences between males and females at 30° of
1
j
j
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Gender, Tibial Rotation Torque, Valgus 9
(

| knee flexion (Keller, 2003). The MotionMonitor™ (Innovative
i

Sports Training, Chicago, IL) electromagnetic tracking

| system was used to measure knee valgus angle during a

single-leg jump-landing. Landing was defined as the phase 

between initial contact and maximum knee flexion as it 

occurred after the performance of a countermovement 

vertical jump. Each subject performed a series of vertical 

jumps, reaching a height equal to 90% of his/her maximum 

vertical jump (MVJ). Utilizing the normalized jump height 

in this protocol created a testing environment in which 

subjects performed jump-landing tasks of relatively 

equivalent demand. Isokinetic and kinematic data were 

analyzed to investigate the interaction between gender, 

direction, and knee position.

Subjects

| Following Institutional Review Board (IRB) approval

(Appendix C), 15 male (age = 20.9 ± 2.7 years; height =

j  178.3 ± 6.5 cm; weight = 83.0 ± 16.5 kg) and 15 female

! (21.3 ± 2.6 years; height = 168.6 ± 5.9 cm; weight = 64.7 ±
I]
! 8.9 kg) recreational and collegiate athletes, from a small
i
. New England university volunteered for this investigation.

; Each subject was injury-free, as indicated on the sport,

fitness, and injury history questionnaire (Appendix D) ,
i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



II
Gender, Tibial Rotation Torque, Valgus 10 

signed informed consent (Appendix E), and attended a one-
j
j time testing session. Subject eligibility was limited to

recreational athletes and those university athletes 

participating in a sport other than a jumping sport (e.g., 

volleyball, basketball). A recreational athlete was defined 

as one who participates in physical sport activity but does 

not follow a professionally designed training regimen 

(Malinzak et al., 2001).

Instrumen tation

The Biodex II isokinetic dynamometer was used to 

measure internal and external tibial rotation peak torque 

to body weight ratio (ft lbs) and the ratio of internal to 

external tibial rotation peak torque (%) at 30’/s with the 

knee positioned at 30° of flexion. Peak torque to body 

weight ratio, calculated by the Biodex Software, provided 

normalized data to report the following: internal tibial 

I rotation peak torque to body weight (IR); and external

i tibial rotation peak torque to body weight (ER). In

! addition, internal and external tibial rotation peak torqueiS
! measures were used to calculate the ratio of internal toj

external tibial rotation peak torque (I/E). 

i Kinematic data were collected using the MotionMonitor™

electromagnetic tracking system and one Bertec Forceplate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Gender, Tibial Rotation Torque, Valgus 11 
I (Bertec Corporation, Columbus, OH) The MotionMonitor™, six

degree-of-freedom, motion tracking system integrates the 

Ascension (Burlington, VT) system, "Flock of Birds™" 

hardware, and Innovative Sports Training Inc. software. In 

the current study, the MotionMonitor™ system and forceplate 

were arranged and calibrated in the lab area according to 

manual specifications (Innovative Sports Training, Chicago, 

IL)(Appendix F). The transmitter was positioned on a 28- 

in., plastic podium, with the center of the transmitter 

located 45.57 in. from the center of the forceplate. The 

forceplate was located within a 4 x 8 ft raised (6 in. 

high), wooden platform to provide a wide, level, and safe
iiJ testing surface. Eight electromagnetic sensors were used to

digitize the subject and measure the following: valgus 

angle 0.03 s before initial contact (vIC); valgus angle at 

30° of knee flexion (vTHIRTY); valgus angle at peak ground 

[ reaction force (vGRF); and peak valgus angle obtained

' during the jump-laning phase (vPEAK). In addition, the

| total valgus angle excursion during the jump-landing phase

| (vEXCUR) was calculated as the difference between vPEAK and
!

vIC. Data were collected at a sampling rate of 100 frames 

| per s.

j

I
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Gender, Tibial Rotation Torque, Valgus 12
i
j Procedures
I

Upon arrival in the human performance laboratory- 

subject descriptive data (age, height, weight, gender, limb 

dominance, foot structure) were collected. Subjects were 

allowed to wear common brand, aerobic type shoes. All tests 

were performed on the dominant limb, which was defined as 

the leg with which the subject prefers to kick a ball.

After the Biodex isokinetic dynamometer had been 

properly calibrated, according to manufacturer 

specifications (Biodex Corporation, 1986a) each subject was 

positioned in the dynamometer chair according to Biodex 

guidelines (Biodex Corporation, 1986b). The back of the 

chair was positioned at a 45° angle (Shoemaker & Markolf, 

1982) and the long axis of the tibia was aligned with the 

axis of the dynamometer shaft. The subject was positioned 

with the knee at 30° of flexion and ankle in the neutral 

(90°) position. Knee joint angle and neutral positioning of
ii
i  the ankle were measured using a goniometer. Two small,
iI

rolled towels were inserted along the medial side of the 

shoe to stabilize the position of the shoe on the surface
i
I of the foot plate. The pelvis (at the ASIS), thigh (1 in.

i proximal to the patella), and foot (crossed over the dorsal
i

aspect of the midfoot and over toes) were securely strapped

j
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Gender, Tibial Rotation Torque, Valgus 13 
down to minimize extraneous body movements during 

measurement sessions. The foot was placed at the midpoint 

between internal and external tibial rotation, with the 

foot perpendicular to the frontal plane of the body 

(Osternig et al., 1980).

Maximum active range of motion for internal and 

external tibial rotation was then recorded to designate the 

individualized parameters for torque assessment. The 

examiner palpated the greater trochanter as the subject 

actively rotated the tibia. Monitoring femoral rotation in 

this manner allowed the examiner to verify that the 

rotation was produced at the tibiofemoral joint and void of 

extraneous rotation of the thigh. During each trial the 

subject was asked to concentrate on performing internal and 

external rotation at the knee while maintaining a static 

thigh/hip position. The subject was given visual feedback 

on relative torque production for each repetition as shown 

on the computer screen. The examiner also provided verbal 

encouragement for the subject to give maximal effort during 

the test trials.

Each subject first performed one practice trial of 

three submaximal (50% effort) repetitions to ensure 

familiarization and comfort with the test protocol. Then,
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Gender, Tibial Rotation Torque, Valgus 14
I

| after a 2-min rest period each subject performed three

trials, each trial consisting of three maximal (100% 

effort) repetitions of internal-external tibial rotation at 

30“/s, which were recorded. A 2-min rest period between 

trials was given to prevent fatigue from affecting subject 

performance.

After the isokinetic assessment was complete the 

subject approached the jump-landing platform to don the 

sensors. Sensor application and subject digitization 

allowed for ample rest time between the isokinetic testing 

and the kinematic analysis. Eight numbered electromagnetic 

sensors were assigned to and secured over the following 

landmarks: #2, L5-S1 spinous processes; #3, midpoint of the 

thigh on the lateral aspect of the dominant leg; #4, 

lateral aspect of the gastrocnemius muscle belly on the 

j dominant leg; #5, dorsal aspect of the foot on the dominant

j leg; #6, posterior aspect of the dominant wrist; #7,I
! midpoint of the thigh on the lateral aspect of the non-

J dominant leg; #8, dorsal aspect of the foot on the non-
iI dominant leg. The stylus, attached to sensor #1, was usedI

to digitize the location and orientation of segment axes 

' and virtual joint centers relative to the world coordinate

axes (Appendix G).
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Gender, Tibial Rotation Torque, Valgus 15
Neutral posture was recorded as the subject assumed 

the anatomical neutral position, standing on the surface of 

the forceplate facing the positive y-axis. Subject weight 

was measured by the forceplate and subject height was 

measured by digitizing the top of the head as the subject 

stood in the neutral position. The knee, ankle, and wrist 

joint centers were digitized using the centroid method 

(digitizing two points on equal and opposite sides of the 

joint) and hip joint centers were digitized using the 

Leardini method (Leardini et al., 1999; Stagni, Leardini, 

Cappozzo, Benedetti, & Cappello, 2000; Wu et al., 2002) 

(circumducting the hip through 6 positions). The knee was 

digitized to the medial and lateral jointline. The ankle 

was digitized to the medial apex of the medial malleolus, 

lateral apex of the lateral malleolus, and tip of the 

distal phalanx of the 2nd toe. The hand was digitized to the 

anterior and posterior surface of the capitate bone and to 

the tip of the distal phalanx of the 3rd digit (Appendix G) .

The vertical jump height of the jump task was 

normalized according to the maximum vertical jump (MVJ) of 

each subject (90% MVJ) (Swartz, Russell, Decoster, & Croce, 

2003) . Therefore, after sensor digitization was complete, 

preliminary measurements were taken for subject standing
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Gender, Tibial Rotation Torque, Valgus 16 
vertical reach and mean MVJ. Standing vertical reach was 

measured by asking the subject to raise the dominant arm 

with the shoulder, elbow, and fingers extended. The 

vertical z-position ^reported by the hand sensor (#6) for 

the tip of the third phalanx was recorded as the standing 

maximum vertical reach. Then, to assess MVJ, each subject 

performed three standing, maximal-effort vertical jumps. 

During this motion, arm swing was allowed, but an approach , 

step was not (Hewett, Stroupe, Nance, & Noyes, 1996).

During MVJ assessment, a successful trial required only 

that the subject take-off and land with a bipedal stance, 

reach for a ball with both hands, and land solid, in a 

forward facing position. A solid landing was defined such 

that after initial foot contact, during the landing phase, 

the subject was able to maintain foot position without 

raising the heel or toes from the surface of the platform.

A 30-s rest period between trials was given to prevent 

fatigue from affecting subject performance.

An inflatable ball, 8.46 in. in diameter, attached to 

the Velcro® end of a retractable cord, was suspended above 

the surface of the platform well beyond the vertical jump 

height of the subject. The ball provided visual motivation 

and encouragement for maximal-effort during preliminary,
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Gender, Tibial Rotation Torque, Valgus 17 
MVJ assessment. The vertical position of the distal end of 

the 3rd phalanx along the negative z-axis, as recorded by 

the hand sensor (#6), was used to indicate the MVJ of each 

subject. The vertical position of the 3rd phalanx during the 

standing reach was subtracted from the average vertical 

position of the 3rd phalanx obtained during the performance 

of each maximum vertical jump trial. This change in 

position was then multiplied by .90 and added back to the 

standing reach height to give the 90% MVJ condition 

(Appendix H).

Subjects were then instructed to perform a 

countermovement vertical jump-landing task based on his/her 

90% MVJ. During kinematic assessment a ball was suspended 

anterior to the midline of the subject as s/he stood in the 

center of the platform with the center of the ball placed 

at his/her 90% MVJ. The target was used to regulate the 

jump height to ensure that each subject was exposed to the 

same relative workload during the jump-landing assessment.

The subject was instructed to perform at least six 

successful jump-landing trials. S/he was instructed to 

jump, grab the ball with both hands, and bring it down with 

them as they landed, similar to a basketball rebound 

(Swartz et al., 2003). The jump-landing activity required
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Gender, Tibial Rotation Torque, Valgus 18 
that the subject jump from a two-foot stance, land on only 

the dominant leg, absorb the landing, reassume an erect 

single-leg standing position, and then place the 

contralateral foot on the platform to end in the neutral 

stance position (Boden et al., 2000). Other than the 

sequence of the jump-landing activity the subject was not 

given any specific instructions on jump/landing mechanics 

or expected impact. Since the forceplate had been offset 

from the center of the platform, according to the leg- 

dominance of the subject, it was only required that the 

dominant leg/foot make contact with the forceplate during 

the jump-landing.

The subjects were allowed unlimited practice trials 

until s/he felt comfortable with the jump-landing activity. 

After a 2-min rest period, the subject performed a maximum 

of ten test trials for the 90% MVJ condition, stopping 

after six successful trials had been recorded. A successful 

test trial required that the subject retrieve the ball and 

land balanced, facing forward on the surface of the 

forceplate, with only the dominant leg/foot supporting the 

landing. The subject was required to make a solid landing 

without lifting the heel or toes from the surface of the 

forceplate after initial contact. Centerline deviation, as
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visualized by excessive abduction or adduction of the 

contralateral thigh, was also monitored throughout the 

landing. In the event that the landing was unacceptable for 

data analysis, as determined by the aforementioned 

criteria, the trial was repeated. The investigator was 

present at all times to prevent falling or other potential 

adverse events.

Statistical Analysis

Statistical analyses for the Biodex data were 

performed for the independent variables, gender 

(male/female) and direction (internal/external tibial 

rotation). In addition, internal and external tibial 

rotation peak torque were recorded and used to calculate 

the ratio of internal to external tibial rotation peak 

torque (I/E). Analyses for the jump-landing data were 

performed for the independent variables, gender 

(male/female) and knee position, which was measured at four 

levels: valgus angle 0.03 s before initial contact (vIC); 

valgus angle at 30” of knee flexion (vTHIRTY); valgus angle 

at peak ground reaction force (vGRF); and peak valgus angle 

obtained during the jump-landing (vPEAK). Additionally, 

total valgus angle excursion during the jump-landing phase
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I
| (vEXCUR) was calculated as the difference between vPEAK and

| vIC.

| A power analysis (n = 6) was performed during data

collection, using the vPEAK measures, to determine the 

number of subjects needed to find a significant difference.

A minimum of 10 subjects (5 male, 5 female) were needed to 

obtain a power level of 90%. However, 30 subjects were 

tested and analyses were performed for gender, direction, 

and knee position. The research design was analyzed with 

two mixed factorial analyses of variance (ANOVA). A 2 x 2 

(gender x direction) and 2 x 4  (gender x knee position) 

were computed. SPSS version 11.0 was used to calculate 

these statistics with an alpha level of p < .05 selected to 

determine statistical significance. The Mauchly test of 

sphericity for the within-subjects factors of direction and

j knee position was used to test for basic assumptions. The
!
| Greenhouse-Geiser statistic was used to adjust for degrees

j of freedom. Where significant interactions were found,

j Tukey's Honestly Significant Differences (HSD) were
!| calculated. An independent groups t-test was run between

gender for I/E ratio to analyze the gender difference in

| the ratio of internal to external tibial rotation peak

torque. An independent groups t-test was run between gender
i
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j for vEXCUR to analyze the gender difference in total valgus

excursion during the jump-landing. Additionally, a Pearson 

product moment correlation coefficient was run to analyze 

the correlation between direction and knee position.

Results

In the current study, a total of 15 male (age = 20.9 ± 

2.7 years; height = 178.3 ± 6.5 cm; weight = 83.0 ± 16.5 

kg) and 15 female (21.3 ± 2.6 years; height = 168.6 ± 5.9 

cm; weight = 64.7 ± 8.9 kg) recreational and collegiate 

athletes participated. The descriptive statistics for 

internal and external tibial rotation peak torque to body 

weight ratios; tibial rotation peak torque and the ratio of 

internal to external tibial rotation peak torque; and 

valgus angle measured during the jump-landing are presented 

in Tables 1, 2, and 3, respectively.

The results of the 2 x 2  mixed factorial ANOVAII
i  comparing gender and direction are presented in Table 4. No
|
j significant (IR: p = .721; ER: p = .870) differences in the
|
| variances of torque across genders was found from theI
i

j  Levene's Test. The Box M test of equality of

variance/covariance matrices was not significant (p =

! .407). No significant interaction was found for gender x

direction (p = .755). A significant main effect was found
I
i
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within direction. External tibial rotation peak torque (ER) 

was significantly higher than IR for males and females 

(Figure 1).

The results of the independent groups t-ratio for I/E 

are presented in Table 5. The ratio of internal to external 

tibial rotation peak torque was used as the dependent 

variable. No significant (p = .317) difference in the 

variances of the ratio of internal to external tibial 

rotation peak torque across genders was found from the 

Levene's Test. Therefore, the assumption of homogeneity of 

variance was met. No significant (t = .118, p = .907) 

gender differences were found for I/E.

The results of the 2 x 4  mixed factorial ANOVA 

comparing gender and knee position are presented in Table 

6. No significant (vIC: p = .468; vTHIRTY: p = .12 0; vGRF: 

p = .094; vPEAK: p = .138) differences in the variances of 

knee position across genders were found from the Levene's 

Test. The Box M test of equality of variance/covariance 

matrices was significant (p = .038). Additionally, the 

Mauchly test of sphericity was significant (p = .000); 

therefore, the sphericity test was violated and F ratios 

for the within factors were taken from the Greenhouse- 

Geisser values for adjusted degrees of freedom. No
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significant interaction (p = .555) was found for gender x 

knee position. A significant main effect was found for 

gender (p = .016) and for knee position (p = .001). The 

main effect for gender revealed that females displayed 

significantly greater valgus than males. A Tukey's HSD ■ 

analysis was performed and determined significant 

differences between vTHIRTY and vIC and vPEAK; and between 

vGRF and vIC and vPEAK (Table 7). The analyses revealed 

that vIC and vPEAK were significantly greater than vTHIRTY 

and vGRF (Figure 2).

The results of the independent groups t-ratio 

comparing gender and vEXCUR are presented in Table 8. The 

total valgus excursion during the jump-landing was used as 

the dependent variable. No significant (t = .129, p =• .211) 

difference in the variances of the total valgus excursion 

during the jump-landing across genders was found from the 

Levene's Test. Therefore, the assumption of homogeneity of 

variance was met. No significant (p = .210) gender 

differences were found for vEXCUR.

The results of the Pearson product moment correlation 

are presented in Tables 9 and 10. No significant (p > .05) 

linear relationship was found between direction and knee 

position.
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tij Discussion
ii| The purpose of the current study was to examine the
ii
! differences between gender for internal and external tibial

rotation strength, knee valgus angle during jump-landing, 

and to determine if a relationship exists between 

internal/external tibial rotation strength and landing 

mechanics. No interaction was found between gender and 

internal or external tibial rotation peak torque to body 

weight ratio. No gender difference was found for internal 

to external tibial rotation peak torque ratio. Further 

analysis revealed that IR was less than ER, which presented 

an I/E ratio of 0.69 (0.20) for both genders.

No interaction was found between gender and knee
i

position, however there was a significant gender main 

effect for knee valgus angle during the jump-landing, 

j Compared to males, females displayed greater overall valgus

| angle during the jump-landing protocol. There was also a

| significant main effect for knee position. Valgus angle at
j
I initial contact (vIV) and vPEAK were significantly greater
i
: than vTHIRTY and vGRF, which meant that on average subjects

j were in a valgus position at initial contact and peak

| valgus angle but were in a varus position at 30” of knee

flexion and at peak ground reaction force. Peak ground
i
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reaction force occurred at approximately 31° of knee 

flexion, so it is not surprising to find similar results at 

vTHIRTY and vGRF In addition, no gender difference was 

found for vEXCUR and no correlation was found between 

direction and knee position.

The isokinetic data supported the earlier findings of 

Osternig et al. (1980), Hester and Falkel (1984), and

Keller (2003) with respect to the apparent mechanical 

disadvantage of the internal tibial rotators as compared to 

the external tibial rotators. Osternig et al. measured 

tibial rotation torque with the knee positioned at 45' and 

90° and found that I/E were 0.90 and 0.95, respectively. 

Hester and Falkel measured tibial rotation torque at 30°/s, 

with the knee positioned at 90° of flexion, and found that 

ER slightly exceeded that of IR, giving a mean I/E of 0.97. 

Keller measured internal and external tibial rotation peak 

torque at 20°, 45°, and 90° of knee flexion. Retrospective 

analysis of the raw data table revealed an I/E ratio for 

females of 0.88, 0.87, and 0.75; and an I/E ratio for males 

of 1.02, 1.11, and 0.76, respectively. That is, Keller 

found that males exhibit stronger internal rotators while 

females exhibited stronger external rotators. Unlike 

Keller's findings, the current study did not find a gender
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difference with respect to the ratio of internal to 

external tibial rotation strength. It is unclear why the 

results differ. Accept for a change of knee flexion 

position (30 degrees instead of 20 and 45) the methods of 

the current study were the same as described by Keller. .

The current research along with Osternig et al.,

Hester and Falkel, and Keller support that the external 

rotators may have a mechanical advantage over the internal • 

rotators, especially in women (Keller, 2002). One of the 

purposes of the current research was to investigate whether 

the imbalance in torque capability of the internal and 

external rotators was correlated to medial and lateral 

instability during dynamic activity. However, no 

correlation was found between torque measures and knqe 

position.

The current investigation revealed no interaction
|! between gender and knee position, however, there was an

; overall gender difference in knee valgus angle. Compared to
i
| males, females displayed overall greater valgus throughoutI
| the jump-landing. In addition, there was no gender

i difference in vEXCUR, which means that males and females

j exhibited the same relative change in valgus angle from

: initial contact to peak valgus. Collectively, these data

i
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suggest that females start in a greater valgus angle, 

exhibit similar total valgus excursion as males, but 

ultimately end in a greater valgus position.

In conclusion, female athletes display greater overall 

valgus during a jump-landing, however there was no gender 

difference in the ratio of internal to external tibial 

rotation torque and no correlation between jump-landing 

mechanics and tibial rotation strength. Therefore, frontal • 

plane kinematics displayed during a jump-landing may be 

related to gender, but cannot be linked to the deficit in 

medial hamstring strength.

When reviewing the results of this study, one must 

consider that the current testing protocol included a 

predictable jump-landing task; assessed concentric muscle 

activity during internal and external tibial rotation; and 

assessed knee valgus angle during the jump-landing. The 

jump-landing protocol created an environment in which 

anterior-posterior and medial-lateral momentum was 

minimized. Whereas Ireland (2001) emphasized that the 

mechanism of injury most often involves an awkward, out-of

control landing with forward body movement and extraneous 

hip frontal and transverse plane motions. Besier, Lloyd, 

Ackland, and Cochrane (2001) investigated external joint
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load during preplanned and unanticipated activities and 

found a significant effect on varus/valgus and 

internal/external rotation moments. The unanticipated 

activities, of course, mimic a game situation and therefore 

may provide more clinically significant data.

The current protocol also included a concentric 

isokinetic assessment of internal and external tibial 

rotation, whereas the jump-landing protocol included a 

kinematic assessment of varus and valgus angle during an 

eccentric muscle activity. Wu, Li, Maffulli, Chan, and Chan 

(1997) have shown a direct correlation between concentric 

and eccentric torque, so the interaction between torque and 

valgus should remain the same. However, these differences 

between torque and kinematic assessments should also .be 

considered when interpreting the results of this study. 

