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Abstract

Objective—To compare frontal plane knee moments, and kinematics and kinetics associated 

with knee valgus moments between cutting to 45° and 110°, and to determine the predictive value 

of kinematics and ground reaction forces (GRFs) on knee valgus moments when cutting to these 

angles. Also, to determine whether sex differences exist in kinematics and kinetics when cutting to 

45° and 110°.

Design—Cross-sectional study.

Setting—Laboratory setting.

Participants—Forty five (20 females) healthy young adult soccer athletes ages 16-23 years.

Assessment of Risk Factors—Kinematic and kinetic variables were compared between 

randomly-cued side-step cutting maneuvers to 45° and 110°. Predictors of knee valgus moment 

were determined for each task.

Main Outcome Measures—Kinematic variables: knee valgus angle, hip abduction and internal 

rotation angles. Kinetic variables: vertical, posterior, and lateral GRFs, and knee valgus moment.

Results—Knee valgus moments were greater when cutting to 110° compared to 45°, and females 

exhibited greater moments than males. Vertical and lateral GRFs, hip internal rotation angle, and 

knee valgus angle explained 63% of the variance in knee valgus moment during cutting to 45°. 

During cutting to 110°, posterior GRF, hip internal rotation angle, and knee valgus angle 

explained 41% of the variance in knee valgus moment.

Conclusion—Cutting tasks with larger redirection demands result in greater knee valgus 

moments. Similar factors including shear GRFs, hip internal rotation and knee valgus position 

contribute to knee valgus loading during cuts performed to smaller (45°) and larger (110°) angles.
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INTRODUCTION

The incidence of anterior cruciate ligament (ACL) injuries is disproportionately higher in 

female athletes compared to their male counterparts; females have a 3-5 times higher 

incidence of non-contact ACL injury.1-3 Sex-related differences in knee joint mechanics 

during the performance of athletic tasks are thought to contribute to increased risk for injury 

in athletes. Specifically, athletes who exhibit larger knee valgus angles,4,5 knee valgus 

moments (also reported as external knee abductor or internal knee adductor moments), 6-8 

and greater ground reaction forces (GRFs)9 during landing and cutting tasks are thought to 

be at increased risk for non-contact ACL injuries. A prospective study found that females 

who went on to injure their ACL exhibited 8° more knee valgus, 2.5 times greater knee 

valgus moments, and 20% higher vertical GRF (component of the GRF that counteracts the 

downward force applied on the ground when the foot contacts the ground) during a landing 

task than those who did not and knee valgus moments and angles were predictor of injury 

status.10

Up to 70% of non-contact injuries occur during a cutting or change of direction 

maneuver.11,12 This is of concern, as soccer athletes perform an average of 726 ±203 cutting 

maneuvers in a game to angles that vary from 0° to 180°.13 While biomechanical analyses of 

cutting have focused primarily on maneuvers performed to smaller degrees (e.g., 45°), a 

comparison between side-step cutting tasks performed to 30° and 60° suggests that cutting 

to larger angles results in greater knee loading in male athletes.14 Less is known regarding 

cutting task performed to angles greater than 90°. Moreover, it is not known if the same sex 

differences in knee loading observed when cutting to small angles exist when cutting to 

larger angles.

Increased knee valgus moments during cutting to 45° have been associated with lower 

extremity position at initial contact and GRFs.7,15 Specifically, greater hip internal rotation 

and abduction, knee valgus angle at contact and peak lateral GRF (component of the GRF 

that counteracts the medial, or shear force, applied on the