Future research should investigate joint kinematics and 

muscle activity associated with both preplanned and 

unanticipated activity; concentric and eccentric muscle 

activity; and internal/external and varus/valgus kinematics 

during sport activity.
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Table 1

Descriptive Statistics for Peak Torque to Body Weight (%) 

for Internal and External Tibial Rotation in Females and 

Males Females at 30* of Knee Flexion

Variables M sd N

IR
Female 10.22 3.36 15
Male 10.55 3.98 15

ER
Female 15.10 2.66 15
Male 15.08 2.61 15

i

i
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Table 2

Descriptive Statistics for Internal and External Peak 

Torque (ft lbs) and the Ratio of Internal to External Peak 

Torque (%) in Females and Males at 30° of Knee Flexion

Variables M sd N

IR (ft lbs)
Female 14.53 5.09 15
Male 19 .15 7.40 15

ER (ft lbs)
Female 21.41 4.45 15
Male 26.98 4.66 15

I/E (%)
Female .68 .22 15
Male .69 .18 15

t
i
i

i
i
i

i
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Table 3

Descriptive Statistics for Knee Valgus Angle (°) in Females 

and Males During Single-Leg Vertical Jump-Landing

Variables M sd N

vIC
Female -1.94 4.81 15
Male 2.25 3 .59 15

vTHlRTY
Female .90 7.73 15
Male 5.98 3.87 15

vGRF
Female 1.26 8.24 15
Male 5.69 3.80 15

vPEAK
Female -3 .49 6.09 15
Male 1.93 3.26 15

vEXCUR
Female -1.55 2.84 15
Male -.32 2 .39 15

j
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Table 4

2 x 2  ANOVA with Repeated Measures on Two Factors Comparing 

Tibial Rotation Peak Torque to Body Weight Ratio at 30° of 

Knee Flexion

Source ss df ms F P

Between Groups 442.414 29

Gender (A) .370 1 .370 .023 .879

Error 442.044 28 15 .787

Within

Direction (B) 331.773 1 331.773 69.772a .001

A x B .473 1 .473 .100 .755

Error 133.142 28 4 .755 •

Total 907.802 59

aTable F (.05) (2, 28) = 3.34
Levene's Test of Homogeneity of Variance: 

IR F = .130; p = .721
ER F = .027; p = .870

Box's M F =  .968; p = .407

|
j
i
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Table 5

Independent Groups t-Test on Gender and the Ratio of 

Internal to External Peak Tibial Rotation Torque (%)

Group means n
Mean 
Diff.

S.E.
Diff. t P

Female

Male

.683 15 

.692 15

.009 . 074 .118 .907

aTable t (.05)(26.57) = ± 2.052

i
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I Table 6Ii!J  2 x 4  ANOVA with Repeated Measures on Four Factors
i
! Comparing Knee Valgus Angle During Single-Leg Vertical

Jump-Landing

Source ss df ms F P

Between Groups 3626.528 29

Gender (A) 684.401 1 684.401 6.513 .016

Error 2942.127 28 105.076

Within

Knee Position (C) 438.874 1.410 311.230 29.118a .001

A x C 7.293 1.410 5.172 .484 .555

Error 422 .028 39.484 10.689 ■ •
Total 4494.723 71.304

aTable F (.05) (4, 39.49) = 2.61 
Levene's Test of Homogeneity of Variance: 

vIC F = .541; p = .468 
vTHIRTY F = 2.57 6 ; p = .120 
vGRF F = 3.002; p = .094 
vPEAK F = 2.330; p = .138 

Box's M F = 1.921; p = .038 
Mauchley's Sphericity = .092; p = .001 
Greenhouse-Geisser = .470
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Table 7

Tukey HSD Analysis Comparing the Mean Valgus Angle (°) from 

Four Valgus Measures

Conditions vIC vTHIRTY vGRF vPEAK

Means .16 3.44 3.47 -.79

3.29a 3.32a .94

.04 4.22a

4.25a

a(p < .05; df = 4, 39.49; HSD = 2.271)

Mean vIC

Differences vTHIRTY

vGRF

vPEAK
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Table 8

Independent Groups T-Test on Gender and the Total Valgus 

Excursion (°) During the 90% Vertical Jump-Landing

Group means n
Mean
Diff.

S.E.
Diff. t p

Female

Male

-1.550 15 

-.320 15

1.230 .958 1.284 .210

aTable t (. 05) (27.196) = ± 2.052

j
!
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Table 9

Pearson Correlations Between Internal Tibial Rotation Peak 

Torque to Body Weight (%) and Valgus Angle Measured During 

Single-Leg Vertical Jump-Landing (N = 30)

IR r P r2 Percent Shared Variance

vIC .101 .594 . 011 1.02%

vTHIRTY -.038 . 840 .002 .14%

vGRF -.061 .750 .004 .37%

vPEAK .000 1.000 .000 . 00%

vEXCUR. - .179 .345 .032 3.20%

IiI
I

I
i
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Table 10

Pearson Correlations Between External Tibial Rotation Peak 

Torque to Body Weight (%) and Valgus Angle Measured During 

Single-Leg Vertical Jump-Landing (N = 30)

ER r P r2 Percent Shared Variance

vIC .304 .103 .093 9 .24%

vTHIRTY .238 .206 .057 5.66%

vGRF .258 .169 .067 6.66%

vPEAK .253 .178 .064 6.40%

VEXCUR -.008 .967 .001 .01%

I
i
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Figure Caption

Figure 1. Comparison chart for mean peak torque to body 

weight ratio (%) for internal and external tibial rotation 

for all subjects (N = 30)

I

I

|
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Gender, Tibial Rotation Torque, Valgus 
Figure Caption

Figure 2. Comparison chart for mean knee valgus angle (' 

measured during single-leg vertical jump-landing for all 

subjects (N = 30).
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Appendix A 

RESEARCH DESIGN 

Researchers have shown that it is possible to isolate 

and strengthen the medial and lateral hamstrings (Osternig, 

Bates, & James, 1980) which may improve knee joint 

stability and decrease the incidence of ACL injury, 

especially in female athletes. Plyometric training programs 

have been shown to decrease the incidence of ACL injury 

(Heidt, Sweeterman, Carlonas, Truab, & Tekulve, 2000; 

Hewett, Lindenfeld, Riccobene, & Noyes, 1999). However, the 

precise aspect of these training programs that contributes 

most to the decreased incidence of ACL injury is unknown. 

Continued research is needed on the kinematic, 

biomechanical, and neuromuscular variables that contribute 

to ACL injury.

Statement of the Problem 

The purpose of the current study was to examine 

gender, peak torque to body weight ratio for internal and 

external tibial rotation, and valgus knee angle during a 

vertical jump-landing. A total of 30 (15 males and 15 

females) recreational and collegiate athletes, that attend 

a small New England University, volunteered for
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participation in this study. Valgus knee angle was measured 

using the MotionMonitor™ kinematic analysis system as the 

subject performed a series of countermovement vertical 

jump-landings at a height equal to 90% of his/her maximum 

vertical jump. Internal and external tibial rotation torque 

was measured on the Biodex II isokinetic dynamometer.

Definition of the Terms 

The following definitions should be used when 

interpreting the findings of the current study:

College-age student

Any individual enrolled as a full-time undergraduate 

12 credit hours) or graduate 6 credit hours) student. 

Countermovemnt vertical jump

Enoka (2002) defined a countermovement jump as one 

when the "person begins from an upright erect position and 

then performs a small amplitude downward movement that

| involves flexion at the hip, knee, and ankle; this is
I
! followed by a rapid extension of the legs forward and

i upward rotation of the arms about the shoulders" (p. 195) .!
i The countermovement jump was operationally defined as when
j
! the subject is permitted to first move downward from an
i

j erect position immediately proceeding upward to maximize

the vertical velocity and height obtained.
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Dominant Limb

The dominant limb, as defined by Fagenbaum and Darling 

(2003), was operationally defined as the leg with which the 

subject reports that they would be more likely to use when 

kicking a ball.

Internal and External Tibial Rotation

Rotation, as defined by Marieb (2001), was 

operationally defined as "the turning of a bone around its 

own long axis" (p. 257). In internal rotation of the tibia, 

the anterior surface of the tibia moved toward the midline 

of the body, while external rotation was the opposite 

movement.

Isokinetic Exercise

Davies and Ellenbecker (1998) defined isokinetic 

exercise as movement "performed at a fixed velocity 

(anywhere from 1/s to approximately 1000/s), with an 

accommodating resistance" (p. 220). The resistance varies 

i to exactly match the force applied by the athlete at every

point in the range of motion (p. 220) in order to 

dynamically load a muscle to its maximum capacity 

: throughout that range of motion. Isokinetic exercise was

| operationally defined as the performance of internal and
i external tibial rotation at a velocity of 30"/s.

i
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Recreational Athlete

A recreational athlete was operationally defined as 

one who participates in physical sport activity but does 

not follow a professionally designed training regimen 

(Malinzak, Colby, Kirkendall, Yu, & Garrett, 2001).

Torque

Houglum (2001) defined torque as "the ability of a 

force to cause a rotational movement" (p. 79). The product 

of force and length of the force arm was measured in 

newton-meters, foot-pounds, or inch-pounds. Peak torque was 

operationally defined as the measure of maximum force 

generated by the hamstrings while performing isokinetc 

concentric internal and external tibial rotation at a 

velocity of 30°/s.

Valgus Knee Angle

Arnheim and Prentice (2000) defined valgus as the 

"position of a body part that is bent outward" (p. G-4). 

Valgus angle was operationally defined as the greatest 

lateral knee angle measured between the long axis of the 

femur and the tibia during vertical jump landing. Valgus 

angle was measured by the MotionMonitor™ system as 

movement, of the lower leg relative to the thigh, within 

the frontal plane.
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Vertical Jump-landing

A vertical jump-landing was operationally defined as 

the landing that occurred after performing a 

countermovement jump. The landing phase was specifically 

defined as the phase between initial contact with the 

forceplate and maximum knee flexion.

Delimitations

This study was delimited by the following factors:

1. Subjects were between the ages of 17 - 29 years.

2. Subjects were healthy, with no history of injury to 

the dominant knee.

3. The dominant limb only was utilized for torque 

assessment and used during the single-leg landing for the 

kinematic assessment.

4. Only male and female students were chosen from a 

small state school in the New England area.

5. Subjects were tested with the same test.

i 6. Subjects were classified as recreational athletes
i
j or those collegiate athletes not participating in jumpingIj sports (e.g., basketball and volleyball).
j
i
i
j

i

j
!
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Limitations

The following limitations should be considered in the 

interpretation of the results:

1. Subjects were volunteers.

2. Research was limited to testing internal and

external tibial rotation torque at a velocity of 30°/s.

3. The test was limited to internal and external 

tibial rotation torque with the knee at 30° of flexion.

4. The test was limited to motion analysis of 

countermovement vertical jump landings after the subject 

obtained 90% of his/her maximum vertical jump height.

5. Subjects had a wide range of abilities; therefore 

no attempt was made to control the degree of athletic 

ability.

6. The researcher assumed that subjects were honest 

when reporting no prior history of knee injury.

7. The researcher assumed that the subjects used their

maximal effort to complete the muscle strength test; no 

attempt was made to ensure complete strength was used by 

the participant.

8. The researcher calibrated all equipment prior to 

data collection.
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Research Hypotheses

The following hypotheses were tested in this study:

1. No significant mean difference was expected 

between males and females with respect to direction and 

knee position.

2. No significant interaction was expected between 

gender and direction.

3. No significant interaction was expected between 

gender and knee position.

4. No significant correlation was expected between 

direction and knee position.

5. No significant mean difference was expected between 

males and females with respect to the ratio of internal to 

external tibial rotation peak torque and with respect to 

the total valgus excursion during the jump-landing.

!I
!

j
I
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Appendix B 

REVIEW OF LITERATURE 

The anterior cruciate ligament (ACL) is the primary 

stabilizing element of the knee joint (Butler, Noyes, &

Grood, 1980; Kanamori et al., 2000; Lipke et al., 1981;

Matsumoto et al., 2001). Due to the composition, structure, 

and orientation of the ACL the healing process after injury 

is quite extensive. Anderson, Adams, and Hale (2000) 

explained that a complete tear of the ACL does not heal 

because it resides within the synovial fluid of the joint 

cavity, without direct apposition to vascular nutrition.

Anterior cruciate ligament injury thus requires surgical 

repair if the athlete desires to regain full, pre-injury 

status.

Hewett, Lindenfeld, Riccobene, and Noyes (1999) 

emphasized that, "the cost of orthopedic care for ACL 

! reconstruction and rehabilitation is approximately $17,000
I
| per patient," (p. 699) with time lost from participation
I
| averaging anywhere from 6-8 months. The athlete thereforeI
j has the potential loss of an entire season, loss of

i scholarship funding, and probable effect on mental health

j and academic performance. Decreasing the incidence of

injury would thus be beneficial to the athlete as an j
; h\ i:
I !
; Ii t
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individual, to his/her athletic team, and in the interest 

of the time and costs associated with subsequent treatment 

and rehabilitation. To discuss the etiology and pathology 

of ACL injury this review of literature has been divided 

into the following sections: gender as a contributing 

factor to ACL injury; joint kinematics and structures that 

effect the amount of strain placed on the ACL; optimal 

lower extremity mechanics and strategies for the prevention 

of ACL injury; measurement; and summary.

Gender as a Contributing Factor in ACL Injury 

Compared to male athletes, female athletes are between 

2 - 8.38 times as likely to tear their ACL (Arendt & Dick, 

1995; Gray et al., 1985; Malone, Hardaker, Garrett, Feagin,

& Bassett, 1993) . The most common mechanism of ACL injury 

is non-contact (Arendt & Dick, 1995; Boden, Dean, Feagin, & 

Garrett, 2000; Noyes, Mooar, Matthews, & Butler, 1983), 

which has lead researchers to investigate the intrinsic
i
j factors that may predispose female athletes to ACL injury. 

Consideration of gender as a contributing factor in ACLI
| injury requires a detailed discussion on the following:

; gender differences in the incidence of ACL injury; common
j
i
! mechanism of ACL injury across genders; and genderj
j differences in knee kinematics during athletic activity.

I
j
]j
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Gender Differences in the Incidence of ACL Injury

Arendt and Dick (1995) illustrated that female 

athletes are more likely to suffer an ACL injury in 

collegiate soccer and basketball than are male athletes. 

Using the National Collegiate Athletic Association 

Surveillance System, data was collected during a five-year 

period, from 1989 to 1993, and included between 3 00,000 to 

700,000 athlete-exposures for males and females in each 

sport. Arendt and Dick revealed that female soccer players 

had an ACL injury rate at least twice as high as male 

players in any given year, while female basketball players 

had at least three times that of their male counterparts in 

four of the five years sampled.

Gray et al. (1985) examined the medical records of the 

British Columbia Sports Medicine Clinic to investigate the 

incidence and mechanism of ACL injury for female basketball 

players over a 30-month period. These researchers

| discovered that, of the 151 males and 7 6 females seen,
i| there were only 4 ACL ruptures in male basketball players
i

compared to 19 ACL ruptures in female basketball players. 

Gray et al. thus revealed through this retrospective study 

that the incidence of ACL injury for female basketball
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players appears to be almost five times that of male 

basketball players (Gray et al., 1985).

At the intercollegiate level, Malone et al. (1993) 

assessed the prevalence of ACL injuries in Division I 

basketball programs from 29 institutions within the 

Atlantic Coast, Big Ten, and Pacific Ten conferences of the 

NCAA. These researchers collected data from the NCAA Injury 

Surveillance Report on 402 male and 3 85 female 

participants. Malone et al. showed that female athletes 

sustained 8.3 8 times as many ACL injuries as their male 

counterparts. The significant gender difference in the 

incidence of ACL injury, noted by Arendt and Dick (1995),

Gray et al. (1985), and Malone et al. (1993), led

researchers to investigate the mechanism of injury and 

gender differences in knee kinematics during athletic 

i activity.

Common Mechanism of ACL Injury Across Genders
i
j Retrospective analysis of ACL injuries has revealed

| valuable information used to identify high-risk sports,

i athletic maneuvers, and joint kinematics associated with
!ii ligament rupture (Arendt, Agel, & Dick, 2001; Arendt &
I |
I Dick, 1995; Boden et al., 2000; Ireland, 2001; Malone et S
! \| al., 1993; Noyes et al., 1983; Olsen, Myklebust, ?
I •!
j [

: 9i S
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Engebretsen, & Bahr, 2004; Teitz, 2001). Injury data has 

been collected via patient interviews, injury 

questionnaires, and videotape analyses. Researchers (Arendt 

& Dick, 1995; Boden et al., 2000; Malone et al., 1993;

Noyes et al., 1983) support that the primary mechanism of 

ACL injuries is non-contact. Noyes et al. (1983) reported

that of 103 ACL-deficient (ACL-D) patients interviewed (75 

male, 28 female) 78% were injured in a non-contact event. 

Using the data from the National Collegiate Athletic 

Association Surveillance System, Arendt and Dick (1995) 

classified 57% of the ACL injuries in soccer and 77% of the 

ACL injuries in basketball as non-contact.

Boden et al. (2000) interviewed 65 male (72 ACL 

injuries) and 25 (28 ACL injuries) female ACL injury 

patients, who presented to the Duke University Sports 

! Medicine clinic, regarding the mechanism of injury. The
s! average interval from injury to interview was 3.4 years
ii
! (range 1 day to 3 0.3 years), therefore the patients were

J  asked to recall and qualitatively describe the incidence of

| injury. When asked to report the activity in which they

; were participating at the time of injury 25% said they were

| playing basketball, 21% were playing football, and 21% were

playing soccer. A non-contact mechanism was described in 71I
i
i

i
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(72.%) knees with 38 ACL ruptures occurring while 

decelerating during or just before a change in direction 

and 26 ACL ruptures occurring while landing from a jumping 

event. Those patients injured during a jump-landing often 

reported an irregularity in the playing surface or that 

they landed on an inverted foot. Valgus collapse, or medial 

deviation of the knee relative to the ankle and hip, after

jump-landing was described by nine of the patients

interviewed. When considering all injuries that occurred 

during sports other than skiing, Boden and Garrett (1996) 

stated that the average angle of knee flexion at the time 

of ACL injury was reported to be 20 degrees (range -10 to 

90 degrees).

In addition to the 90 patients interviewed, Boden et 

al. (2000) also reviewed videotapes of 23 separate ACL 

injuries (16 male, 7 female) that were obtained from

professional and collegiate teams from around the country.

| The activities at the time of injury were football (13),

basketball (7), soccer (2), and volleyball (1). A non- 

contact mechanism was found in 15 (65%) ACL injuries, 10 of

j which occurred during a sharp deceleration with or without

' a change of direction and 5 occurred while landing.
|

Internal and external tibial rotation at the time of injury
|
ii
ii
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was minimal, however "valgus collapse of the knee was 

visualized to a variable degree in most injuries sustained 

via a sudden deceleration before a change in direction or a 

single-leg landing mechanism" (p. 576). The occurrence of 

ACL injury during a jump-landing is a trend confirmed by 

several researchers (Arendt et al., 2001; Boden et al.,

2000; Ireland, 2001; Noyes et al., 1983; Olsen et al.,

2004; Teitz, 2001).

Arendt et al. (2001), Ireland (2001), Noyes et al.

(1983), and Teitz (2001) supported that those athletes 

participating in jumping sports are most susceptible to ACL 

injury. Arendt et al. completed a pilot study to generate a 

profile of the ACL-injured athlete. Data for this study 

were collected from the National Collegiate Athletic' 

Association Injury Surveillance System. During the first 

phase of the study 97 (40 male and 57 female) collegiate 

athletes completed an injury questionnaire. The male 

athletes reported that injury occurred while playing 

football (25), soccer (8), basketball (3), lacrosse (2), 

and wrestling (2). The female athletes reported that injury 

occurred while playing basketball (19), soccer (19), 

volleyball (10), field hockey (4), gymnastics (3), softball
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(1), and cheerleading (1). Interestingly, ten of these 97 

subjects reported a prior history of contralateral ACL 

injury. Further inquiry revealed that the mechanism of 

injury for these 107 injuries was planting/pivoting (55), 

landing (28), hyperextension (10), decelerating (8), 

pushing off for jump (3), and unsure (3) (Arendt et al.,

2001).

Noyes et al. (1983) completed a retrospective study to 

analyze the symptomatic ACL-D knee. In total, 103 patients 

(75 male, 28 female) were seen at the Cincinnati Sports 

Medicine Center. The majority of these patients were past

or present high school, collegiate, or recreational
'

j athletes ranging in age from 14.6 to 52.8 years. Thej
subject questionnaire and interview revealed that 78% of 

the ACL injuries were non-contact; 27% occurred while

playing football and 23% occurred while playing basketball;

j  and 22% of the 103 ACL injuries occurred on landing from a
i

■ jumping activity.

! Teitz (2001) reported on the videotape analysis of 14
i

non-contact ACL injuries. Each injury was categorized based
i

on the consensus of a group of observers. The observers 

noted that in basketball the most common mechanism of 

injury included landing a jump or stopping suddenly while
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running down the court. The body position most often 

associated with injury was having the center of gravity 

behind the knee. The lower limb position most frequently 

noted was a knee flexion angle less than 30°, knee valgus, 

external rotation of the foot relative to the knee, and .the 

entire foot in a 'foot-flat' position Specifically, Teitz 

found that 67% of the male basketball players and 55% of 

the female basketball players displayed 0° and 30° of knee, 

flexion at the time of injury. Further analysis also 

revealed that relative to the thigh, knee valgus was 

observed in 33% of the male basketball players and 73% of 

female basketball players. The observation of knee valgus 

during injury allowed Teitz to define the common mechanism 

of injury and to illustrate the predominance of this, 

mechanism in females.

Teitz (2001) also discussed the correlation between 

the kinematics, center of gravity, and anterior translation 

of the tibial. Teitz suggested that when the center of 

gravity falls behind the knee the rectus femoris must act 

as a hip flexor to prevent the athlete from falling 

backwards. The compensatory effort to correct body posture 

places high demand on the rectus femoris as it contracts, 

flexing the hip and concurrently extending the knee,
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possibly creating excessive anterior tibial translation 

(ATT). As will be discussed later, this anterior 

translation of the tibia subsequently places a 

proportionate load on the ACL (Teitz, 2001).

Ireland (2001) reiterated that in jump-landing the . 

knee is often in slight flexion and valgus with the hip 

internally rotated and adducted and the tibia externally 

rotated. Ireland also emphasized that the mechanism of 

injury most often involves an awkward, out-of-control 

landing with forward body movement and the back is 

relatively straight. Ireland suggested that the ideal 

position for jump-landing, or the protective joint 

position, would be with the hip and knee flexed, normal 

lumbar lordosis, and both feet neutral.

Olsen et al. (2004) analyzed specifically the 

mechanism of ACL injuries in team handball. A total of 20 

videotapes of ACL injuries from the Norwegian league or 

international matches were collected from competitive 

seasons completed between 1988 and 2 000. Of the 20 ACL 

injuries 19 occurred during the attacking phase, 12 cases 

involved a plant-and-cut mechanism, 4 cases involved a 

single-leg landing from a jump shot, and 3 occurred when 

the players were running forward or decelerating without
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change of direction (all when landing on one foot). Olsen 

et al. concluded that during both the plant-and-cut and 

single-leg landing mechanism the "injury mechanism appeared 

to be the same, a forceful valgus collapse from a position 

in which the knee is close to full extension combined with 

some rotation of the tibia (external or internal)" (p.

1011). Olsen et al. proposed that the "addition of tibial 

rotation to forceful quadriceps contraction in a valgus 

position may cause impingement of the ACL on the femoral 

condyle" (p. 1010). Therefore, Olsen et al. reiterated the 

high risk position that was described earlier by Ireland 

(2001). Collectively these researchers agreed that the 

primary mechanism of ACL injury involved a non-contact 

event, typically while planting/pivoting, landing a jump, 

decelerating, or changing direction. Most patients reported 

that the activity in which they were participating at the

j time of injury was basketball, football, soccer, or
jj
| volleyball.I
I Gender Differences in Knee Kinematics During Athleticj
| Activity

Retrospective analyses revealed the common mechanism

! of injury and the activities most often associated with ACL

injury (Arendt et al., 2001; Arendt & Dick, 1995; Boden et
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al.; 2000; Ireland, 2001; Malone et al. , 1993; Noyes et 

al., 1983; Olsen et al., 2004; Teitz, 2001). The next step 

was to investigate the specific joint kinematics that 

occurred during those activities associated with ACL 

injury. The activities studied were the forward, vertical, 

and backward stop-jump (Chappell, Yu, Kirkendall, &

Garrett, 2002), running, cross-cutting, side-cutting 

(Malinzak, Colby, Kirkendall, Yu, & Garrett, 2001; McLean, • 

Lipfert, & van den Bogert, 2004), single-leg squat (Zeller, 

McCrory, Kibler, & Uhl, 2003), and a 31-cm drop vertical 

jump (Ford, Myer, & Hewett, 2003) .

Chappell et al. (2002) investigated gender differences 

in knee kinetics displayed during three stop-jump tasks 

(forward, vertical, and backward jump). A stop-jump task 

consisted of an approach with up to three steps followed by 

a two-footed landing with each foot landing on a separate 

forceplate and a two-footed takeoff for maximum height.

Each of the 20 subjects (10 male, 10 female) reported to be 

a healthy, recreational athlete. Using four video cameras, 

two Bertec 4060A forceplates and 13 retroreflective markers 

the researchers were able to analyze the following: peak 

knee joint anterior-posterior shear forces; flexion- 

extension moments; and valgus-varus moments, identified
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during the landing and takeoff in each stance phase. The 

landing phase was defined as the first part of a stance 

phase from initial foot contact with the ground to the 

first local minimum of the vertical ground-reaction force 

in a stop-jump task. Joint-resultant forces and moments at 

the knee were estimated using an inverse dynamic procedure 

and a MotionSoft Kinetic system version 4.0 with modified 

Clauser's segment inertia parameters. The data were 

translated to the tibial reference frames and deconstructed 

into shear forces and moment components (Chappell et al.,

2002) .

Chappell et al. (2002) found that female athletesIIi
exhibited significantly greater peak proximal tibia 

anterior shear force during all three stop-jump tasks.

Female athletes exhibited a knee extension moment at the

I peak proximal tibia anterior shear force when jumping
!
! forward and greater knee extension moments when jumping

vertically. Female athletes also exhibited valgus moments 

! at the peak proximal tibia anterior shear force while male

: athletes exhibited varus moments when jumping vertically

and backward. Anterior shear force, knee extension moments,

: and valgus moments all place the ACL under an excess amount

of stress predisposing the ligament to injury.
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Malinzak et al. (2001) compared three-dimensional (3D)

knee joint motions (flexion-extension, varus-valgus, and 

internal-external rotation of the tibia relative to the 

thigh) and electromyographic (EMG) activities of the 

quadriceps and hamstring muscle groups between 11 male and 

9 female recreational athletes in running, cross-cutting, 

and side-cutting. During each of the activities the subject 

was asked to hit the marked area with the dominant foot and 

either continue running straight, change the direction to 

the non-dominant side approximately 45°, or change the 

direction to the dominant leg side approximately 45° from 

the approach run direction, respectively.

Malinzak et al. (2001) reported that female subjects 

had a significantly decreased knee flexion angle and • 

increased knee valgus angle than the male subjects in all 

three athletic tasks. Analysis of the normalized integrated 

EMG signals from the vastus lateralis, vastus medialis 

oblique, biceps femoris, semimembranosus, and 

semitendinosus revealed that female subjects had less 

hamstring muscle activation than male subjects during all 

three of the selected athletic tasks. The combination of 

kinematic and EMG data presents a possible correlation for
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the risk factors associated with ACL injury (Malinzak et 

al., 2001).

Zeller et al. (2003) analyzed kinematic and EMG data 

for 18 (9 male, 9 female) healthy, intercollegiate athletes 

while performing a single-leg squat. The goal was to 

identify gender differences related to the possible risk 

factors for non-contact ACL injury. Surface electrodes were 

placed over the rectus femoris, vastus lateralis, medial 

gastrocnemius, biceps femoris, gluteus maximus, gluteus 

medius, rectus abdominis, and erector spinae of the 

dominant extremity, while kinematic reflective markers were 

placed on the subject according to the standard Cleveland 

Clinic marker setup.

Zeller et al. (2003) found that the female athletes 

demonstrated significantly more ankle dorsiflexion, ankle 

pronation, hip adduction, hip flexion, and hip external 

rotation. The mean (with standard deviation in parenthesis) 

maximum hip adduction for males and females was 14.6 (5.4°) 

and 17.8 (6.3°)/ respectively. Female athletes also 

demonstrated greater maximum valgus ranges throughout the 

squat activity (mean, standard deviation) (males 5.1, 4.9°; 

females 7.0, 7.0°), while male athletes displayed a more 

varus dominant motion (males 14.4, 13.1°; females 6.4,
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8.5°). The common tendency for female athletes to display 

greater hip adduction and knee valgus angle corresponds to 

the common mechanism for ACL injury as described by Ireland 

(2001) and Teitz (2001). While Zeller et al. (2003) 

investigated neuromuscular deficiencies at the hip, Ford- et 

al. (2003) focused on the muscular control of those muscles 

that cross the posterior knee joint (medial/lateral 

hamstrings and gastrocnemius).

Ford et al. (2003) observed 47 female and 34 male high 

school basketball players during a 31-cm drop vertical jump 

task. This group of researchers proposed that female 

athletes would demonstrate greater valgus knee motion and 

posses greater dominant-to-non-dominant differences in 

valgus knee angle at landing. Eight digital cameras, -two 

force platforms, and 23 retroreflective markers' were used 

to record, synchronize, and analyze knee angle at initial 

contact and the maximum valgus angle obtained during stance 

(phase from initial contact to toe off into vertical jump). 

Vertical ground reaction force was used to identify the 

time at initial contact with the ground and at toe off from 

the jump. Valgus knee motion in the coronal plane was 

measured by both total valgus knee displacement along the 

medial-lateral axis and varus-valgus angles during the drop
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vertical jump. Bilateral valgus knee motion was measured as 

a change in distance between the right and left lateral 

knee markers during the drop vertical jump. Total valgus 

knee motion was defined as the difference between the 

distances recorded 0.03 s before initial contact and the’ 

minimum knee distance (valgus maximum) during the stance 

phase (Ford et al., 2003).

Ford et al. (2003) found that knee distance 0.03 s 

before initial contact was recorded as 39.3 (0.4 cm) for 

females and 39.8 (0.6 cm) for males. Females displayed a 

greater valgus maximum than males, 32.1 (0.6 cm) and 34.6 

(0.8 cm), respectively. Therefore, total valgus knee motion
j

was reported as 7.3 (0.5 cm) for females and 5.3 (0.6 cm) 

for males. Accounting for height differences, these 

researchers also normalized total valgus knee motion to 

height and once again found significance (female 0.043,

j 0.003 cm/height; male 0.029, 0.003 cm/height).
i
' The second approach used by Ford et al. (2003) to
|
| measure valgus displacement was to analyze the varus-valgus
i
j angles obtained during the stance phase of the drop

vertical jump. Varus-valgus knee joint angles were

I calculated from the 3D Cartesian marker trajectories and

embedded joint coordinate system of the motion analysis

(
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J system. Ford et al. reported that female subjects displayed|
j a significantly higher maximum valgus knee angle than the

male subjects on their dominant side (male 16.1, 2.1°; 

female 27.6, 2.2°) giving a gender difference of over 11*. 

Observing the increase in valgus motion, Ford et al. 

therefore suggested that the "absence of dynamic knee joint
j

stability may be responsible for increased rates of knee 

injury in females" (p. 1745). The deficiency in 

neuromuscular control of the femoral adductors and internal 

rotators may cause the athlete to use the kinematic 

patterns most often associated with ACL injury (Ireland, 

2001; Teitz, 2001).

McLean et al. (2004) also observed gender differences 

in knee joint kinematics and forces during sidestep 

cutting. McLean et al. monitored 16 (8 male, 8 female) 

j active adults during sidestep cutting maneuvers using a

! six-camera video system (Motion Analysis Corp., Santa Rosa,

I CA). With 16 reflective markers attached to the right leg

these researchers obtained 3D coordinates for hip, knee,
j

j and ankle joint kinematics. Each sidestep cutting maneuver

was performed with an approach speed of 4.5 - 5.5 m/s and a

: cutting angle of 30 - 40° from the original movement

direction. McLean et al. found that, compared to males, the
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females displayed larger peak (deviation from neutral) knee 

valgus (12.1, 4.5°; 14.2, 5.2°) and rearfoot pronation 

angles (1.5, 4.9°; 7.1, 6.8°) and smaller peak hip flexion 

(54.1, 11.0°; 43.2, 7.5°), hip abduction (33.1, 8.9”; 26.7, 

5.5°), hip internal rotation (14.6, 7.8°; 8.4, 7.4°), knee 

flexion (63.1, 9.5°; 57.2, 7.7°), and knee internal 

rotation (19.2, 5.9°; 14.3, 5.4°) during sidestepping 

compared with the males. The females displayed synchronous' 

peaks in external hip rotation, knee valgus, and ground 

reaction forces along with an increase in rearfoot 

pronation, which McLean et al. utilized to describe the 

biomechanical interaction of the entire lower extremity as
i
j it may contribute to non-contact ACL injury (McLean et al.,

2004).

Focusing on frontal plane knee kinematics, McLean et 

al. (2004) explained that a 2° difference in peak valgus
i
| may appear insignificant, but "this can lead to a 40 Nm

change in valgus moment" (p. 1013). McLean et al.
I
! acknowledged that "It is possible that in women, knee
i
! valgus is more sensitive to neuromuscular control at the

hip because of differences in limb alignment and joint

■ laxity" (p. 1014). McLean et al. purposed the following

! mechanism:
i
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i
i Increased hip external rotation in females will cause
i

| increased valgus and pronation. With increased

j external rotation of the limb, valgus load becomes
(

more sensitive to the amount of hip rotation and women
I

compensate for this by controlling their hip rotatipn 

more tightly. When this control diminishes, due to 

fatigue or an unexpected perturbation, valgus may rise 

to a level where ACL injury occurs, (p. 1014)

McLean et al. thus concluded that females are more
i

susceptible to ACL injury due to the relationship between 

biomechanics and neuromuscular control of the lower 

| extremity.I
| Collectively Chappell et al. (2002), Ford et al.

(2003), Malinzak et al. (2001), McLean et al. (2004) ,. and

Zeller et al. (2003) agree that females exhibit greater 

| knee extension, knee valgus, hip adduction, and foot
t
| pronation during normal athletic activity. Ford et al.

(2003), Malinzak et al. (2001), and McLean et al. (2004),
i

' proposed that these gender differences in joint kinematics
i
I are a result of dynamic joint instability and deficiencies

in neuromuscular control. These deficiencies result in poor 

biomechanics which may place excess strain on the ACL.
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Joint Kinematics and Structures 

That Effect the Amount of Strain Placed on the ACL 

The ligamentous structures of the knee passively 

contribute to joint stabilization due to their orientation 

within and between the articulating surfaces of the tibia 

and femur (Arnheim & Prentice, 2000; Marieb, 2001) . Marieb 

(2001) described that the "anterior cruciate ligament 

attaches to the anterior intercondylar area of the tibia. . 

From there it passes posteriorly, laterally, and upward to 

attach to the femur on the medial side of its lateral 

condyle" (p. 266). Due to the orientation of the ligament 

in the knee joint this ligament "prevents forward sliding 

of the tibia on the femur and checks hyperextension of the 

knee" (p. 266) . Overall, Arnheim and Prentice (2000), stated 

that the ACL "stops excessive internal rotation, stabilizes 

the knee in full extension, and prevents hyperextension"

(p. 521). Marieb and Arnheim and Prentice described the 

general function of the ACL due to the orientation of the 

ligament in the knee, however, in athletics it is more 

important to understand the relationship between joint 

kinematics and the subsequent alignment of the ACL. This 

relationship describes the capacity of the ACL to provide
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dynamic joint stability and the susceptibility of the ACL
i

to injury during athletic activity.

Kelley (1971) emphasized that ligament contribution to

joint stability is dependent on knee joint position.

Capsular ligaments and the ACL are taut during full

extension while the PCL is taut in full flexion. As the

knee begins to flex the lateral collateral ligament,

portions of the medial collateral ligament, and the ACL

begin to loosen (Kelley, 1971). Arnheim and Prentice (2000)

emphasized that "relaxation of the more superficial

collateral ligaments allows [tibial] rotation to occur" (p.

521). Thus, knee joint instability increases with increased

knee flexion.

Matsumoto et al. (2001) supported that structures

other than the ACL or MCL (i.e., joint capsule) may also

provide significant joint stability at full extension.

Matsumoto et al. examined the roles of the ACL and the
f medial collateral ligament in preventing valgus

instability. Using six fresh-frozen cadaveric knee

specimens Matsumoto et al. measured both the magnitude of

the medial joint space opening and the valgus rotation

angle produced before and after severing the ACL and/or

MCL. An apparatus was constructed to stabilize the femur
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and apply a constant valgus torque to the tibia (average, 

12.2 Nm). The valgus rotation angle, magnitude of the 

medial joint space opening, and tibial rotation angle were 

measured at each 5° increment from full flexion to 90° of 

flexion using biplanar photography. Matsumoto et al. found 

that severance of the ACL significantly increased the 

valgus rotation angle and internal tibial rotation angle 

throughout the range of flexion with the largest increase . 

observed at flexion angles between 20° and 40° and 15° and 

40°, respectively. These researchers thus supported the 

notion that the ACL plays a significant role in knee joint 

stability between 15“ and 40° of flexion.

Severance of the ACL and/or MCL significantly affected 

valgus rotation angle and tibial rotation angles throughout 

the range of knee flexion, except at full extension 

(Matsumoto et al., 2001). Therefore, Arnheim and Prentice

(2000), Kelley (1971), Marieb (2001), and Matsumoto et al.

(2001) agree that the MCL, LCL, ACL, and joint capsule 

collectively provide peak joint stability at full knee 

extension and then become lax as the knee flexes. Knee 

joint stability has been sacrificed to provide a more 

functional range of motion, however increased collateral
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ligament and capsular laxity expose the ACL to increased 

strain.

Knee flexion/extension occurs along the medial-lateral 

axis, internal/external tibial rotation occurs along the 

superior-inferior axis, while varus/valgus motion occurs 

along the anterior-posterior axis (Malinzak et al. 2001).

All of these motions are seen during normal daily activity, 

however an excess of one or all of these motions may 

compromise the integrity of the knee joint structures, 

particularly the ACL. Markolf et al. (1995), Fukuda et al. 

(2003), Butler et al., (1980), and Bendjaballah, Shirazi-

Adl, and Zukor (1997) investigated relative strain placed 

on the ACL due to the application of anterior-posterior 

tibial force, internal-external tibial torque, and/or. 

varus-valgus torque at various flexion angles.

Markolf et al. (1995) used 14 fresh-frozen cadaveric 

knee specimens to analyze individual loading states and 

combinations of ATT, tibial rotation, and/or varus-valgus 

angular displacement that generate the highest forces 

within the ACL. A modified loading apparatus was used to 

apply constant anterior tibial force (100 N), internal- 

external tibial torque (10 Nm) , and/or varus-valgus moments 

(10 Nm) through 95* of passive knee range of motion. The
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knee loading apparatus attached the femur to a flexion- 

extension bar, had a weighted undercarriage attachment to 

apply anterior tibial force, a weighted horizontal rod to 

apply internal-external torque, and a weighted cord and 

pulley to apply varus-valgus moments to the tibia.

Resultant forces in the ACL were measured by attaching a 

load cell to a bone cap containing the tibial insertion of 

the ACL. Markolf et al. utilized the baseline load of 

anterior tibial force (100 N) to generate that which is 

seen in vivo from high quadriceps activity typical during 

athletic activity. The femur was extended manually at 

approximately 10“/sec from 90“ of flexion until 5“ of 

hyperextension was reached.

Markolf et al. (1995) tested 14 knee specimens ,to 

evaluate resultant ligament forces during five isolated 

loading tests (anterior tibial force, varus moment, valgus 

moment, internal tibial torque, and external tibial torque) 

and eight paired combination tests. Resultant ligament 

forces and angle of knee flexion was recorded continuously. 

Baseline loading was set by the primary load applied 

(anterior tibial force, internal tibial torque, or external 

tibial torque) and statements about the resultant forces 

were based on the increase or decrease in ligament forces
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after secondary loads were applied (internal tibial torque, 

external tibial torque, varus moment, or valgus moment). 

Markolf et al. found that ligament force was equal to the 

isolated anterior tibial force at 30° of flexion and equal 

to 150% of the applied anterior tibial force at full 

extension. Application of isolated internal torque 

increased the mean ligament force at all flexion angles.

When the valgus moment was added to the primary internal 

torque load the ligament force increased from 10° to 70° of 

knee flexion. Markolf et al. concluded that anterior tibial 

force combined with either internal tibial torque (near 

extension) or valgus moments (more than 10° of flexion) 

produced high ACL forces presenting a greater risk for 

injury to that structure.

Fukuda et al. (2003) confirmed the results found by 

Markolf et al. (1995). Fukuda et al. analyzed knee

kinematics and in-situ force in the ACL in response to a 

valgus torque. A .robotic/universal force moment sensor 

testing system was used to apply 0.0, 0.7, 1.7, 3.3, 5.0, 

6.7, 7.5, 8.3, and 10.0 Nm of valgus torque to 10 fresh- 

frozen human cadaveric knee specimens positioned passively 

into knee flexion angles of 0°, 15°, 30”, 45°, 60°, and 

90°. Force, moment, and kinematic data were collected
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before and after the ACL were arthroscopically transected 

to provide data on the intact and ACL-D knee. Fukuda et al. 

found that in-situ force on the ACL and ATT increased 

directly with the amount of valgus torque applied at all 

flexion angles. Specifically, these researchers found that 

in-situ force at 15", 30', and 45° (37.0 N) was 

significantly greater than the force at O', 60°, and 90° 

(22.4 N). Fukuda et al. thus emphasized the influence of 

both valgus force and knee flexion angle on the in-situ 

force of the ACL.

Butler et al. (1980) tested 14 cadaver preparations to

evaluate ligamentous restraints to anterior and posterior 

tibial displacement. Structures accounted for in this study 

were the anterior and posterior cruciate ligaments, medial 

and lateral collateral ligaments, the popliteus 

musculotendinous unit, the medial and lateral capsules, the 

iliotibial band, ant the iliotibial tract. Other structures 

that were accounted for and sectioned accordingly were the 

posterior oblique ligament and the ligaments of Humphrey 

and Wrisberg. Each knee segment was mounted and secured to 

the load cell whereupon an anterior-posterior displacement 

of 5 mm was conducted at joint-displacement rates of 1, 2, 

20, and 40 mm/s. These researchers analyzed the force
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required to cause 5 mm of either anterior or posterior 

displacement. The restraining force was measured using a 

Lebow Model 6467-103 tension/torsion cell with a capacity 

of ± 10,000 newtons (± 2200 pounds) of force. The 

contribution of each ligamentous or capsular structure was 

calculated by subtracting the restraining force that was 

required after cutting the ligament from the force prior to 

the cut (Butler et al., 1980).

Butler et al. (1980) found that at 90“ of knee flexion

the restraining force after 5 mm of anterior displacement 

in the intact knee was 439.6 (28.1 N). At 30“ of flexion, 

on the other hand, only 333.3 (50.5 N) of force was 

required to obtain the 5 mm of anterior displacement. The 

fact that less force was required may suggest that the 

ligamentous and capsular structures are collectively less 

capable of resisting ATT at 30” of flexion as compared to 

90“ of flexion. Butler et al. also found that at 90“ 

flexion the ACL provided 85.1 (1.9%) of the restraining 

force, while at 30” of flexion the ACL provided 87.2 (1.6%) 

of the restraining force. The change in force distribution 

could indicate either an increase in the efficiency of the 

ACL to decrease ATT or that secondary ligamentous and 

capsular structures have become less efficient at 30“ of
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flexion. Either way the ACL is accepting a greater portion

of the strain at 30” of flexion, which increases the

vulnerability of the ACL (Butler et al., 1980).

Bendjaballah et al. (1997) used computer-assisted

tomography and finite element modeling to develop a

realistic 3D tibiofemoral model. The researchers completed

a non-linear elastostatic finite element analysis of the

tibiofemoral joint at full extension under varus-valgus

moments of up to 15 Nm. Emphasis was placed on the

mechanical role of various knee ligaments during varus and

valgus stress and the subsequent strain within the ACL.

Bendjaballah et al. explained that in varus and valgus

rotations, motion was primarily resisted by the collaterals

and secondly by the cruciates and the joint capsules.

Bendjaballah et al. (1997) found that during

application of the 15 Nm valgus moment, the force within

the ACL was about [13 0 N] with the coupled femoral axial

rotations constrained. After sectioning the collateral

ligaments, a 10 Nm valgus moment was then applied and the

force placed on the ACL increase to about 300 N.

Elimination of the MCL thus makes the ACL more vulnerable

to injury. Kelley (1971) explained that during knee flexion

the collateral ligaments naturally become lax due to their
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orientation on the knee joint. Therefore Bendjaballah et 

al. supported the notion that the ACL may be more 

vulnerable to injury in the slightly flexed position, which 

is supported by the commonly described mechanism of ACL 

injury (Boden & Garrett, 1996; Ireland, 2001; Olsen et al., 

2004; Teitz, 2001).

Lutz, Palmitier, and Chao (1993) compared tibiofemoral 

shear forces, tibiofemoral compression forces, and EMG 

activity during isometric open- and closed-kinetic-chain 

exercises. Electromyographic activity of the quadriceps and 

hamstrings was recorded as five subjects (4 male, 1 female) 

performed three maximum isometric contractions at 30°, 60°, 

and 90° of knee flexion during each exercise. Lutz et al. 

found that the maximum posterior shear force (stress on the 

ACL) occurred during the open-kinetic-chain extension 

exercise (isoloated quadriceps contraction) at 30° of knee 

flexion (285, 120 N). Lutz et al. also noted that during 

the closed-kinetic-chain exercise maximum hamstrings co

contraction was observed at 30° of knee flexion. The 

posterior shear force measured at 30° of knee flexion 

during the open-kinetic-chain extension exercise suggests 

an unstable joint position, while the noted increase in 

hamstrings activity during the closed-kinetic-chain
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exercise at 30° of knee flexion may occur as a compensatory 

mechanism to stabilize the knee joint (Lutz et al., 1993).

Using a robotic/universal force-moment sensor (UFS) 

testing system to create internal and valgus loads,

Kanamori et al. (2000) examined 12 fresh-frozen human 

cadaveric knees to compare resultant knee kinematics and 

forces in the ACL. Each specimen was tested under 2 

external loads: a simulated pivot shift test (10 Nm of 

internal tibial torque plus 10 Nm of valgus torque); and an 

isolated internal tibial torque (10 Nm) at full extension, 

15°, 30°, 60°, and 90° of knee flexion. All tests were 

performed on the intact knee and repeated after the ACL had 

been arthroscopically transected.

Under the isolated 10 Nm internal tibial torque 

condition Kanamori et al. (2000) found that internal tibial

rotation of the intact knee increased with increasing knee 

flexion and ATT peaked (8.1, 3.7 mm) at 30° of knee 

flexion. Transection of the ACL created an increase in 

internal tibial rotation at all flexion angles and 

significant increases in ATT at all angles, except for 90° 

of knee flexion. The increase in internal tibial rotation 

and ATT suggests the functional significance of the ACL in 

preventing such motions. Under the simulated pivot shift
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test condition internal tibial rotation of the intact knee

increased with increasing knee flexion and ATT peaked (9.5,

1 3.9 mm) at 30” of knee flexion. Transection of the ACL

created minimal increases in internal tibial rotation, but 

ATT increases significantly at all angles, except for 90” 

of knee flexion. The largest magnitude of ATT with ACL 

deficiency was 12.5 (3.5 mm) at 30” of knee flexion. Along 

with the increase in ATT from the isolated internal 

rotation condition to the pivot shift condition Kanamori et 

al. also noted a consistent increase in internal tibial 

rotation. For example, with the intact knee at 30” of 

flexion internal tibial rotation increased from 20.5 (3.5”)

I to 22.3 (3.5°) with the addition of the 10 Nm of valgus

torque. Interestingly ATT also increased between testing 

conditions from 8.1 (3.7 mm) to 9.5 (3.9 mm). With these 

results Kanamori et al. supported that internal tibial 

rotation increases ATT, valgus increases internal rotation, 

therefore valgus increases ATT.

Based on the findings by Kanamori et al. (2000), one 

would expected that in-situ force in the ACL would peak at 

30” of knee flexion. However, Kanamori et al. found that 

under the simulated pivot shift test the in-situ force in 

the ACL was 83 (16 N), 93 (23 N), and 64 (34 N) at full
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extension, and 15° and 30° of knee flexion, respectively. 

Anterior tibial translation in the intact knee under the 

simulated pivot shift test was 3.7 (1.9 mm), approximately 

6 mm, and 9.5 (3.9 mm) at full extension, and 15° and 30° 

of knee flexion, respectively. Therefore, Kanamori et al! 

did not find a direct relationship between ATT and in-situ 

force on the ACL, however the peak in-situ force on the ACL 

was 93 (23 N) which corresponded to 15° of knee flexion 

where the largest increase in ATT (4 mm) occurred after 

transaction of the ACL.

Internal tibial rotation and valgus rotation both 

increase ATT (Fukuda et al., 2003; Kanamori et al., 2000). 

Internal tibial rotation, valgus rotation, and ATT all 

increase in-situ force on the ACL (Fukuda et al., 200'3 ; 

Kanamori et al., 2 000; Lutz et al., 1993; Markolf et al., 

1995). The collateral ligaments and joint capsule provide 

secondary support to decrease strain placed on the ACL 

during kinematic activity (Arnheim, & Prentice, 2000;

Kelley, 1971; Matsumoto et al., 2001). However, as the knee 

flexes the collateral ligaments become lax, increasing the 

workload placed on the ACL as it resists internal tibial 

rotation, valgus rotation, and ATT (Kelley, 1971). Butler 

et al. (1980), Fukuda et al. (2003), Kanamori et al.
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(2000), Lutz et al. (1993), Markolf et al. (1995), and

Matsumoto et al. (2 001) stressed the apparent increase in

demand placed on the ACL between 15° and 45", especially

near 30°, of knee flexion.

Ligament-Muscle Teamwork Compensates for Ligament Laxity

Considering the variability in the structural support

provided by ligaments during activity, Kelley (1971)

emphasized that "ligament-muscle teamwork" (p. 221) is

vital to dynamic stability of the knee joint. As the knee

moves through its range of motion there is a synergistic

relationship that exists between the ligamentous and

tendonous units to orchestrate the arthrokinematic (roll

and glide) motions of the joint. Ligaments and muscle

tendons cross the knee joint and attach onto the tibia and

fibula, providing valuable stability to the knee joint.

Marieb (2001) and Kelley (1971) agreed that the knee

capsule is heavily reinforced by muscle tendons. Anterior

stabilization of the knee joint is primarily provided by

the rectus femoris as it spreads inferior and attaches via

the patellar tendon. Lateral stabilization is provided by
j

| the lateral collateral ligament and the actions of the

tensor fascia lata and gluteus maximus (via the iliotibial
i| tract), biceps femoris, and popliteus tendons. Medial.
i1II
!
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stability, similarly, is a function of the medial 

collateral ligament, and the actions of the gracilis, 

sartorius, and semimembranosus. The tendon of the 

semimebranosus also provides structural support to the 

posterior aspect of the knee (Marieb, 2001).

Marieb (2001) suggested that, "since the muscles 

associated with the joint are the main knee stabilizers, 

the greater their strength and tone, the less the chance of 

knee injury" (p. 266). During jump-landing, or upon 

initiation of knee joint flexion, the coactivation of 

agonist and antagonist muscle groups is critical to 

functional knee joint stabilization. Latash (1998) defined 

the agonist muscle as that "whose activation accelerates 

the limb or increases joint torque in a required direction"

i (p. 91). The antagonist, on the other hand, is the "muscle
!

whose activation breaks the movement or resists joint

j torque developed by the agonist" (p. 91). Both groups areII
i extremely critical contributors to joint stability inj
I isometric, isotonic, and isokinetic joint motion.
ii| Therefore, it is critical to consider the interaction
i

■ between muscle activity, joint stability, and athletic

inj ury.
i
iI
i
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Knapik, Bauman, Jones, Harris, and Vaughan (1991) 

illustrated the relationship between muscular imbalance and 

athletic injury. Knapik et al. (1991) assessed preseason 

strength and flexibility imbalances associated with 

athletic injuries in female collegiate athletes. Testing 

was completed on a total of 138 female, Division III, 

collegiate athletes participating in soccer, volleyball, 

field hockey, tennis, fencing, basketball, squash, and 

lacrosse. Strength and flexibility tests were administered 

during preseason and then each team was monitored 

throughout the season for the incidence of injury. Flexion- 

extension torque was measured using the Cybex II isokinetic 

dynamometer at angular velocities of 30°/s and 180“/s. 

Knapik et al. demonstrated that at 180°/s athletes with a 

hamstring torque less than 75% of the quadriceps were 1.6 

J  times more likely to get injured than those with relatively
I
! stronger hamstrings.
j
! As was stated earlier by Kelley (1971), Knapik et al.
I

(1991) reiterated that ATT is primarily restricted by the
i
j  ACL, but the hamstring muscles provide secondary support to
!
i  reduce the amount of strain placed on the ACL. Thus it was

! no surprise that a decreased hamstring torque or imbalance

! between the quadriceps and hamstrings was related to the
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incidence of injury. Collectively Kelley (1971), Knapik et 

al. (1991), and Marieb (2001) suggest that a

musculotendenous unit provides both passive and active 

support during dynamic activity. The tissue fibers 

reinforce the knee joint capsule while the orchestrated ' 

agonistic and antagonistic contractions control the 

arthrokinematic roll and glide of the joint surface. 

Subsequently, many researchers (Heidt, Sweeterman,

Carlonas, Traub, & Tekulve, 2000; Hewett et al., 1999) have 

investigated the effect of strength training on the 

incidence of injury. Before discussing the outcome of these 

studies it is important to first consider the. rationale 

behind their design: muscle activity in response to 

extraneous knee joint motion, muscle contributions to knee 

joint stability, and the mechanical disadvantage of the 

medial hamstrings in protecting the ACL.

Muscle Activity In Response to Extraneous Knee Joint Motion 

In order to improve knee joint stability via strength 

training, researchers (Besier, Lloyd, & Ackland, 2003; 

Besier, Lloyd, Cochrane, & Ackland, 2001; Buchanan, Kim, & 

Lloyd, 1996; Huston & Wojtys, 1996; Solomonow et al., 1987; 

Wojtys & Huston, 1994) had to first identify those muscles 

that contribute to knee joint motion and stability. Lloyd
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and Buchanan (2001) analyzed the different knee muscles 

(biceps femoris, semitendinosus, semimembranosus, rectus 

femoris, vastus medialis, vastus intermedius, tensor fascia 

lata, gracilis, sartorius, and gastrocnemius) that produce 

varus and valgus moments. Testing 10 healthy young male ' 

subjects, Lloyd and Buchanan collected force, moment, and 

EMG data during the performance of various combinations of 

isometric flexion, extension, varus, and valgus activity. 

Each subject was seated with his shin cast into a six 

component load cell and instructed to abduct or adduct his 

hip to produce a 23.0 ± 7.5 Nm force in the transverse load 

plane at each of 18 prescribed radial force directions.I
Four repetitions were performed at each of the 18 force 

directions as the knee was passively held at knee flexion 

angles of 40”, 50”, 60°, 70”, 80”, and 90”, resulting in 

432 individual trials. A radial force direction of 0”, 90”, 

180”, and 27 0” corresponded to a pure valgus, extension,

| varus, and flexion moment, respectively.

j Lloyd and Buchanan (2001) used mean muscle response,
|
! loads, and joint angles from each force direction and knee

! angle to develop a biomechanical model of the lower limb

! and muscles. The model was then used to estimate muscle

I forces and muscle/soft tissue contribution to total joint
|
i
i
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moment. Soft tissue in this study was said to include the 

cruciate ligaments, collateral ligaments, joint capsule, 

and iliotibial band (Lloyd & Buchanan, 2 001).

Lloyd and Buchanan (1996) had completed an earlier 

study using the same testing protocol and reported that ’ 

soft tissue structures supported 87% and 78% of the 

external pure valgus and varus moments, respectively. Four 

percent of each valgus/varus load was supported by passive ’ 

muscle moment, which meant that the average active muscle 

contribution in pure valgus was 9% and 18% in pure varus.

In the more recent study Lloyd and Buchanan (2001) reported 

more specifically on the muscle contributions, to the 

external varus-valgus moments. Lloyd and Buchanan (2001) 

found that the co-contraction of the hamstrings and • 

quadriceps produced significantly more moments than each of 

the other muscles.

| Lloyd and Buchanan (2001) also found an increased

; contribution of the gracilis towards the support of the
i

Ij valgus load as the knee was closer to 40' of extension.

j Lloyd and Buchanan (2001) suggested that the increased
i

! moment arm is a direct result of the knee joint positiont
iJ  because the muscle becomes more perpendicular to the tibial

j plateau as compared to the knee in flexed positions. The
J
iiI
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gastrocnemi, on the other hand, did not apparently 

contribute much to knee motion, however it was suggested 

that this may have been due to the flail positioning of the 

ankle, as written in the testing protocol. Lloyd and 

Buchanan (2001) concluded that the knee muscles were not' 

sufficient to independently support the varus-valgus loads, 

however resulting activation patterns indicate selective 

use in contributing to joint stability.

Solomonow et al. (1987) illustrated the synergistic 

action of the ACL and thigh muscles in maintaining joint 

stability. Electromyographic data were used to analyze the 

secondary role of the capsule-hamstring reflex arc in 12 

adult ACL-D patients and the ligament-hamstring reflex arc 

in six adult cats. The ACL-D human patients were 

instrumented with EMG surface electrodes placed over the 

quadriceps and hamstrings. Each subject was monitored while 

being tested on the Cybex II isokinetic dynamometer. With
!

the dynamometer set at 15°/s, knee torque and angle were 

continuously measured along with the mean absolute value of 

the EMG during knee flexion and extension between 0° and 

90' of flexion. Solomonow et al. found that for the ACL-D 

patients, subluxation of the knee during extension 

typically occurred at about an angle of 37" to 46°. Along
i
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with this subluxation, or near subluxation, was a 

simultaneous reduction in the quadriceps mean absolute 

value and significant increase in hamstring mean absolute 

value. The quadriceps creates anterior translation of the 

tibia on the femur, whereas the hamstrings reduce this • 

motion (McNair & Marshall, 1994) . Therefore, the observed 

muscle reflex pattern may occur to stabilize the knee joint 

Solomonow et al., 1987).

Solomonow et al. (1987) used the cats to monitor EMG 

activity of the quadriceps and hamstrings during loading of 

the ACL. With the tibia and femur stabilized, a steel wire 

was used to apply a tensile force to the ACL. Solomonow et 

al. established an ACL-hamstring reflex arc in that they 

observed an increase in hamstring activity and short', low- 

level, transient activity in the quadriceps during ACL 

loading. With this evidence Solomonow et al. speculated 

that the hamstrings are a load regulator of the knee during 

extension when the ligament is overloaded or when the 

configuration of the knee, as detected by the capsule, 

compromises the stabilizing capabilities of the ACL. Based 

on the existence of the human capsule-hamstring and cat 

ACL-hamstring reflex arcs, Solomonow et al. hypothesized
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that strength training of the hamstring muscles could help 

prevent damage to the intact ACL.

Huston and Wojtys (1996) investigated gender 

differences in lower extremity muscle strength and 

endurance, anterior knee laxity, and muscle recruitment - 

order and reaction time in response to ATT. The 

participants chosen for the study included 40 female and 60 

male elite athletes and two groups of 40 female and male 

non-athletes. Each of the participants submitted a 

subjective knee function and activity level survey and was 

evaluated based on arthrometer measurements of ATT, 

isokinetic dynamometer (Biodex) strength and endurance, and 

neuromuscular response to ATT.

Huston and Wojtys (1996) first tested each subject on 

the Biodex Medical System for strength and endurance of the 

quadriceps and hamstrings at 60“/s and 240“/s. Anterior 

tibial translation stress tests were then conducted using a 

knee testing apparatus. Seated with the knee at 30° of 

flexion and foot fixed at 10 - 15“ of dorsiflexion, this 

apparatus applied an anteriorly directed 30-lb step force 

to the proximal end of the posterior aspect of the lower 

leg. Two linear potentiometers were used to measure ATT 

during relaxed and response conditions. Muscle activation
t
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of the lower leg was recorded using surface EMG at five 

muscle locations: lateral and medial quadriceps; lateral 

and medial hamstring; and gastrocnemius. In total, 10 

trials were used to calculate the mean ATT under relaxed 

conditions. In the response conditions, the subject was' 

asked to resist the ATT as soon as they felt tibial 

movement. Time to the initiation of tibial movement was 

randomized to prevent the anticipation of the force 

application. Muscle activity and reaction time were 

recorded for ten trials (Huston & Wojtys, 1996) .

Huston and Wojtys (1996) discovered that "the female 

control group produced the greatest degree of anterior 

tibial translation in both the relaxed and response tests" 

(p. 429) . Overall, the female groups displayed decreased 

quadriceps and hamstring muscle activation and endurance. 

Interestingly, the female athletes showed a 102 ms slower 

average knee flexion time-to-peak torque, which suggests a 

decreased neuromuscular efficiency for hamstring muscle 

recruitment in comparison to the male subjects. The 

apparent deficiency in hamstring activation has been 

investigated as a contributing factor to ACL injury as it 

may create reactive instability at the knee.
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When Huston and Wojtys (1996) analyzed their data 

further they found that "the female athletes generated 

maximum torque in the hamstring muscles an average of 11 ms 

after the quadriceps muscle response," (p. 430) whereas the 

male groups generated hamstring muscle peak torque 3 to’6 

ms before the quadriceps muscle. The pattern of muscle 

recruitment had been investigated earlier by the same group 

of researchers (Wojtys & Huston, 1994). In the earlier 

study Wojtys and Huston (1994) specifically compared the 

neuromuscular function of the lower extremity in 40 normal 

and 100 ACL-D volunteers. Muscle activity was classified as 

part of a spinal cord reflex, intermediate (spinal 

cord/brain stem) response, or voluntary (cortical) 

neurological process.

Looking closely at the intermediate response, Wojtys 

and Huston (1994) noted that normal extremities favored the 

initial use of the hamstrings in response to ATT while the 

uninvolved extremities of the ACL-D individuals favored a 

quadriceps-hamstrings-gastrocnemius recruitment pattern. 

Wojtys and Huston accounted for the initial use of the 

quadriceps muscle to a quadriceps-dependent extremity. They 

stated that "since the quadriceps muscle is an ACL 

antagonist muscle, its initial recruitment in the
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intermediate response may actually represent a risk factor 

for ACL injury" (p. 101). Wojtys and Huston therefore 

suggested that the normal extremities have remained injury- 

free because of the use of the hamstrings in protecting the 

ACL by decreasing ATT. Measurement of the uninvolved 

extremities of the ACL-D individuals may show that the 

contralateral side was damaged because of the 

predisposition to injury. The quadriceps-dominant response 

to ATT places an excess amount of strain on the ACL whereas 

initial hamstring activation would serve to protect the 

ACL.

Besier et al. (2001) collected EMG and kinematic data 

as 11 healthy male soccer players performed preplanned and 

unplanned straight running, 30° and 60° sidestep cutting, 

and 30° crossover-cutting tasks. Electromyographic data 

were recorded from a 10-channel EMG system (Motion Lab 

Systems) and collected synchronously with kinematic, ground 

reaction force, and kinetic data using a six-camera, 50-Hz 

VICON motion analysis system Oxford Metrics Ltd.), and 

forceplate (Advanced Mechanical Technology Inc.). Besier et 

al. found that the magnitude of the applied moments changed 

with different maneuvers. During the preplanned 30° and 60° 

sidestep cut valgus external joint moment increased from
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0.03 to 0.3 Nm/kg during the weight acceptance phase. The 

earlier work of Bendjaballah et al. (1997), Fukuda et al. 

(2003), and Markolf et al. (1995) revealed that a valgus 

moment increased the force placed on the ACL, thus the 

change in sidestep cut angles may alter the susceptibility 

of the ACL to injury (Besier et al., 2001).

In a follow up study, using the same subject group and 

testing protocol (Besier et al., 2001), Besier et al.

(2003) analyzed EMG data recorded on the following 10 

muscles: semimembranosus; biceps femoris; sartorius; tensor 

fascia latae; gracilis; vastus lateralis; vastus medialis; 

rectus femoris; medial gastrocnemius; and lateral 

gastrocnemius. Under preplanned conditions, Besier et al. 

(2003) found that muscle activation increased in those 

activities found earlier (Besier et al., 2001) to create 

the most valgus external joint moment. Besier et al. (2003) 

suggested that the semimembranosus, medial gastrocnemius, 

gracilis, sartorius, vastus medialis, and rectus femoris 

have a varus moment arm and not only work to create varus 

angular displacement of the tibia but also counter external 

valgus loads to stabilize the knee joint.

Buchanan et al. (1996) examined reflexive medial and 

lateral knee muscle activation following rapid medial and
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lateral perturbations to the distal shank. Buchanan et al. 

hypothesized that the application of a lateral load would 

cause an increase in activation of the medial muscles and 

visa versa. Data were collected on 10 healthy, normal male 

subjects. Each subject was positioned supine with the hip 

and femur stabilized while the lower leg was fit with a 5- 

cm fiberglass cast, placed superior to the malleoli. The 

casted leg was fixed in the perturbation device which 

provided medial or lateral linear translation of the ankle 

to create approximately 5° of varus or valgus rotation of 

the knee joint, respectively. The magnitude of the lateral 

load was designed to provide approximately 5° of valgus 

angular displacement in the frontal plane. Overall Buchanan 

et al. found that the medial muscles (sartorius, gracilis, 

semitendinosus, and vastus medialis) were- significantly 

more active following lateral perturbations than following 

medial perturbations. Buchanan et al. thus suggested that 

j the medial muscles may provide reflexive control to

J  stabilize the knee against valgus angular displacement.

Collectively these researchers (Besier et al., 2003; 

Besier et al., 2001; Buchanan et al., 1996; Huston & 

j  Wojtys, 1996; Solomonow et al., 1987; Wojtys Sc Huston,

1994) demonstrated that specific knee joint muscles are

t

i
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selectively activated during those activities found to 

generate valgus angular displacement and subsequent strain 

in the ACL.

Solomonow et al. (1987) identified an ACL-hamstring 

reflex arc, in that hamstring activity increases and 

quadriceps activity decreases as the ACL is loaded, to 

counter the apparent ATT. Huston and Wojtys (199 6) found 

that females, whom are typically more prone to ACL injury, 

display a decreased neuromuscular efficiency for hamstring 

muscle recruitment in comparison to males. Wojtys and 

Huston (1994) compared normal and ACL injured patients and 

found that normal extremities favored a hamstring-dominant 

response to ATT, while injured patients had a quadriceps- 

dominant response. Wojtys and Huston suggested that normal 

extremities have remained injury-free because the 

hamstrings protect the ACL by decreasing ATT.

Besier et al. (2001) identified those activities that
|
| create more valgus stress on the knee. Besier et al. (2003)

j then used this information to analyze the change in muscle
i
j activation during the same set of activities. Besier et al.;iI

(2001) found that the semimembranosus, medial

i gastrocnemius, gracilis, sartorius, vastus medialis, and

rectus femoris were active during those activities found
I

1
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earlier to create the greatest valgus load at the knee. 

Buchanan et al. (1996) found that the medial muscles 

(sartorius, gracilis, semitendinosus, and vastus medialis) 

were significantly more active in response to lateral 

perturbations at the knee in order to decrease the amount 

of valgus angular displacement. The general conclusion from 

this group of researchers (Besier et al., 2003; Besier et 

al., 2001; Buchanan et al., 1996; Huston & Wojtys, 1996; 

Solomonow et al., 1987; Wojtys & Huston, 1994) was that 

specific muscles are activated to control and stabilize 

knee motion.

Muscle Contributions to Knee Joint Stability
i Since researchers had identified the neuromuscular 

response associated with dynamic knee motion (Besier et 

al., 2003; Besier et al., 2001; Buchanan et al., 1996;

| Huston & Wojtys, 1996; Solomonow et al., 1987; Wojtys &

Huston, 1994), subsequent studies focused on quantifying 

j the contribution of the hamstring muscles in decreasing

ATT, tibial rotation, varus/valgus motion, and strain 

within the ACL. Ciccotti, Kerlan, Perry, and Pink (1994)
I

addressed the specific contributions of the medial andi
j lateral hamstring muscles during activity in preventing

ATT. Ciccotti et al. gathered an EMG fine-wire profile of

i
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the normal knee during seven functional activities 

(walking, ramp ascending and descending, stair ascending 

and descending, running, and cross-cutting).

Amongst their findings, Ciccotti et al. (1994) 

demonstrated the coordinated response of the quadriceps- 

hamstrings muscles. They stated that the coordinated 

quadriceps-hamstring activity was "consistently illustrated 

in each of the seven activities and as such adds some 

validity to the theory of coactivation between these 

antagonist muscle groups" (p. 649). The cross-cutting 

activity was operationally defined as "straight running at 

6 m/s, planting the right leg, then turning across the 

planted leg at a 45° to 90° angle" (p. 646). Ciccotti et 

al. reported that quadriceps muscle activity was highest 

during the stance phase of the cross-cut and suggested that 

this occurred as the quadricpes contracted eccentrically to 

prevent excessive knee flexion. During that same time 

period the activity of the semimembranosus and biceps 

femoris muscles peaked, "seemingly to prevent anterior 

tibial translation" (p. 649). The demonstrated coactivation 

between these antagonist muscle groups supports the 

importance of hamstring muscle activity in protecting the 

integrity of the ACL.
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Pandy and Shelburne (1997) also illustrated the 

dependence of cruciate-ligament loading on muscle forces 

and external loads. Measurement and analysis was done using 

a two-dimensional(2D) lower extremity model that was 

constructed based on the anatomy of 23 cadaver knees (Garg 

& Walker, 1990). The model was used to simulate a variety 

of isometric exercises: isolated contractions of the 

quadriceps; isolated contraction of the hamstrings and 

gastrocnemius; and simultaneous contractions of the 

quadriceps, hamstrings, and gastrocnemius. The 2D model was 

limited in that it could not account for axial rotation of 

the tibia on the femur or for the load sharing between the 

menisci, cartilage, and knee ligaments. The data therefore 

provide high estimates for the forces placed on the ACL 

since the results do not account for the load sharing of 

those secondary support structures. The study thus provides 

only relative changes in anterior-posterior shear force on 

the ACL due to muscular co-contraction, not absolute forces 

measured in a real knee.

Pandy and Shelburne (1997) graphically reported the 

ACL force measured during isolated quadriceps contraction 

through 0° to 90° of knee flexion. As represented in a 

graph, the resultant force on the ACL peaks between 10° and
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20° of flexion and decreases as the flexion angle 

increases. Peak quadriceps force also increased as the knee 

flexion angle increased because of the force-length 

properties of the quadriceps, however minimal quadriceps 

force (< 3,000 N) was required to produce a maximal (> 500 

N) resultant force on the ACL at 15° of flexion. Pandy and 

Shelburne thus supported the notion that force within the
i

ACL may be dependent on knee joint position. Pandy and 

Shelburne also concluded that the resultant ACL force can 

be lowered by hamstring co-contraction at nearly all knee- 

flexion angles, except near full extension. As shown in a 

graph, hamstring activation seems to reduce the ligament 

force the most between 15° and 30° of knee flexion. The 

hamstrings apply a large posterior force to the leg, 

decrease the ATT on the femur, and thus decrease the load 

placed on the ACL.

Markolf, Graff-Radford, and Amstutz (1978) completed

| in vivo stability tests in 49 volunteer subjects (28 male

and 21 female). Amongst the long list of objectives for 

this study Markolf et al. purposed to measure anterior- 

posterior and varus-valgus laxity under relaxed and tense 

conditions to measure the subsequent change in knee joint 

stability. Testing was performed with the subject seated

jI
i
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with the thigh, patella, and ankle securely strapped to
I

stabilize the lower extremity. Isolated anterior, 

posterior, varus, or valgus force was applied manually and 

tibial displacement was measured using a rotary 

potentiometer. Anterior-posterior tests were performed at 

full extension, 20°, and 90° of flexion, while varus-valgus 

tests were only performed at full extension (Markolf et 

al. , 1978) .

Under relaxed conditions, Markolf et al. (197 8) found 

that the combined anterior-posterior displacement was 

greatest at 20° of flexion with resultant values at 0°,

20°, and 90° of flexion of 3.7 mm, 5.5 mm, and 4.8 mm,
I

respectively. At full extension, the mean varus-valgus
i laxity was 6.7°. Similar to the research discussed earlier 

(Butler et al., 1980; Fukuda et al. , 2003-; Kanamori et al., 

2000; Kelley, 1971; Lutz et al., 1993; Markolf et al.,

! 1995; Matsumoto et al., 2001; Pandy & Shelburne, 1997),
j

I Markolf et al. supported the notion that joint laxity and

j subsequent strain placed on the ACL may be dependent on
f

! knee joint position. Under tense conditions, Markolf et al.
i

then found that activation of the lower leg musculature 

j enabled most individuals to increase their knee stiffness

an average of two to four times, while knee laxity was
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reduced to 25 - 50% of the normal value. Thus, Markolf et 

al. supported that muscle activation increases the 

stability of the knee joint.

More et al. (1993) used 10 fresh human cadaveric knees

to test knee kinematics during a simulated squat motion, 

the effect of hamstings load, changes in kinematics after 

ACL sectioning, and ACL graft tension. Each knee specimen 

was mounted in an Oxford rig. The femur and tibia were 

anchored while the apparatus permitted simulated hip and 

ankle flexion-extension, hip and ankle varus-valgus 

rotation, and axial rotation at the ankle. The quadriceps 

tendon was attached to a servoelectric motor and load cell 

to apply and record variable quadriceps tendon force. The 

testing system enabled the researcher to create knee

flexion and extension to simulate the squatting motion. A

yoke device, consisting of weights, cable wires, and 

pulleys, was used to apply equal force to the medial and 

lateral hamstrings. A linear potentiometer was used to 

record resultant anterior-posterior displacement of the 

tibia with respect to the femur.

More et al. (1993) collected data at 5' increments 

throughout flexion-extension cycles from 90“ to 0“. Tests 

were run first with the ACL intact under conditions with a
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0, 45, and 90 N hamstrings load. Then testing runs were 

repeated with the ACL transected and then after 

reconstruction. More et al. found that ACL graft tension, 

with an isolated quadriceps load, peaked at full extension 

and 30° of flexion. The addition of a 90 N hamstrings load 

caused a significant decrease in both ATT and tibial 

rotation and significantly decreased graft tension between 

15° and 45° of knee flexion.

Li et al. (1999) also looked at the importance of 

quadriceps and hamstring muscle loading on knee kinematics 

and in-situ forces in the ACL. These researchers used a 

force-moment sensor test system to apply various external 

loads on 10 frozen-fresh cadaveric knee specimens (0°, 15°,
j

30°, 60°, 90°, 120° flexion). They first applied an

isolated 200 N quadriceps load and then combined the 200 N

quadriceps load with an 80 N antagonistic hamstring load.
i
! With the isolated quadriceps load Li et al. found that in-I
I situ forces in the ACL reach a maximum of 44.9 (13.8 N) at

| 15° of flexion. The addition of the hamstring load
it
; significantly reduced the in-situ forces in the ACL at 15°
I

of flexion by 23%. The greatest amount of ATT was 5.3 (2.1 

mm) at 30° of flexion. The addition of the antagonistic 

hamstring load at 30° of flexion not only reduced ATT by
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18% but also reduced internal tibial rotation by 30%. Both 

ATT and internal tibial rotation have been found to 

significantly increase force within the ACL (Kanamori et 

al, 2 000; Markolf et al., 1995).

Louie and Mote (1987) used four male subjects to study 

the contribution of the rectus femoris, vastus medialis, 

vastus lateralis, biceps femoris, and semitendinosus to 

rotatory laxity and torsional stiffness at the knee. Each 

subject was positioned with the left foot rigidly attached 

in a dynamometer-boot assembly. The experimenter induced 

internal/external tibial rotation by rotating the boot. 

During a series of 10 tests the subject was asked to 

generate a sustained contraction of a specified combination 

of muscles. The subject was given visual feedback via EMG 

signals to verify appropriate muscle activation. The 

subject was asked to activate each muscle group without 

actively resisting the applied rotation of the boot. The 

five conditions of muscle activation were none, rectus 

femoris only, rectus femoris, vastus medialis, and vastus 

lateralis, biceps femoris and semitendinosus, and rectus 

femoris vastus medialis, vastus lateralis, biceps femoris, 

and semitendinosus. Each condition was tested with the knee 

flexed to 10“ and 90”. Internal/external knee joint
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rotation was monitored using a rotatory potentiometer, 

while a strain gauge, pedestal type dynamometer was used to 

measure the applied torsion and vertical force on the foot 

(Louie & Mote, 1987).

Considering the influence of knee joint position Louie 

and Mote (1987) completed all tests at 10° and 90° of 

flexion. Louie and Mote found that increased knee flexion 

reduced the primary stiffness in both the relaxed and 

contracting muscle cases. Analyzing the contribution of the 

surrounding musculature, Louie and Mote found that primary 

torsional stiffness increased as additional muscles were 

contracted. Relative to the relaxed state, contraction of 

the quadriceps resulted in an average stiffness increase of 

218% and 314% at 90° and 10° of knee flexion, respectively. 

Contraction of the hamstrings resulted in an average 

stiffness increase of 250% and 123% at 90° and 10° of knee 

flexion as compared to the relaxed state.

Louie and Mote (1987) also found that primary laxity 

decreased as additional muscles were contracted. For 

example, at 90° of knee flexion subject 1 had a total 

laxity of 42.6° under the relaxed state. Isolated 

contraction of the vastus medialis, rectus femoris, and 

vastus lateralis reduced that value to 31.4°. Isolated
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contraction of the biceps femoris and semitendinosus 

muscles reduced that value to 27.9°. Louie and Mote also 

discussed the influence of knee joint position on the 

efficiency of the muscles at reducing primary laxity. At 

10° of knee flexion subject 1 had a total laxity of 25.1° 

under the relaxed state. Isolated contraction of the rectus 

femoris reduced that value to 22.3°. Isolated contraction 

of the biceps femoris and semitendinosus muscles reduced 

that value to 23.3°. Contraction of all five muscles 

reduced that value to 19.5°. Louie and Mote stated that,

"the contributions of specific individual muscle groups in 

reducing primary laxity were significantly greater at 10° 

than at 90° knee flexion" (p. 299). These researchers 

attributed this trend to muscle activation and to the 

increased joint compressive forces generated at smaller 

angles of knee flexion. Overall, this data therefore 

supports that the hamstring muscles may provide stability 

to the knee joint via resistance to rotation, especially at 

10° of knee flexion.

Pope, Johnson, Brown, and Tighe (1979) investigated 

the effect of muscle contraction on valgus stiffness of the 

knee and the muscle response to valgus stress on the knee. 

Each of the five volunteer subjects was tested supine with
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the knees flexed 10°. The "knee-testing machine," set on 

the linear load-deflection mode, abducted the ankle 

approximately 2.5 cm while valgus force at the ankle was 

measured using stain-gauge load cells. Valgus load- 

deflection was recorded under three conditions with the 

subject providing no muscle activity, only maximum 

sartorius activation, and only maximum vastus medialis 

activation. The sartorius and vastus medialis were the only 

muscles monitored via EMG needle electrodes. Pope et al. 

assumed that activity of the sartorius indicated the level 

of activity in the gracilis and semitendinosus, while the 

vastus medialis indicated activity of the other components 

of the quadriceps muscle. Pope et al. found that the 

effective stiffness of the medial collateral ligament 

complex of the knee increased 108% due to activation of the 

sartorius, gracilis, and semitendinosus and increased 164% 

due to activation of the quadriceps femoris group.

Goldfuss, Morehouse, and LeVeau (1973) also supported 

the importance of muscular tension of knee stability. 

Goldfuss et al. investigated the effect of different levels 

of conscious contraction (assumed relaxation, relaxation- 

varified with EMG visual feedback, weak muscular 

contraction, and strong muscular contraction) of the
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I quadriceps and hamstring muscles on knee abduction and

j  adduction (knee positioned at 175°). The testing apparatus

I was designed to apply a 10 kg medial or lateral pull on the

tibia, creating passive knee abduction or adduction, 

respectively. Measures of abduction and adduction were 

calculated using linear displacement of the distal end of 

the tibia, as detected by two Fairchild Type 910-C linear 

potentiometers. Linear displacement was measured as the 

subject performed each of the four experimental conditions 

of quadriceps and hamstring muscle activation (assumed 

relaxation, relaxation-verified with EMG visual feedback, 

weak muscular contraction, and strong muscular 

contraction). Visual EMG feedback was provided to verify 

testing level of muscular activity (Goldfuss et al., 1973).

Goldfuss et al. (1973) supported the contribution of

muscular tension in creating joint stability by showing 

that angular displacement decreased with an increased 

! muscular activation. The mean angular displacement during

j  each of the four testing conditions (assumed relaxation,
}

relaxation-verified with EMG visual feedback, weak muscular
i

contraction, and strong muscular contraction) for abduction 

was 6.54°, 6.67°, 5.72°, and 4.58°, respectively. The mean

angular displacement for adduction was 7.44°, 7.74°, 6.24°,
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and 4.02°, respectively. The amount of knee abduction and 

adduction significantly decreased as the amount of muscular 

activation increased. Goldfuss et al. thus supported that
i notion that muscular contraction contributes significantly 

to knee joint stability.

Olmstead, Wevers, Bryant, and Gouw (1986) supported 

Goldfuss et al. (1973) in finding that muscular activity

changes valgus/varus knee stability. Olmstead et al. 

compared valgus/varus moment-rotation characteristics of 

the knee during passive activity and during the production 

of four-flexion/extension torques (5 Nm extension, 10 Nm 

extension, 10 Nm flexion, and 20 Nm flexion). The apparatus 

used to assess valgus/varus mechanical characteristics was 

called the "knee analyzer." The knee analyzer, positioned 

the knee at 0° flexion, stabilized the thigh and rotated 

the lower leg/ankle medially and laterally in the frontal 

plane with the central pivot point located at the joint 

\ line of the knee. Valgus/varus terminal displacement,

j valgus/varus terminal stiffness, and valgus/varus initial
(

i  stiffness was compared between passive conditions and the
|

four levels of muscular contraction. Activation of those 

; muscles having a valgus moment arm (vastus lateralis and

semimembranosus/semitendinosus) and a varus moment arm
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(vastus medialis and biceps femoris) during 

flexion/extension torque production was verified using EMG 

equipment. Subjects were asked to apply the specified 

flexion/extension torque prior to the application of the 

forced medial/lateral motion at the foot (Olmstead et al., 

1986) .

Olmstead et al. (1986) found that, on average, the 

application of a 5 Nm and 10 Nm extension torque decreased 

valgus terminal displacement by 12% and 16%; increased 

initial stiffness by 180% and 220%; and increased valgus 

terminal stiffness by 5% and 18%, respectively. The 

application of a 10 Nm and 20 Nm flexion torque decreased 

valgus terminal displacement by 35% and 50%; increased 

valgus initial stiffness by 200% and 280%; and increased 

valgus terminal stiffness by 18% and 30%, respectively.

With these findings Olmstead et al. supported the notion 

that the semimembranosus and semitendinosus may actively 

stabilize the medial knee joint against valgus angular 

displacement.

Goldfuss et al. (1973), Louie and Mote (1987), Markolf 

et al. (1978), Olmstead et al. (1986), and Pope et al.

(1979) illustrated that torsional and varus/valgus 

stiffness increase with the activation of the lower leg
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muscles (rectus femoris, vastus medialis, vastus lateralis, 

biceps femoris, semitendinosus, gracilis, sartorius, and 

gastrocnemius), thus improving knee joint stability. More 

specifically, Cicotti et al. (1994), Li et al. (1999), More

et al. (1993), and Pandy and Shelburne (1997) investigated 

co-activation of the quadriceps and hamstring muscles and 

emphasized the contribution to stabilization against ATT 

and subsequent decrease in strain placed on the ACL. 

Mechanical Disadvantage of the Medial Hamstrings in 

Protecting the ACL.

Buford, Ivey, Nakamura, Patterson, & Nguyen (2001) 

used 17 fresh, intact hemi-pelvis cadaver specimens to 

determine the moment arms of the knee muscle-tendon units 

(vastus medialis, vastus intermedius, vastus lateralis, 

rectus femoris, gracilis, sartorius, biceps long and short, 

semimembranosus, semitendinosus, medial and lateral 

gastrocnemius, and popliteus) during internal/external 

tibial rotation. Muscle moment arms for internal/external 

rotation were derived from tendon displacement as the lower 

leg segment was manually rotated through internal and 

external rotation at six different flexion positions (full 

extension, 30°, 50°, 70°, 90°, and full flexion).
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I Buford et al. (2001) determined that the short and

long biceps femoris had significant moment arms for 

external rotation, while the sartorius, gracilis, 

semimembranosus, semitendinosus, and popliteus for internal 

rotation. Although the moment arm magnitudes for internal 

and external rotators peaked at 70° and 90° of knee 

flexion, respectively, these muscles provide rotational 

stability to the knee throughout the flexion-extension 

range of motion. However, Buford et al. emphasized that the 

"external rotators clearly have the mechanical advantage 

over the internal rotators throughout the flexion-extension 

range of motion" (p.299). At 30° of flexion, for example, 

the internal-external rotation moment arm minima and maxima 

were 10.1 - 11.6, 6.8 -9.0, 6.0 - 15.7, 8.2 - 14.1, and 

0.0 - 10.4 mm for the semimembranosus, semitendinosus, 

gracilis, sartorius, and popliteus, and 14.7 - 27.9 and 

18.5 - 31.5 mm for the biceps femoris short and long, 

respectively. Buford et al. thus supported the need to 

consider muscular imbalance between the medial and lateral 

hamstrings as a contributing factor to medial instability 

of the knee.

Fiebert, Haas, Dworkin, and LeBlanc (1992) compared 

EMG activity and force output of the medial and lateral
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I hamstrings in the normal leg during isometric contractionsj
as the lower leg was placed in three positions of tibial 

rotation (neutral, external, or internal). The sample 

population used for data collection consisted of 36 female 

and 8 male graduate students. Each subject was positioned 

prone with the knee stabilized at 90° of flexion. 

Electromyographic and force data were collected using the 

Bio-Prompt 3 000 EMG feedback unit and FARO Axis Muscle 

Tester, respectively (Fiebert et al., 1992).

The focus of this study was to determine the effect of 

tibial rotation on the efficiency and resulting torque 

capabilities of the medial and lateral hamstring muscle 

groups. Fiebert et al. (1992) found that the isometric 

force output of the medial hamstrings changed significantly 

when the tibia was rotated. Force output of the medial 

hamstrings was reported as 247.97 (106.42 |̂V) , 269.26 

(104.16 |iV) , and 250.15 (92.59 fiV) while the tibia was

j positioned in external, neutral, and internal rotation,
I| respectively. Fiebert et al. supported that in an

J externally rotated position the activation of the medial

: hamstrings decreases as compared to when the tibia is

I internally rotated. Therefore, it is possible that in the

externally rotated position, often seen during ACL injury

I
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(Ireland, 2001; Olsen et al., 2004; Teitz, 2001), the varus
i

moment arm of the medial hamstrings decreases allowing 

valgus collapse at the knee.

Rankin and Thompson (1983) evaluated quadriceps and 

hamstrings isokinetic function to provide normative data 

concerning body weight and sport. These researchers 

organized routine isokinetic quadriceps and hamstring 

torque assessment for all incoming, freshman and transfers, 

male and female athletes between 1976-1980 at Michigan 

State University. Each subject {N = 1519) was tested on the 

Cybex II isokinetic dynamometer at angular velocities of 

60°/s and 180°/s. while some (N = 602) were also tested at
I

300 °/s.

Rankin and Thompson (1983) found significant 

differences between males and females at all speeds in 

quadriceps to body weight and hamstrings to body weight 

ratios. Mean hamstrings to body weight ratio at 60°/s,

i 180°/s, and 300°/s for males/females was .5736/.4832,
|

| .3948/.3499, and .2398/.2132, respectively. Although Rankin
i
! and Thompson did not differentiate between the medial andi

lateral hamstrings the data supported the notion of gender 

i differences in torque production capability for the knee

flexors. Since these muscles also have internal/external

i
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(Buford et al., 2001) and varus/valgus moment arms, Rankin 

and Thompson may also suggest the presence of gender 

differences in internal/external and varus/valgus torque 

capabilities, critical in protecting the ACL.

Lephart, Ferris, Riemann, Myers, and Fu (2002) 

evaluated kinematic, vertical ground reaction forces, and 

strength variables in 15 healthy Division I collegiate 

female basketball, volleyball, and soccer players compared 

with matched recreational male subjects. MotionMonitor™, an 

electromagnetic tracking system, biomechanical data was 

synchronized with Bertec forceplate data to analyze 

vertical ground reaction forces, hip flexion, abduction, 

i rotation, knee flexion, lower leg rotation, maximum angular

displacement, and time to maximum angular displacement 

during single-leg landing and forward hop-tasks. Biodex III 

was used to measure quadriceps and hamstring peak torque to

! body mass at 60“/s.jIi  Lephart et al. (2002) found that females had less knee

flexion and tibial internal rotation after impact, less 

time to maximum knee flexion, and greater hip internal 

rotation with tibial external rotation after impact. These 

I gender differences in kinematic activity were seen in

i conjunction with a significant gender difference in peak

|
ii
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torque to body weight for isokinetic flexion and extension. 

Peak torque of the quadriceps for females and males was 

222.93 (30.86 Nm) and 271.68 (59.27 Nm) , while peak torque 

of the hamstrings was 113.74 (23.66 Nm) and 131.72 (21.89 

Nm), respectively. Lephart et al. suggested that these 

gender differences in kinematic data were related to the 

relative strength of the leg musculature.

Anterior cruciate ligament injury is associated with 

internal tibial rotation and valgus displacement (Boden et 

al., 2000; Ireland, 2001; Olsen et al., 2004; Teitz, 2001). 

During this motion force applied to the ACL appears to 

exceed the functional capacity of the restraining muscles 

and ligaments. Protection of the ACL therefore seems 

partially dependent on the strength of the knee 

stabilization muscles. Buford et al. (2001) and Fiebert et

al. (1992) explained that the mechanical efficiency of the 

medial hamstrings is dependent on the knee joint angle. 

Rankin and Thompson (1983) and Lephart et al. (2002) 

established gender differences in the torque capabilities 

of quadriceps and/or hamstrings. Lephart et al. also linked 

gender, torque output, and kinematic data observed during 

single-leg landing and forward hop tasks. Using the finding 

of these researchers it is gathered that females may be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127,
more susceptible to ACL tears due to an inherent mechanical 

disadvantage of the medial hamstrings and subsequent 

inability to avoid high risk knee joint positions. 

Establishing the appropriate balance between knee 

stabilization muscles and utilization of these muscles in 

their optimal position thus seems critical in the 

prevention of ACL injury.

Optimal Lower Extremity 

Mechanics and Strategies for the Prevention of ACL Injury 

Researchers (Chandy & Grana, 1985; Fleck & Falkel,

1986; Heidt et al., 2000; Hewett et al. , 1999; Nadler et 

al., 2002; Parkkari, Kujala, & Kannus, 2001; Stone, 1990) 

have shown that through the implementation of a structured 

strength and conditioning program it is important to 

utilize sport-specific cardiovascular conditioning, 

plyometric exercises, strength training, flexibility 

exercises, and agility drills to help the athlete learni
iii proper technique to decrease the risk of injury. Thesei
| programs can be used specifically to increase hamstringI1
I muscle power and strength, increase agonist-antagonistI

(hamstring-to-quadriceps) peak torque ratios, decrease1
I medial-to-lateral hamstring muscle strength imbalances, and

improve the initiation and pattern of muscle activation.

ii
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Hewett, Stroupe, Nance, and Noyes (1996) conducted a 

study to test the effect of a 6-week, jump-training program 

(now known as the Cincinnati Sportmetrics program) on jump- 

landing mechanics and lower extremity strength in female 

athletes. In total, 11 female high school volleyball 

players, pre- and post-training, were compared to a control 

group that consisted of nine male subjects, matched by 

weight, height, and age to the female subjects. Peak 

landing forces, knee adduction and abduction moments, 

hamstring muscle power, hamstring-to-quadriceps muscle peak 

torque ratios, and vertical jump height measurements were 

used to compare the female subjects, pre- and post-
iI training, to the control group of male subjects.

Hewett et al. (1996) compared pre- and post-training 

assessments for the females and revealed’ that hamstring 

muscle power increased 44% on the dominant side and 21% on 

the non-dominant; and that the hamstring-to-quadriceps peak|
; torque ratio increased by 2 6% on the non-dominant leg and

j by 13% on the dominant leg. Hewett et al. (1996) along with
i
j several other researchers (Fleck & Falkel, 1986; Stone,j

1990) showed that training facilitates the establishment of

: a critical balance between the quadriceps and hamstring

muscle groups. In a later study Hewett et al. (1999) found
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that these adaptations greatly reduced the risk of sport 

i injury, particularly ACL tears.

Hewett et al. (1999) continued their research to

further investigate the neuromuscular aspect of training 

and the effect of training on the incidence of injury. A 

total of 366 girls from 15 teams (soccer, volleyball, 

basketball) were trained using the same 6-week preseason 

jump-training program. The frequency of injury for the 3 66 

trained girls was compared to 463 untrained girls from 15 

different teams (soccer, volleyball, basketball) and 434 

untrained boys from 13 teams (soccer and basketball). Game 

and practice injury risk exposures where monitored and 

recorded by certified athletic trainers on a weekly basis 

throughout the entire season. The notion that untrained 

athletes are predisposed to injury was supported by the 

resulting 3.6 times higher incidence of knee injury in the 

untrained verses the trained female athletes. Both the
'lI| trained and untrained groups of girls were also compared to

j the control group of 434 untrained boys revealing thatii
! girls are 2.4 and 5.8 times more likely than male athletes
j

to suffer a knee injury, respectively. Collectively, these

: researchers (Hewett et al., 1996, Hewett et al., 1999)|
illustrated that general improvement in fitness can
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decrease the incidence of injury due to improved technique 

and strength.

Heidt et al. (2000) implemented a similar 7-week 

preseason conditioning program for 3 00 female high school 

players to investigate the occurrence and severity of 

injuries during a one year competitive season. The trained 

group participated in a program that consisted of sport 

specific cardiovascular conditioning, plyometric work, 

sport-cord drills, strength training, and flexibility 

exercises. Similar to the Cincinnati Sportsmetrics program 

this type of program focuses on the enhancement of 

neuromuscular efficiency, teaching proper body mechanics 

and skills while improving strength, speed, and agility.

The results show a significantly lower incidence of injury 

in the trained verses untrained individuals. Heidt et al. 

found that "14% of the athletes who participated in the 

preseason training program sustained injuries, compared 

with 33.7% of those who did not participate" (p. 660). 

Although this was not a comparative study between genders, 

Heidt et al. found it interesting that nine of the 12 

season-ending injuries involved the ACL.

Based on the gender difference in the incidence of ACL 

tears (Arendt & Dick, 1995; Gray et al., 1985; Malone et
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al., 1993) the fact that the hamstrings play a critical 

role in protecting the ACL (Goldfuss et al., 1973; Li et 

al., 1999; Louie & Mote, 1987; Markolf et al., 1978; More 

et al., 1993; Olmstead et al., 1986; Pandy & Shelburne,

1997; Pope et al., 1979); and the fact that females display 

decreased hamstring torque capabilities (Lephart et al., 

2002; Rankin & Thompson, 1983) it is necessary to 

investigate the potential in the specificity of training to 

improve the torque capability of the medial hamstrings. 

Robertson (197 6) established the ability to specifically 

strengthen the medial rotators of the lower leg.

After evaluating mean static torque in medial 

rotation, Robertson (1976) assigned 22 healthy male 

students to one of two experimental groups or to the 

control group. Prior to a six-week intervention program 

each subject was measured for maximum voluntary range of 

motion in medial rotation of the leg, maximum voluntary 

static torque in medial rotation of the leg, and maximum 

voluntary static force in leg flexion. During the six week 

intervention group I (n = 8) trained by medial rotation,
I
| group II (n = 8) trained by leg flexion, and group III

| acted as the control group. Evaluation and strengthening of
ii
| the medial rotators was performed using a newly designed
!

I
I
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metal boot device. The metal boot device, explained in more 

detail in an earlier study (Robertson, Geeseman, & Nixon, 

1974) integrated a cable tensiometer to measure static 

force and a mechanical goniometer to measure range of 

motion. Evaluation and strengthening in rotation was 

performed with the subject side-lying with the hip at 

neutral and knee flexed to 90°. Training in flexion, on the 

other hand, was performed with the subject prone working 

through an active range of 90° (Robertson, 1976).

Robertson (197 6) found that increases in muscle 

strength were best acquired by exercising in those 

movements. The increase in static medial rotation torque 

was significantly greater than that gained by the flexion 

and control groups. With these findings it may be 

acceptable to conclude that an ACL injury prevention 

program can specifically target and improve the torque 

capability of the medial knee stabilization muscles.
i
j Hewett et al. (1996) and Heidt et al. (2000) designed

6- and 7-week preseason jump-training and conditioning 

programs to improve strength and neuromuscular control. 

Hewett et al., Heidt et al., and Ireland (2001) also
1

emphasized the importance of athlete education in regards 

j to learning proper biomechanical technique and generalI
ii
j

|
!
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avoidance of injury prone situations. Ireland described the 

'ideal position' for jump-landing, or protective joint 

position, as "flexion of hip and knee, normal lumbar 

lordosis, and both feet neutral" (p. 240) . Hewett et al. 

emphasized that with proper training athletes, especially 

females, can improve strength and neuromuscular control and 

be taught to adopt this 'ideal’ pattern of movement during 

jump-landing, countermovements, and cross-cutting to avoid 

injury prone knee positions.

Measurement

The MotionMonitor™, an electromagnetic tracking 

system, has been used for kinematic analysis and the Biodex 

I II dynamometer for isokinetic assessment. The following

sections discuss the function and accuracy of the 

MotionMonitor™ system and the test-retest reliability of 

isokinetic testing, testing protocol, and the relationship 

between isokinetic assessment and functional performance.

■ Kinematic Analysis: MotionMonitor™

In an electomagnetic tracking system a low-frequency 

magnetic signal is emitted from a transmitter to assess the 

i  position and angular orientation of one or more sensors
I
j within the transmitter default coordinate system, world

| axis. Each sensor contains three sets of orthogonal coils,
i
!

i
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able to transmit dynamic measures of linear and angular 

displacement. The Ascension (Burlington, VT) system, "Flock 

of Birds™" hardware is integrated with Innovative Sports 

Training Inc. (Chicago) software to create the 

MotionMonitor™ electromagnetic, six degree-of-freedom 

motion tracking system. The MotionMonitor™ Version 5.0 'Data 

Acquisition system integrates data from Ascension 

Technology magnetic trackers, Polhemus' Fastrak, Northern 

Digital's Optotrak; Bertec, AMTI and Kistler Forceplates; 

Noraxon, Run Technologies, Delsys EMG Systems; ATI and AMTI 

load cells; and video to record and present 3D 

biomechanical analyses. Data output includes all kinematic 

and kinetic data including: joint forces, moments, and 

angles.

Utilizing position capture technology by Ascension 

Technology the extended range transmitter and magnetic six 

degree-of-freedom sensors provide position accuracy up to 

j 0.3 inches/ 0.5 degrees at a five-foot distance from the
i

transmitter and 0.6 inches/ 1.0 degrees at a ten-foot 

distance from the transmitter. Data can be collected at a 

| 30 to 144 Hz sampling rate from each of two to fourteen

sensors (Innovative Sports Training Inc., Chicago, IL). 

After defining the world coordinate axes and calibrating

li
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the sensors within the world axis, the sensors are assigned 

to the desired body segments to be analyzed. The "movable" 

sensor can then be used to digitize the location and 

orientation of segment axes, virtual joint centers, and 

other landmarks. Digitization enables the system to 

construct and display an accurate 3-D animation of the 

subject in real time.

System accuracy. The accuracy of the MotionMonitor™ 

electromagnetic tracking system has been tested by several 

researchers (McQuade, Finley, Harris-Love, & Mcombe-Waller, 

2002; Kindratenko, 2001). McQuade et al. (2001) challenged 

the reliability and accuracy of Ascension's Flock of Birds 

system in measuring the dynamic motion of a 50-cm pendulum. 

The electromagnetic tracking device was compared to 

readings taken simultaneously by a 10 kQ. precision, rotary 

potentiometer (spectrum ± 0.5% linearity). Three 

electromagnetic sensors were mounted on a machined acrylic 

cube that was located at the distal end of the pendulum. 

These sensors were oriented on the cube to facilitate data 

collection based on the rotation, elevation, and roll of 

the pendulum. An 11.74-cm plastic pointed stylus, with a 

reported tip offset root mean square (RMS) error of 1.057
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mm, was used in capturing 2 0 stylus orientations to 

digitize the pendulum.

McQuade et al. (2 002) reported that the MotionMonitor™

produced "excellent trial-to-trial repeatability of 2% or 

better for the sensors, and high correlation between the 

sensor and potentiometer data" (p.171). McQuade et al. 

argued that the company reports accuracy values for static 

testing only, which explained the velocity-dependent error 

found in this study. The researchers reported that maximum 

error in the sensor coordinate data occurred at the highest 

speeds tested. Despite the noted error in measuring angular 

velocity McQuade et al. supported that the "Flock of Birds 

magnetic tracker produces measures of linear and angular 

displacement that are accurate and reliable. However, 

caution is called for when using high velocity, 

noncontrolled activities" (p. 178). Therefore, they suggest 

that for optimal results and accuracy, future experiments 

should be conducted with motions occurring at speeds lower 

than 250“/see.

When Kindratenko (2001) compared the accuracy of two 

position tracking devices, the Flock of Birds from 

Ascension Technology Corporation and the IS-900 VET from 

InterSense, Inc., he emphasized the need to calibrate the

!
j
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Flock of Birds system prior to testing. High-order 

polynomial fit calibration allowed a substantial 

improvement in the tracking precision of the Flock of Birds 

system. Calibration accounts for the presence of metal near 

the transmitter or receiver in order to decrease the amount 

of error created by interference of external 

electromagnetic fields. The accuracy of this system was 

tested against the true xz and xy plots in a CAVE 

coordinate system. With the Flock of Birds transmitter 

installed 9 ft from the floor in the middle of the CAVE, 

location error was 159 ± 110 mm and 33 ± 19 mm before and 

after calibration, respectively (Kindratenko, 2001).

Reliability and accuracy of Ascension's Flock of Birds 

system has been illustrated with an "excellent trial-to- 

trial repeatability of 2% or better" (McQuade et al., 2002) 

and a location error of only 33 ± 19 mm (Kindratenko, 2001). 

The experimenter must however consider and account for the 

presence of metal near the transmitter or receiver.
il| Calibration of the system is essential in order to decrease
I
| the amount of error created by interference of external

| electromagnetic fields (Kindratenko, 2001) . McQuade et al.

I (2002) also suggested, for optimal results and accuracy,
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experiments should be conducted with motions occurring at 

speeds lower than 250°/s to avoid velocity-dependent error. 

Isokinetic Analysis: Biodex II Dynamometer

Davies, Wilk, and Ellenbecker (1997) highlighted the 

advantages of isokinetics: accommodating resistance to 

allow maximal dynamic loading of a muscle throughout the 

range of motion, inherent safety factor and minimal risk to 

patient, validity and reliability of equipment, 

reproducibility of testing, specificity of movements, and 

provides feedback to patients with records, computers, etc.

Test-retest reliability. Feiring, Ellenbecker, and 

Derscheid (1990) tested 19 healthy, active subjects (10 

female, 9 male) to evaluate the test-retest reliability of 

the Biodex isokinetic dynamometer. Two identical testing 

sessions, conducted seven days apart, required that each 

subject perform five maximal concentric isokinetic knee 

j flexion and extension repetitions at 180, 240, and 300°/s
t

{ and three maximal repetitions at 60°/s. Intra-classi
correlation coefficients for extension values ranged 

between 0.95 and 0.97 for peak torque, and 0.95 and 0.97 

for work. Interclass correlation coefficients for flexioni
values ranged between 0.82 and 0.99 for peak torque and

j
! 0.93 and 0.96 for work. Feiring et al. therefore

i
j
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demonstrated that the Biodex isokinetic dynamometer had 

high test-retest reliability for concentric isokinetic 

testing.

Montgomery, Douglass, and Deuster (1989) tested 20 

subjects (11 males, 9 females) to test the reliability of 

the isokinetic dynamometer for evaluating muscle strength 

and endurance. Two identical testing sessions, conducted 2- 

4 days apart, required that each subject complete two 

testing protocols. The velocity spectrum test protocol 

required that the subject perform five maximal concentric 

isokinetic knee flexion and extension repetitions at 90,

150, 210, 270, 330°/s. The muscle endurance test protocol 

required that the subject perform as many maximal 

reciprocal concentric contractions as possible in a 45-s 

period at an angular velocity of 180°/s.. Statistical 

analysis of this data revealed high mean interclass

! correlation coefficients 0.88 for peak extension torque and

0.79 for peak flexion torque across all velocities. The
i endurance test revealed a high interclass correlation 

coefficient of 0.92 for total work performed and average

i power.
i

Klopfer and Greij (1988) examined quadriceps and 

hamstrings performance at 300, 330, 360, 400, and 450°/s
ii
Il
i
i

!
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for 55 (23 male, 32 female) healthy, untrained volunteers. 

Data were collected on the Biodex B-2000. To assess 

reliability of the Biodex in measuring concentric 

isokinetic knee flexion and extension Klopfer and Greij had 

15 of the 55 subjects complete a second trial of five 

maximal contractions at 300 and 450°/s. Mean peak torque 

and torque to body weight ratios were calculated. The 

correlation coefficient at 3 00“/s for the quadriceps and 

hamstrings was 0.97 and 0.96, respectively. The correlation 

coefficient at 450°/s for the quadriceps and hamstrings was 

0.96 and 0.95, respectively. Klopfer and Greij, once again, 

demonstrated the high degree of reliability of the Biodex 

isokinetic dynamometer.

Testing protocol. As researchers (Boden et al., 2000; 

Ireland, 2001; Olsen et al., 2004; Osternig, Bates, &

James, 1980; Teitz, 2001) have stated, the common mechanism 

of ACL injury involved a planted foot with external tibial 

rotation, internal femoral rotation, and a valgus angle at 

the knee. Osternig et al. (1980) stated that "excessive 

tibial rotation has been identified as a prime mechanism in 

producing disruption of the integrity of the knee jointI
| ligamentous structures" (p. 195). Via EMG studies Basmajian

(19 67) showed that the biceps femoris is active during
j
iI
i
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external tibial rotation and the semimembranosus and 

semitendinosus are active in medial tibial rotation at the 

knee joint.

Researchers (Osternig et al., 1980; Robertson, 1976) 

have taken a closer look at the contribution of the 

specific medial and lateral hamstring muscles in 

controlling the rotational forces acting at the knee during 

activity. As a factor predicting the susceptibility of an 

athlete to knee injury, a reliable method of assessing 

tibial rotation was in demand. Osternig et al. assessed 

active tibial rotation starting from two different 

'neutral' positions in order to set the standard for 

measurement. Neutral was experimentally defined as either 

the midpoint between internal and external rotation, with 

the foot perpendicular to the frontal plane of the body, or 

when the foot begins in the natural relaxed position.

Osternig et al. (1980) found that with the foot in the 

natural relaxed position the mean internal tibial rotation|
was 26-38% greater than from the position with the foot 

perpendicular to the frontal plane of the body, which was

i expected since the relaxed position was on average in a
I

more externally rotated position. Regardless of rotaryi|| position, Osternig et al. revealed that the mean
ii
iI
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differences in torque between the internal and external 

rotators were less than 10%. Thus, Osternig et al. 

supported the notion that the external rotators may have a 

mechanical advantage over the internal rotators. In regards 

to testing protocol Osternig et al. also emphasized the 

need for a stabilization boot to decrease extraneous 

subtalar motion. A stabilization boot would increase the 

accuracy in measuring pure tibial rotation.

As a follow up to the earlier work of Osternig et al. 

(1980), Hester and Falkel (1984) reported a wide range of 

normative data on maximum active tibial rotation utilizing 

isokinetic resistance and a relatively new stabilization 

technique. Total range of motion, component 

internal/external range of motion, joint position at peak 

torque production, peak torque production, and torque 

production as a percent of body weight was assessed 

bilaterally for 25 health adult male subjects. While

j Osternig et al. emphasized the use of a specially designed
j
! boot, used to eliminate subtalar motion, when evaluating

tibial rotation, Hester and Falkel concluded that this 

technique was impractical for many clinical situations. 

Therefore, Hester and Falkel chose to evaluate a more
ii; practical design by securing the foot to the footplate via
I

i
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three Velcro® straps, two over the forefoot and one 

anchoring the heel in the heel in the heelstop of the 

footplate. However, after having each subject perform two 

sets of four maximal repetitions of internal/external 

tibial rotation at each velocity (30, 60, 120, and 180”/s) 

Hester and Falkel agreed that some degree of subtalar and 

midtarsal joint motion and slight displacement of the foot 

within the shoe may have accounted for the higher values 

found for total range of motion.

Hester and Falkel (1984) also evaluated the two 

methods suggested by Osternig (1980) used to identify the 

neutral rotary position. The "zero position" stated that 

the foot should be positioned perpendicular to the frontal 

plane of the body. The "relaxed position" was said to be 

determined by "positioning the subject on a table with the 

hips at 60°, the knee at 90°, and the legs hanging freely 

over the edge. With the thigh perpendicular to the body's 

frontal plane, the ankle was passively dorsiflexed to 90” 

and the angle between a line determined by points at the 

tip and heel of the shoe and the body's sagittal plane were 

recorded" (p. 47). On average, the "relaxed position" 

defined neutral at a more externally rotated position then 

when using the "zero position" method. Using the "relaxed
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position" to define rotary neutral resulted in 21 - 31% 

more mean internal rotation and 11 - 18% less mean external 

rotation when subjects were measured at 30°/s. Hester and 

Falkel therefore, agreed that the method used to define 

rotary neutral has a significant effect on relative 

internal and external range of motion measurement, however 

they did not compare the effect on mean peak torque 

production. All data presented for peak torque production 

are from the zero-neutral position method. In all cases 

mean peak torque during external rotation slightly exceeded 

that of internal rotation. Mean peak torque expressed as a 

percentage of body weight revealed the greatest value of 

approximately 15% at 307s.

Keller (2003) compared peak torque for internal and 

external tibial rotation in males and females at three knee 

flexion angles (20°, 45°, 90°). A total of 30 healthy 

subjects (15 male, 15 female) were tested on the Biodex 

isokinetic dynamometer at a velocity of 30°/s. Using the 

dominant leg, each subject performed three maximum 

repetitions at each of the prescribed knee flexion angles. 

Keller found no significant gender differences in external 

tibial rotation peak torque to body weight ratio, but found 

that males produced significantly greater internal peak
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torque to body weight ratios than females at 20‘ and 45° of 

knee flexion (20°: males = 12.85, 4.38 ft-lbs; females = 

9.78, 2.79 ft-lbs; 45°: males = 14.59, 4.53 ft-lbs, females 

= 9.65, 3.25 ft-lbs). As suggested earlier by Osternig et 

al. (1980) and Robertson (1976), the torque capacity of the 

internal tibial rotators may determine knee joint stability 

during activity, particularly when providing support 

against valgus displacement of the knee. Therefore the 

significant gender difference in internal torque capacity 

may contribute to decreased joint stability and the 

predisposition of female athletes to knee injury (Keller, 

2003).

Relationship between isokinetic assessment and 

functional performance. Pincivero, Lephart, and Karunakara 

(1997) examined the relationship between an open kinematic 

chain assessment, concentric isokinetic quadriceps and 

hamstring strength, and a closed chain activity, the 

single-leg hop for distance test. Pincivero et al. 

acknowledged that open and closed kinematic chain 

activities result in differing muscle recruitment and 

forces on the joint and therefore sought to quantify the 

correlation between the two activities.
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Pincivero et al. (1997) evaluated 37 college-aged 

volunteers (21 male, 16 female) and found a low to 

moderate, yet statistically significant, relationship 

between isokinetic peak torque, peak torque/body weight, 

total work, and average power and the single-leg hip for 

distance test for the quadriceps and hamstring muscles'of 

both the dominant and non-dominant limb at 60°/s and 

180°/s. Reported as peak torque/body weight (%), Pincivero 

et al. found that the correlation coefficients between the 

single-leg hop activity and the isokinetic quadriceps and 

hamstring assessment at 60°/s to be 0.46 and 0.65 for the 

dominant limb and 0.55 and 0.69 for the non-dominant limb, 

while at 180°/s the correlation coefficients were 0.49 and 

0.61 for the dominant limb and 0.51 and 0.67 for the non

dominant limb.

After reviewing the results their study, Pincivero et 

al. (1997) concluded that "The relatively higher
!1 correlations observed for the peak torque/body weightI

variables seem to suggest that an individual's relative

\ strength scores may be a better indicator of functionalIi
! performance as demonstrated by a single-leg hop" (p. 14) .II
! Interestingly, Pincivero et al. also noted that the

| relationships between the correlation coefficients of the
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isokinetic variables and the single-leg hop test were 

"statistically greater for the hamstring muscles than the 

quadriceps for total work and average power at 60°/s and 

peak torque/body weight, total work, and average power at 

180°/s for the dominant limb" and "total work and average 

power at 180°/s for the nondominant limb" (p. 13). Due to 

these findings Pincivero et al. supported an "increased use 

of hamstring activation exercises in knee rehabilitation 

programs" (p. 15) as the hamstrings contribute 

significantly to knee joint stability.

Augustsson and Thomee (2000) assessed the relationship 

between a closed kinetic chain test (barbell squat 3 

repetition maximum-3RM) and an open kinetic chain test 

(concentric isokinetic knee extension) with a test of 

functional performance (vertical jump). After testing 16 

healthy, male subjects Augustsson and Thomee found 

moderately strong significant (p < .05) correlations 

between the vertical jump test and the 3RM squat and the 

knee extension tests, r = 0.51 and r = 0.57, respectively. 

These researchers acknowledged that the closed kinetic 

chain test represents a more functional activity than the 

open kinetic chain assessment. However, the open kinetic 

chain test facilitates the identification of specific
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deficiencies or problem areas, therefore an open kinetic 

chain test may be more appropriate when analyzing the 

relationship between the strength of a specific muscle 

group and functional performance (Augustsson & Thomee,

2000) .

Pincivero et al. (1997) and Augustsson and Thomee

(2000) found relationships between open-chain activity, 

closed-chain activity, and functional performance.

Therefore, these researchers collectively supported the 

notion that isokinetic assessment could be a predictor of 

kinematic assessment during sport activity. In addition, 

Robertson (1976) demonstrated the specificity in training 

the medial and lateral hamstrings. Thus, Pincivero et al., 

Augustsson and Thomee, and Robertson supported the 

potential for a sport specific strength .and conditioning 

program to affect functional activity.

Summary

The ACL, as it attaches on the posteromedial side of 

the lateral femoral condyle and inserts on the anterior 

intercondylar area of the tibia, stabilizes the knee 

against hyperextension, ATT, internal tibial rotation, and 

valgus angular displacement (Arnheim & Prentice, 2000; 

Bendjaballah et al., 1997; Marieb, 2001). The collateral

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 4 9

ligaments act as secondary support structures to resist 

ATT, however these ligaments become more lax as the knee 

flexes (Arnheim & Prentice, 2000; Bendjaballah et al.,

1997; Kelley, 1971), which offers less relative assistance 

to the ACL. The collateral ligaments and joint capsule 

provide resistance to varus and valgus stress (Bendjaballah 

et al., 1997). However, the collateral ligaments contribute 

less to knee joint stability between 15° and 45°, 

especially near 30°, of knee flexion (Butler et al., 1980; 

Fukuda et al., 2003; Kanamori et al., 2000; Lutz et al., 

1993; Markolf et al., 1995; Matsumoto et al., 2 001) which 

may increase the potential amount of strain placed on the 

ACL. Confirming the suspicion that the ACL is more 

vulnerable near 30° of flexion, researchers (Boden et al., 

2000; Ireland, 2001; Noyes et al., 1983;. Olsen et al. ,

2004; Teitz, 2001) have revealed that the mechanism of ACL 

injury most often involves a jump-landing and/or cutting 

motion with the foot planted, tibia externally rotated, 

femur internally rotated, knee flexed less than 30a, and 

knee in a valgus position.

To investigate the cause of ACL injury, researchers 

have studied the relationship between sport activity and 

joint kinematics (Besier et al., 2003; Besier et al., 2001;
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Chappell et al., 2002; Ford et al., 2003; Malinzak et al., 

2001; McLean et al., 2004; Zeller et al., 2003) and the 

relationship between joint kinematics and the subsequent 

strain placed on the ACL (Benjaballah et al., 1997; Butler 

et al., 1980; Fukuda et al., 2003; Kanamori et al., 2000; 

Lutz et al., 1993; Markolf et al., 1995; Matsumoto et al.,

2001). Researchers have also revealed that females, more 

often than males, displayed those kinematics during 

athletic activity that place the most stain on the ACL 

(Chappell et al., 2002; Ford et al., 2003; Malinzak et al., 

2001; McLean et al., 2004; Zeller et al., 2003), which is 

not surprising since female athletes are between 2 - 8.38 

times as likely to tear their ACL (Arendt & Dick, 1995;

Gray et al., 1985; Malone et al., 1993).

The rectus femoris, vastus medialis, vastus lateralis, 

biceps femoris, semitendinous, semimembranosus, gracilis, 

gastrocnemius, sartorius, and popliteus assist the ACL in 

stabilizing the knee during dynamic activity (Ciccotti et 

al., 1994; Huston & Wojtys, 1996; Knapik et al., 1991; Li 

et al., 1999; Pandy & Shelburne, 1997). General quadriceps 

and hamstring co-contraction has been shown to decrease ATT 

(Li et al., 1999; Markolf et al., 1978; More et al., 1993; 

Pandy & Shelburne, 1997) . The semimembranosus,
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semitendinosus, and gracilis in particular, also provide 

dynamic stabilization of the knee joint by inhibiting 

excessive external tibial rotation (Louie & Mote, 1987;

More et al., 1993) and valgus angular displacement 

(Goldfuss et al., 1973; Olmstead et al., 1986; Pope et al., 

1979).

Researchers have examined gender differences in 

hamstring strength and found that females have less 

hamstring torque capability (Chandy & Grana, 1985; Knapik 

et al., 1991; Lephart et al., 2002; Rankin & Thompson,

1983) and a greater imbalance between quadriceps and 

hamstring muscle activation during activity (Hewett et al., 

1999; Huston & Wojtys, 1996) than males. The deficit in 

hamstring muscle activation and torque production has been 

correlated to a decreased ability to resist ATT (Ciccotti 

et al., 1994; Huston & Wojtys, 1996; Knapik et al., 1991;

Li et al., 1999; Pandy & Shelburne, 1997), which is thought 

to be the primary cause for strain placed on the ACL 

(Markolf et al., 1995) . However, ATT combined with internal 

tibial rotation and valgus moment magnifies the strain 

placed upon the ACL (Markolf, et al. 1995). Therefore, 

stabilization of internal tibial rotation and valgus
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angular displacement must also be considered in the 

I prevention of ACL injuries.

Researchers have shown that it is possible to isolate 

and strengthen the medial and lateral hamstrings (Osternig 

et al., 1980; Robertson, 1976). Since the hamstrings play a 

critical role in decreasing ATT (Li et al., 1999; Markolf 

et al., 1978; More et al., 1993; Pandy & Shelburne, 1997), 

internal/external rotation (Louie & Mote, 1987) , and 

varus/valgus rotation (Goldfuss et al., 1973; Olmstead et 

al., Pope et al., 1979), increasing hamstring torque 

capability may improve dynamic knee joint stability. 

Plyometric training programs have been shown to decrease

j the incidence of ACL injury (Heidt et al., 2000; Hewett et
j

al., 1999). However, the precise aspect of these training 

programs that contributes most to the decreased incidence 

of ACL injury is unknown. Continued research was needed on 

the kinematic, biomechanical, and neuromuscular variables 

j that contribute to ACL injury. Examination of the factors
j
j potentially influencing the occurrence of ACL injuries

! would aid in the improvement, selection, and prescription
I

of training and injury prevention programs.

Further research is needed on the interaction between 

gender, muscle activity, and knee joint kinematics during
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athletic activity. Keller (2003) revealed a gender 

difference in peak internal tibial rotation torque at 20° 

and 45° of knee flexion, measured isokineticly at 30°/s. 

Cadaveric and human subject studies revealed that the ACL 

may be most susceptible to injury, due to increased joint 

laxity, at or near 30° of knee flexion (Butler et al.,

1980; Fukuda et al., 2003; Kanamori et al., 2000; Lutz et 

al., 1993; Markolf et al., 1995; Matsumoto et al., 2001).

Joint stability is also provided by the surrounding 

joint musculature, however, the mechanical efficiency of 

the medial hamstrings is dependent on the knee joint angle 

(Buford et al., 2001; Fiebert et al., 1992) and researchers 

(Lephart et al., 2002; Rankin & Thompson, 1983) have 

observed gender differences in torque capabilities of the 

quadriceps and/or hamstrings. Therefore, the current 

research investigated gender differences in tibial rotation 

torque at 30° of knee flexion at 30°/s. Researchers have 

revealed that the most common mechanism of ACL injury is 

non-contact and involves a jump-landing and/or cutting 

motion with the foot planted, tibia externally rotated, 

femur internally rotated, knee flexed less than 302, and 

knee in a valgus position (Boden et al., 2000; Ireland,

2001; Noyes et al., 1983; Olsen et al., 2004; Teitz, 2001).
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Therefore, the current research investigated knee 

kinematics during a single-leg vertical jump-landing.

Further research is needed on the the biomechanical and 

neuromuscular variables that contribute to ACL injury. This 

information would aid in the improvement, selection, and 

prescription of training and injury prevention programs.

i

i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



155

Appendix C

INSTITUTIONAL REVIEW BOARD FORM

Plymouth State University 
Statement Concerning the Use of Human Subjects in Research

Name of Principal Investigator: Katherine J. Bello________

Department: Health Physical Education and Recreation______

Email Address: kjbello@plymouth.edu_______________

Campus Mailing Address and Phone Number:
57 Hardhack Rd..
Holderness, NH 03245 
603-535-9892

Federal regulations and college policy require that 
proposals which involve human subjects in research must be 
reviewed by the Human Subjects Research Committee. Please 
respond to the following questions and return this form, 
when complete, to Gary Goodnough, Interim Chair of the 
Human Subjects in Research Committee, MSC 38.

Title and brief description of project. Include a time line 
of when you plan to collect data.

Titles An Examination of Gender Differences Between Tibial 
Rotation Torque and Knee Valgus Angle During Single-Leg 
Vertical Jump-Landing.

Brief Description: The purpose of this study is to determine 
the relationship among gender, knee valgus angle during 
vertical jump-landing, and internal tibial rotation torque. 
Jump-landing is defined as the landing that occurs after the 
performance of a vertical jump. This information will add to 
the body of literature investigating the underlying 
mechanisms of anterior cruciate ligament (ACL) injury and 
the apparent predominance of ACL injury in women.

Each subject will be asked to participate in a 45-minute, 
one-time testing session. Subject participation in this 
study will be based on his/her history of injury and current 
level of sports participation, as indicated on the Sport,
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Fitness, and Injury History questionnaire (Appendix D). The 
subjects will be separated into two groups according to 
gender. Upon arrival to the Human Performance Laboratory the 
investigator will measure and record the height and weight 
of each subject. Assessments will be done for standing 
vertical reach, maximum vertical jump height, vertical jump- 
landing posture, and lower-leg isokinetic strength using the 
MotionMonitor™ kinematic analysis and Biodex II isokinetic 
dynamometer systems, respectively. Throughout the testing 
session verbal instructions and demonstrations for each.test 
will be provided by the investigator.

After eight motion analysis sensors have been attached to 
the subject, sensor position and orientation will be used by 
the system to draw a three-dimensional image of the subject. 
The subject will first be asked to stand in the center of a 
6-in high, 4 x 8-ft platform, raise his/her hand as high as 
possible with feet flat on the ground, the computer will 
measure the height of his/her hand, which will be recorded 
as the standing vertical reach height.

Maximum vertical jump height will then be measured as the 
subject performs three maximal-effort vertical jumps. The 
subject will be asked to jump using a two-foot take-off, 
reach for a ball that has been suspended from the ceiling, 
and land on both feet. The ball will have been placed well 
beyond the vertical jump height of the individual and will 
be used as visual motivation as the subject is to perform 
the jump activity with maximal-effort. The subject will be 
asked to complete three trials with a 3 0-second rest between 
trials. The average of these trials will be used to 
determine the jump-height conditions to be used later in the 
vertical jump-landing assessments.

During the vertical jump-landing assessment the subject will 
be asked to jump and retrieve the ball that will be placed 
at a height equal to 90% of his/her maximum vertical jump. 
During the test trials the subject will be asked to jump 
using a two-foot take-off, grab the ball, and land on the 
dominant leg only. The subject will perform six successful 
test trials with time permitted for practice trials to be 
performed prior to data recording. The subject will be given 
a 30-second rest period between test trials in order to 
decrease the possible effect of fatigue on his/her
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performance. In total the subject will be asked to perform 
nine vertical jump repetitions for data acquisition.

The subject will also be tested on the Biodex II isokinetic 
dynamometer, a machine used to measure and strengthen 
specific muscles of the body. The Biodex will be used in 
this study to measure lower leg strength as the subject 
rotates his/her lower leg and foot. The subject will be 
seated in a chair with his/her torso, thigh, and foot 
securely strapped down as he/she performs one practice, 
submaximal (50% effort) set of lower leg rotations and three 
maximal-effort (100% effort) testing sets which will be 
recorded. The subject will be given a 2-minute rest period 
between sets.

Timeline: Approximately 80 (40 male, 40 female) physically 
active students, 18-35 years of age, from Plymouth State 
University will be recruited for participation in the 
study. Each subject will be assessed using the 
aforementioned measuring devices during a one-time, 45- 
minute testing session. Testing sessions will begin during 
the last week of April.

Indicate how informed consent is to be obtained. Provide a 
copy of the informed consent documents you will use in your 
research. If your research involves a survey, also provide 
a copy of the survey.

Each subject will be presented with a consent form to be 
signed prior to the beginning of the study (see attached). 
Subjects will be encouraged to ask questions and state 
concerns. If for any reason, a subject wishes not to 
participate in the study after reading the consent, he/she 
may do so at that time. Each subject will receive a copy of 
the consent form.

How will confidentiality of subject data be assured as it 
is collected, and, if it is to be retained, over the length 
of time that it is to be retained?

Confidentiality of subject data will be assured by 
assigning a number to each subject that will not be known 
to them and will not be associated with their name in any 
way throughout data collection or analysis. During the data 
collection process and the final stages of writing, data
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will be kept in a locked file cabinet. This data will be 
retained for five years in a locked file cabinet located in 
the Human Performance Laboratory at Plymouth State 
University.

List all foreseeable risks which may be encountered by the 
subjects and the justification for the project in terms of 
benefits to be realized which might outweigh the risks, and 
steps taken to reduce any potential risks.

Risks: The testing protocol involves minimal risk to the 
participants. The jump-landing activity takes place on the 
surface of the forceplate (15.75 x 23.62 in) which has been 
placed in the center of a 4 x 8-ft platform to provide a 
wide, flat, safe landing area. An investigator will be 
present throughout the testing as a spotter to ensure safety 
during the jump-landing activity. Risk associated with the 
isokinetic testing is negligible.

Benefits: The results from this study will provide 
information about gender differences in knee motion during 
jump-landing. This research may aid in understanding the 
possible risk factors associated with non-contact ACL 
injuries. Significant findings may be used to develop and 
improve injury-prevention strength-and-conditioning 
programs.

For student projects only:

This research has been reviewed and approved by my 
instructor, who is:

Marjorie King, PhD, PT, ATC
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Appendix D

SUBJECT SPORT, FITNESS, AND INJURY HISTORY QUESTIONNAIRE

An Examination
of Gender Differences Between Tibial Rotation Torque and 
Knee Valgus Angle During Single-Leg Vertical Jump-Landing

Katherine J. Bello 
Plymouth State University 

Masters' Thesis

Subject Sport, Fitness, and Injury History Questionnaire

Subject ID: Date:
Dominant leg: (leg with which you prefer to kick a ball)
_____ R   L
Dominant hand: 
_____ R

(hand with which you prefer to write) 
L

Write the number of years (1-4) played next to any sport(s) 
that you participated in during your high school career:

Archery
Baseball
Basketball
Bicycling
Boxing
Crew
Cross Country 
Dance 
Fencing 
Field Hockey

Football
Golf
Gymnastics 
Ice Hockey 
Ice Skating 
Lacrosse 
Martial Arts 
Rodeo 
Rugby 
Skiing

Soccer 
Softball 
Squash/handball 
Swimming&Diving 
Tennis .
Track & Field 
Volleyball 
Weight Lifting 
Wrestling 
Other_________

Indicate the classification below that best describes your 
current level of sports participation:
  1= none
  2= recreational
  3= collegiate
Indicate the classification below that best describes your 
current frequency of sports participation:
_____ 1= 0-1 days/week
  2= 2-3 days/week
  3= 4-5 days/week
  4= 6-7 days/week
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Indicate your current sport(s) participation and write the 
average number of days per week in which you participate in 
each activity:

Archery
Baseball
Basketball
Bicycling
Boxing
Crew
Cross Country 
Dance 
Fencing 
Field Hockey

Football
Golf
Gymnastics 
Ice Hockey 
Ice Skating 
Lacrosse 
Martial Arts 
Rodeo 
Rugby 
Skiing

Soccer
Softball
Squash/handball
Swimming&Diving
Tennis
Track Sc Field 
Volleyball , 
Weight Lifting 
Wrestling 
Other_________

Indicate below any of the following that may apply to your 
previous or current history of injury:
Previous history of surgical intervention on the dominant 
knee.
_____ Yes
_____ No
Previous history of surgical intervention on the dominant 
ankle.
_____ Yes
_____ No
History of injury on the dominant knee, within the last 
three months, that required medical attention
_____ Yes
_____ No
History of injury on the dominant ankle, within the last 
three months, that required medical attention
  Yes
_____ No
Current injury on the dominant knee that will require 
medical attention
_____ Yes
_____ No
Current injury on the dominant ankle that will require 
medical attention
_____ Yes
  No
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Appendix E

INFORMED CONSENT

AGREEMENT TO PARTICIPATE IN
AN EXAMINATION 

OF GENDER DIFFERENCES BETWEEN TIBIAL ROTATIO TORQUE AND 
KNEE VALGUS ANGLE DURING SINGLE-LEG VERTICAL JUMP-LANDING

KATHERINE J. BELLO 
DEPRATMENT OF HEALTH, PHYSICAL EDUCATION, AND RECREATION

57 HARDHACK RD.
HOLDERNESS, NH 03245 

(603)536-9892 
kjbello@plymouth.edu

Purpose:
The purpose of this research is to examine differences 
between men and women in regards to the way their legs move 
during jump-landing and to measure the differences in 
strength in the lower leg. Jump-landing is defined as the 
landing that occurs after the performance of a vertical 
jump.

Description:
The principle investigator of this study, a graduate student 
at Plymouth State University, asks for your participation in 
a 45-minute, one-time testing session. Your participation in 
this study has been based on your history of injury and 
current level of sports participation, as indicated on the 
Sport, Fitness, and Injury History questionnaire. You will 
be declared ineligible for participation if you report 
either of the following: previous history of surgical 
intervention on the dominant knee or ankle, and/or current 
history of knee or ankle injury within the last three months 
that had or will require medical attention. The testing 
session requires that you complete a series of jumping tasks 
and an assessment of lower leg strength. During the jumping 
tasks you will be connected to a system that analyzes body 
motion. Measurements will be taken as you perform one set of 
three maximal-effort vertical jumps followed by one set of 
vertical jumps. The height of the additional set of vertical 
jumps will be determined based on your personal maximum 
vertical jump height. In total you will be asked to perform
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nine vertical jumps. You will also be tested on the Biodex, 
a machine used to measure and strengthen specific muscles of 
the body. The Biodex will be used in this study to measure 
your lower leg strength as you turn your lower leg and foot. 
You will be seated in a chair and perform one submaximal, 
practice set of three lower leg turns and three maximal- 
ef fort testing sets.

Procedures:
Upon arrival at the laboratory the investigator will measure 
and record your height and weight. Throughout the testing 
session verbal instructions and demonstrations of each test 
will be provided by the investigator. Measurements will be 
taken on your standing vertical reach, maximum vertical jump 
height, body motion during vertical jump-landing, and lower 
leg strength from the Biodex. The total time of assessment 
will be approximately 45 minutes.

Application of equipment. Using Velcro straps, seven small, 
plastic sensors will be attached to your low back, thighs, 
lower leg, feet, and wrist. A computer will be used to read 
the position of each sensor on your body, which will then 
use this information to draw a three-dimensional picture of 
your pelvis, legs, feet, and hand on the computer screen.

Standing vertical reach assessment. You will be asked to 
stand in the center of a 4 x 8-ft platform, raise your hand 
as high as possible with feet flat on the ground, whereupon 
the computer will measure the height of your hand.

Maximum vertical jump assessment. Standing on the platform, 
you will be asked to jump as high as possible, reaching for 
a ball that is placed high above the platform. You will be 
permitted to jump using a two-foot take-off, grab the ball, 
and land on both feet. You will then repeat this task two 
more times with a 30-second rest between trials. The average 
of these trials will be used to determine your maximum 
vertical jump height, which will be used later in the 
vertical jump-landing assessments.

Vertical jump-landing assessment. During the vertical jump- 
landing assessment you will be asked to jump and retrieve a 
ball that has been placed at a height which will have been 
determined by your maximum vertical jump height. The ball 
will be placed at a height equal to 90% of your maximum
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vertical jump. You will perform at least six test jumps at 
this height with time permitted for practice jumps. You will 
be given a 30-second rest period between test jumps in order 
to decrease the possible effect of fatigue on your 
performance. You will be asked to jump using a two-foot 
take-off, grab the ball, and land on the dominant leg only. 
The dominant leg in this case is defined as the leg with 
which you prefer to use when kicking a ball. You must land 
on the dominant foot, absorb the landing as needed, without 
lifting your heel or toes and/or letting the opposite foot 
touch the floor, slowly return to the erect single-leg 
stance, and then relax into a two-foot stance. If you are 
unable to successfully perform the jumping activity that 
test jump will be repeated until six successful test jumps 
have been performed. During the jumping activity you will be 
allowed to swing your arms as you jump straight up and grab 
the ball. During each test the investigator will serve as a 
spotter to ensure safety during the jump-landing activity.

Isokinetic assessment. You will be tested using the Biodex 
II machine, which will measure the strength with which you 
can turn your lower leg. You will be seated in a chair with 
your leg slightly bent, Velcro straps will be used to hold 
your torso, thigh, and foot in place during testing, and you 
will be asked to turn in and out with your foot as hard and 
fast as possible. Performing each set will require that you 
turn your foot back and forth three times. One submaximal 
(50% effort) , practice set and three maximal-ef fort. (100% 
effort) testing sets will be completed. You will be given a 
2-minute rest period between sets.

Risks:
The testing protocol involves minimal risk. The jump-landing 
activity take place on the surface of a forceplate (15.75 x 
23.62 in) which has been placed in a 4 x 8-ft platform to 
provide a wide, flat, safe landing area. An investigator 
will be present throughout the testing as a spotter to 
ensure safety during the jump-landing activity. Risk 
associated with the isokinetic testing is negligible.

Benefits:
The results from this study will provide information about 
gender differences in knee motion during jump-landing. This 
research may aid in understanding the possible risk factors 
associated with non-contact knee ligament injuries,
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particularly those to the anterior cruciate ligament. 
Significant findings may be used to develop and improve 
injury-prevention strength-and-conditioning programs.

Alternative Procedures:
It has been determined that the procedures are those that 
offer the minimal amount of risk to the subject, while 
allowing for the collection of significant and relevant 
data. This investigation is strictly voluntary and you ,are 
not required in any way to participate.

Confidentiality:
Confidentiality of subject data will be assured by
assigning you a number that will not be associated with
your name in any way throughout data collection or 
analysis. During the data collection process and the final 
stages of writing, data will be kept in a locked file
cabinet. This data will be retained for five years in a
locked file cabinet located in the Human Performance 
Laboratory at Plymouth State University.

Right to Withdrawal:
Participation in this data collection is strictly voluntary 
and you may withdraw your participation at anytime without 
prejudice, penalty or loss of any care or benefits to which 
you are otherwise entitled.

Costs and Compensation:
There will be no additional costs to you for your 
participation in this study. In the event you sustain a 
major injury, emergency medical services will be notified. 
However, no compensation for medical care, hospitalization, 
loss of income, pain, suffering or any other form of 
compensation will be provided as a result of such injury.

Other:
Any significant findings will be made available to you at 
the conclusion of the study.

Contact Information:
For questions regarding the research or in the event of a 
research related injury please contact the principle 
investigator, Katherine Bello, a graduate student at 
Plymouth State University (57 Hardhack Rd., Holderness, NH
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03245, kjbello@plymouth.edu) or Dr. Marjorie King, Director 
of Graduate Athletic Training Education (Department of 
Health, Physical Education, and Recreation, 17 High Street 
MSC #22, Plymouth, NH 03264, 603-535-3108,
makingl@plymouth.edu). For questions regarding rights as a 
research subject please contact the Plymouth State 
University Institutional Review Board via Gary Goodnough,
Chair of the Institutional Review Board, 
ggoodno@plymouth.edu.

I CERTIFY THAT I HAVE READ AND FULLY UNDERSTAND THE ABOVE 
PROJECT. THAT I HAVE BEEN GIVEN SATISFACTORY ANSWERS TO ALL 
MY QUESTIONS AND THAT I HAVE BEEN ADVISED THAT I AM FREE TO 
WITHDRAW MY CONSENT AND TO DISCONTINUE PARTICIPATION IN THE 
PROJECT OR ACTIVITY AT ANY TIME WITHOUT PREJUDICE. I 
WILLINGLY CONSENT TO PARTICIPATE.

Signature of Subject Date

(If you cannot obtain satisfactory answers to your questions or have 
comments or complaints about your treatment in this study, contact: 
Plymouth State University Institutional Review Board via Gary Goodnough, 
Chair of the Institutional Review Board, ggoodno@plymouth.edu.)
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Appendix F 

TESING AREA SETUP
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Appendix G 

RESEARCH DESIGN DETAIL 

In the current study, the MotionMonitor™ system and 

forceplate were arranged and calibrated in the lab area 

according to manual specifications (Innovative Sports 

Training, Chicago, IL)(Appendix F). The transmitter was 

positioned on a 28-in., plastic podium, with the center of 

the transmitter located 45.57 in. from the center of the 

forceplate. The forceplate was located within a 4 x 8 ft 

raised (6 in. high), wooden platform to provide a wide, 

level, and safe testing surface. The axes of the forceplate 

followed the right-hand Cartesian coordinate system with 

the positive y-axis directed away from the transmitter, 

positive x-axis directed to the left when facing the 

positive y-direction, and positive z-axis directed inferior 

to the forceplate. The platform was designed so that the 

origin of the forceplate could be shifted by 7.87 in. in 

the x-direction to accommodate either a left or right-leg 

dominant subject. The setup allowed for the establishment 

of the world coordinate system within the 5-ft range of the 

transmitter to provide optimal conditions for data 

acquisition (Day, Dumas, & Murdoch, 1998; Milne, Chess, 

Johnson, & King, 1996).
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In total, seven electromagnetic motion analysis 

sensors were secured to the subject using prefabricated 

neoprene cuffs with clips. The numbered electromagnetic 

sensors were assigned to and secured over the following 

landmarks: #2, over the L5-S1 spinous processes (1/2 

distance between the right and left PSIS); #3, midpoint of 

the thigh on the lateral aspect of the dominant leg; #4, 

lateral aspect of the gastrocnemius muscle belly on the 

dominant leg; #5, dorsal aspect of the foot on the dominant 

leg (over the base of the 2nd and 3rd metatarsals); #6, 

posterior aspect of the dominant wrist (over the posterior 

radioulnar joint); #7, midpoint of the thigh on the lateral 

aspect of the non-dominant leg; #8, dorsal aspect of the 

foot on the non-dominant leg. The neoprene cuff on the 

lower leg (shank) was placed around the muscle belly of the 

gastrocnemius to prevent extraneous movement of the cuff 

during testing. The stylus, attached to sensor #1, was used 

to digitize the location and orientation of segment axes 

and virtual joint centers relative to the world coordinate 

axes.

Neutral posture was recorded as the subject assumed 

the anatomical neutral position, standing on the surface of 

the forceplate facing the positive y-axis. Subject weight
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was measured by the forceplate and subject height was 

measured by digitizing the top of the head as the subject 

stood in the neutral position. The knee, ankle, and wrist 

joint centers were digitized using the centroid method and 

hip joint centers were digitized using the Leardini method 

(Leardini et al., 1999; Stagni, Leardini, Cappozzo, 

Benedetti, & Cappello, 2000; Wu et al., 2002). As it is 

stated in the MotionMonitor™ manual, joint digitization 

requires that two points on equal and opposite sides of a 

joint be digitized to calculate the joint center location. 

Therefore, the knee was digitized to the medial and lateral 

jointline. The ankle was digitized to the medial apex of 

the medial malleolus, lateral apex of the lateral 

malleolus, and tip of the distal phalanx of the 2nd toe. The 

hand was digitized to the anterior and posterior surface of 

the capitate bone and to the tip of the distal phalanx of 

the 3rd digit. Kinematic data was smoothed using a 

Butterworth filter set at 10 Hz.
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Appendix H

DATA COLLECTION FORM

An Examination 
of Gender Differences Between Tibial Rotation Torque and 
Knee Valgus Angle During Single-Leg Vertical JUmp-Landing

Katherine J. Bello 
Plymouth State University 

Masters' Thesis

Data Collection Form
Subject ID:
Gender: __
Age: _____
Height: __
Weight: __

Date:
M

(yr)
(cm) / 2.54 = 
(kg) x 2.20 =

(in)
. (lbs)

(cm)
Kinematic assessment
Standing vertical reach: _________
(z-position reported for tip of 3rd phalanx)
Maximum vertical jump height (cm):
(minimum z-position reported for tip of 3rd phalanx)
Trial # Height(cm) Comment:

1
2
3
4
5
6

Mean
Calculated maximum vertical displacement:
(mean maximum vertical jump height - standing vertical 
reach)
  (cm) - ___________  (cm) =   (cm)
Calculated ball height:
90% MVJ condition:
(maximum vertical displacement x .90 + standing vertical 
reach)
___________ (cm) x .90 +   (cm) = ___________ (cm)
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Kinematic assessment
Valgus angle at peak vertical ground reaction force:90% MVJ
Trial # Angle (°) Comment:

1
2
3
4
5
6 ,

7
8
9
10

Mean
Valgus angle at 30° of knee flexion: 90% MVJ
Trial # Angle (°) Comment:

1
2
3
4
5
6
7
8
9
10

Mean
Change in valgus angle (°) during landing phase: 90% MVJ
Trial # Valgus 

0.03s 
before IC

Max. Valgus 
During 
Landing

Comment:

1
2
3
4
5
6
7
8
9
10

Mean
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Total valgus angle excursion during landing phase:
(mean maximum valgus angle - mean valgus angle 0.03s before IC)

90% MVJ:
____________ C )  -   (") =   C )

Isokinetic assessment
Peak tibial rotation torque to body weight (ft lbs): _____

Internal External Comments:
Trial #

1
2
3
4
5
6

Mean

Descriptors of foot structure;
Pronated
Neutal
Supinated

Pes planus
Pes cavus
Supple pes planus
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Appendix I

RAW DATA TABLE
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I n t e r n a l  R o t a t i o n E x t e r n a l  R o t a t i o n V a l g u s a n g l e  a t  p e a k  GRF ( vGRF )
# ( f t  l b s ) ( f t  l b s ) ( d e g r e e s )

T r .  1 T r .  2 T r .  3 T r . 1 T r .  2 T r .  3 T r . 1 T r .  2 T r . 3 T r . 4 T r .  5 T r .  6
1 2 5 . 4 0 2 5 .  60 2 7 .  60 2 4 . 7 0 2 3 .  50 2 4 .  90 - 1 4 . 0 1 - 1 5 . 9 5 - 1 6 . 4 3 - 1 4 . 6 5 - 1 3 . 4 3 - 1 3 . 9 9
2 9 . 8 0 7 . 8 0 5 . 7 0 1 7 .  60 1 6 .  90 1 5 . 0 0 - 2 . 3 9 - 1 . 5 4 - 2 .  67 - 1 . 2 6 - 4 . 1 1 - 4 . 1 7
3 1 6 .  90 1 5 . 8 0 1 5 .  60 2 3 .  90 2 4 . 1 0 2 3 . 3 0 3 . 3 7 5 . 3 3 3 . 0 2 3 . 8 2 3 . 0 9 3 .  9 1
4 1 3 . 5 0 1 6 . 8 0 2 1 . 4 0 2 2 .  60 2 7 . 8 0 2 8 . 2 0 - 0 . 2 8 1 . 3 7 0 . 3 4 1 . 5 8 0 . 3 6 1 . 4 7
5 1 8 .  60 2 5 . 5 0 2 6 . 7 0 2 3 . 8 0 2 6 . 7 0 2 7 . 4 0 7 . 3 0 7 . 1 3 6 . 0 6 6 .  95 7 . 5 3 6 . 5 9

6 2 1 . 3 0 2 4 . 5 0 1 8 .  90 2 4 . 4 0 2 9 . 0 0 2 2 .  60 3 . 3 1 4 . 4 7 4 . 4 1 3 .  93 4 . 2 1 3 .  65
* 7 1 4 .  60 1 4 .  60 1 3 . 2 0 1 6 . 8 0 1 7 . 0 0 1 5 . 1 0 - 2 . 3 7 - 2 . 8 0 - 3 . 0 7 - 2 . 1 5 - 2 .  70 - 2 . 5 8

8 3 5 . 5 0 4 0 . 0 0 3 8 . 5 0 3 5 . 3 0 3 7 . 7 0 3 6 .  60 8 . 4 8 9 . 7 0 6 .  61 8 .  97 8 .  66 8 . 8 8
9 1 2 . 2 0 1 6 .  90 1 3 . 3 0 2 2 . 4 0 2 3 . 5 0 2 3 . 0 0 1 .  69 0 .  69 0 .  69 0 . 1 8 0 . 0 7 - 0 . 2 1

10 2 2 .  60 2 2 . 7 0 2 0 . 5 0 2 4 .  60 3 0 . 5 0 2 7 . 5 0 5 . 7 7 5 . 8 9 4 . 8 7 5 . 0 1 5 . 3 5 6 . 7 4
1 1 6 . 3 0 5 .  90 7 . 0 0 1 6 . 4 0 1 5 . 5 0 1 4 .  90 0 . 2 9 0 . 5 4 - 0 .  90 - 0 .  62 - 0 . 2 5 - 0 . 5 1
12 2 1 . 8 0 2 1 .  60 2 1 . 2 0 3 6 . 5 0 3 0 .  60 3 1 .  90 6 . 5 5 5 . 3 8 5 . 3 4 2 . 8 1 4 . 0 4 4 .  67
13 1 5 .  60 1 8 . 3 0 2 1 . 8 0 2 1 .  60 3 0 . 0 0 2 9 . 3 0 3 . 8 1 - 1 . 7 4 - 3 .  65 - 2 . 4 4 - 2 . 5 9 - 1 . 3 0
14 2 3 . 3 0 2 6 . 5 0 2 4 . 3 0 3 5 . 5 0 3 5 . 1 0 2 9 .  60 9 . 5 6 9 . 1 3 8 . 7 7 1 0 . 5 4 9 . 5 7 9 .  97
15 1 7 . 4 0 1 7 . 2 0 1 7 . 3 0 2 5 . 4 0 2 6 . 5 0 2 6 .  90 8 .  90 8 . 5 6 8 . 5 8 9 . 4 7 7 .  98 9 . 5 8
1 6 1 1 . 3 0 9 .  90 1 0 . 4 0 2 4 .  60 2 2 . 8 0 2 3 .  90 3 .  60 4 . 2 9 4 . 5 7 4 . 7 8 3 .  91 4 . 0 4
17 6 .  70 7 . 7 0 7 .  90 1 8 . 3 0 1 8 .  40 1 7 . 2 0 7 . 2 6 5 . 2 3 5 . 5 4 5 . 7 7 4 . 4 7 4 . 4 2
18 1 8 . 0 0 1 2 . 5 0 2 0 . 0 0 1 7 . 8 0 1 6 . 2 0 2 1 .  60 9 . 2 2 7 . 5 5 1 0 .  93 8 . 4 9 7 . 3 4 9 . 3 9
1 9 1 8 . 4 0 1 9 .  60 1 7 . 1 0 2 7 . 4 0 2 9 . 3 0 2 3 . 5 0 0 . 1 6 - 0 . 4 1 - 0 . 8 2 0 . 0 3 - 0 . 1 0 - 0 .  67
20 1 3 . 1 0 1 4 . 1 0 1 5 . 1 0 1 4 . 2 0 1 6 .  90 1 8 .  60 1 . 2 6 1 .  67 0 . 0 3 2 . 0 9 3 .  92 0 . 0 7

* 2 1 1 1 . 0 0 1 1 . 2 0 1 1 . 0 0 2 3 . 3 0 2 2 . 8 0 2 6 . 4 0 1 . 0 0 - 0 .  96 0 . 0 3 4 .  6 6 4 . 8 8 3 . 3 5
22 1 7 . 8 0 1 8 . 5 0 1 7 . 7 0 1 7 . 4 0 1 7 . 5 0 1 7 . 5 0 - 7 . 3 5 - 5 . 7 8 - 2 .  64 - 5 . 7 5 - 7 . 3 9 - 9 . 4 6
23 2 1 . 3 0 2 2 . 8 0 2 3 . 3 0 2 5 . 2 0 2 9 . 5 0 2 8 .  90 4 . 60 5 .  98 4 . 3 4 3 . 1 7 3 . 1 9 3 . 1 2
24 1 3 . 8 0 1 0 .  90 1 2 . 2 0 2 1 .  90 2 2 . 0 0 2 0 .  90 8 . 0 4 8 . 1 8 6 . 7 2 6 . 7 9 8 . 3 8 7 . 0 6
25 1 1 . 5 0 1 5 .  60 1 5 . 5 0 2 3 . 3 0 2 4 . 1 0 2 3 . 8 0 - 3 .  96 - 2 . 5 7 - 0 .  99 0 . 2 5 - 0 .  66 - 2 . 1 6
2 6 1 7 . 3 0 1 7 . 5 0 1 6 .  90 2 7 . 3 0 2 2 . 7 0 2 7 . 1 0 1 8 . 0 1 1 7 .  96 1 7 . 0 8 1 6 . 7 4 1 7 . 1 1 1 5 . 1 0
27 1 4 . 7 0 1 4 . 3 0 1 5 . 2 0 2 6 .  60 2 7 . 2 0 2 7 . 8 0 0 . 8 7 - 0 .  97 0 . 3 1 1 . 3 8 1 . 1 9 0 .  90
28 1 2 . 4 0 1 1 . 2 0 1 7 . 3 0 2 8 . 3 0 2 6 .  60 2 7 . 1 0 - 2 . 3 8 - 1 . 3 1 - 1 .  99 - ' 2 . 0 2 - 4 . 7 1 - 1 . 4 6
2 9 6 . 3 0 6 . 5 0 5 . 4 0 1 7 . 8 0 1 8 .  60 1 8 .  90 1 5 .  69 1 9 . 0 1 1 9 . 2 8 1 7 . 5 3 1 7 . 5 5 1 6 . 4 3
30 1 9 . 5 0 1 8 . 4 0 1 9 . 3 0 2 8 .  60 2 9 . 3 0 2 6 .  50 1 4 . 0 4 1 2 . 7 3 1 3 . 2 2 1 3 . 4 6 1 5 . 1 4 1 5 . 4 1

* left-leg dominant data altered +/- to reflect appropriate vatus/valgu3 to match right-leg dominant data
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#
V a l g u s  a t  3 0  d e g r e e s  f l e x i o n  ( v T H I R T Y )  
( d e g r e e s )

V a l g u s  0 . 0 3 s  b e f o r e  I C  ( v I C )  
( d e g r e e s )

T r . 1 T r .  2 T r .  3 T r . 4 T r .  5 T r .  6 T r .  1 T r .  2 T r .  3 T r .  4 T r .  5 T r .  6

1 - 1 3 . 1 0 - 1 6 . 3 1 - 1 5 . 3 9 - 1 4 . 8 9 - 1 3 . 4 3 - 1 5 . 0 0 - 6 . 5 5 - 6 .  98 - 6 .  97 - 7 . 1 9 - 8 . 4 1 - 7 . 0 1
2 - 0 . 2 7 - 0 .  92 - 1 . 1 6 - 1 . 2 6 - 3 . 7 5 - 1 . 1 2 - 7 . 7 6 - 8 . 4 0 - 8 . 8 9 - 8 . 5 1 - 9 .  6 9 - 9 . 5 1
3 5 .  9 9 6 .  93 2 .  98 4 .  68 4 . 4 1 4 .  97 - 2 . 8 2 - 4 . 3 0 - 3 .  90 - 4 . 5 0 - 5 . 1 1 - 4 . 2 9
4 - 0 .  61 1 . 3 5 0 . 4 7 1 . 0 9 0 . 3 6 1 . 1 8 - 1 . 0 7 - 0 .  65 - 0 . 1 3 - 2 . 2 2 - 0 .  90 - 0 .  90
5 8 . 3 2 8 . 4 5 6 .  91 7 .  68 7 . 3 1 7 . 3 0 4 . 4 8 5 . 1 4 5 . 0 5 4 .  9 6 4 . 1 4 5 . 2 1
6 3 . 3 1 4 . 4 7 3 . 3 4 3 .  93 3 .  55 2 .  90 1 . 5 2 1 . 4 8 1 . 7  9 2 . 1 4 1 . 7 3 1 . 5 5

* 7 - 2 . 0 2 - 3 . 1 1 - 3 . 0 7 - 1 .  99 - 2 . 3 5 - 2 . 3 9 - 1 . 2 9 - 2 . 1 5 - 1 .  91 - 1 .  92 - 1 . 7 6 - 2 . 2 2
8 9 .  91 9 . 7 0 7 . 2 3 8 .  97 1 1 . 0 4 8 . 8 8 3 . 5 6 3 . 5 5 3 . 1 8 3 . 7 3 3 . 5 8 3 . 4 9
9 0 . 8 6 0 . 4 1 1 . 1 6 0 . 1 8 0 . 4 4 - 0 . 4 6 - 0 . 5 6 - 0 . 8 4 - 2 . 3 8 - 2 . 2 5 - 1 . 3 0 - 2 . 1 5

10 6 . 0 2 5 . 5 1 4 . 8 0 5 . 3 8 4 .  96 6 . 8 8 3 . 3 7 3 .  9 9 3 . 8 3 3 .  62 3 . 2 8 3 . 1 4

1 1 - 0 . 3 5 0 . 3 0 - 1 . 1 6 - 1 . 1 2 - 1 . 2 0 - 0 . 7 5 - 0 . 4 8 - 0 .  97 - 0 .  91 - 1 . 0 7 - 0 . 1 8 - 0 .  65

12 6 .  68 5 . 3 8 5 . 3 4 2 .  95 4 . 0 4 4 . 5 6 1 . 0 5 0 . 8 7 - 2 . 2 3 - 2 . 2 8 - 0 . 1 5 - 0 .  95
13 3 . 8 1 - 1 . 4 8 - 1 . 1 2 - 1 . 4 8 - 1 . 8 9 - 1 . 3 0 - 2 . 5 2 - 5 . 0 6 - 5 . 3 3 - 4 . 1 5 - 4 . 7 7 - 4 .  63
14 1 0 . 3 1 1 0 . 4 7 9 . 2 5 1 0 . 5 4 1 0 . 2 0 1 0 . 4 5 8 . 0 6 8 . 1 3 6 . 3 8 7 . 2 9 8 .  98 6 . 4 5
15 8 .  90 9 . 5 4 8 . 5 8 9 . 4 7 7 .  98 9 . 5 8 0 . 2 4 0 . 4 7 0 . 0 6 - 0 . 1 3 - 0 . 7 3 - 0 . 5 3
1 6 2 .  94 2 .  64 3 . 1 7 3 . 7 4 3 . 3 9 2 . 2 0 0 . 4 7 0 . 1 9 0 . 3 1 - 0 .  95 0 . 8 4 0 . 0 3
1 7 7 . 3 0 5 .  72 6 . 5 8 6 . 1 3 5 . 1 0 5 . 4 4 3 .  96 4 . 7 0 4 . 5 5 4 . 0 3 4 . 1 5 4 . 8 1
18 9 . 2 2 7 . 5 0 1 1 . 3 7 8 . 2 9 7 . 1 3 9 . 4 6 1 . 1 4 - 0 . 0 8 1 . 1 6 0 . 5 0 0 . 5 1 1 . 1 3
1 9 0 . 1 6 - 0 . 3 3 - 0 .  90 0 . 0 3 - 0 . 2 5 - 0 . 4 7 - 4 . 2 5 - 4 . 4 3 - 4 . 2 2 - 4 . 1 4 - 4 . 7 9 - 5 . 0 7
2 0 1 . 8 7 1 . 0 9 - 0 . 7 7 0 . 8 3 3 . 4 9 - 0 . 3 0 - 0 . 1 0 0 . 0 2 - 0 . 3 8 0 .  94 - 0 . 0 9 0 . 0 3

* 2 1 1 .  40 - 0 . 3 6 0 . 0 3 6 . 4 3 5 . 7 5 4 . 0 4 - 0 . 7 6 0 . 4 2 - 3 . 1 1 0 . 1 3 - 0 . 3 9 0 . 0 8
22 - 6 . 3 7 - 5 . 2 2 - 2 .  98 - 5 . 7 5 - 7 . 1 4 - 9 . 0 7 - 3 .  97 - 4 . 0 9 - 2 . 0 8 - 2 .  95 - 3 . 7 7 - 5 . 7 3
23 5 . 2 9 6 . 4 9 5 . 8 6 3 . 5 5 5 . 3 4 5 .  91 - 0 . 1 1 0 . 5 5 0 . 2 1 0 . 2 3 1 . 2 0 - 0 . 8 9

2 4 8 .  65 8 . 2 9 7 . 1 4 7 . 3 3 8 . 5 0 7 . 7 4 8 .  65 8 . 8 3 7 .  93 6 . 7 9 7 .  9 9 8 . 0 3
25 - 5 . 1 1 - 4 . 7 6 - 4 . 2 8 - 3 . 8 3 - 5 .  65 - 5 . 2 9 - 1 1 . 2 0 -9.11 - 1 1 . 0 2 - 1 0 . 8 6 - 1 0 . 2 7 - 1 1 . 5 2
2 6 1 5 . 8 0 1 4 . 8 8 1 4 . 2 3 1 4 . 2 0 1 4 . 1 5 1 3 . 7 4 6 . 4 4 7 . 4 3 7 . 7 7 6 .  68 8 . 8 7 6 . 1 9
27 0 . 3 9 - 0 . 7 6 - 0 . 7 9 1 . 4 7 2 . 0 7 - 0 . 1 8 0 . 2 8 1 . 2 8 0 . 7 4 1 . 8 0 0 . 4 6 - 0 . 4 3
2 8 - 1 .  63 - 1 . 0 0 - 1 . 1 9 - 1 .  95 - 3 . 7 8 - 1 . 4 6 1 . 3 3 0 . 7 5 0 .  98 0 . 3 3 0 .  65 0 . 5 6
2 9 1 3 .  98 1 5 . 8 3 1 5 . 8 8 1 6 . 4 0 1 6 . 1 5 1 5 . 5 8 5 . 7 2 5 . 0 9 6 . 0 5 3 . 2 8 3 . 1 3 5 . 1 1
30 1 4 . 0 4 1 3 . 8 7 1 4 . 0 2 1 3 . 4  6 1 4 . 7 3 1 4 . 8 6 7 . 3 5 4 . 7 8 6 . 6 6 5 . 4 8 7 . 2 0 7 . 4 5
* left-leg dominant data altered +/- to reflect, appropriate varus/valgus to match right-leg dominant data
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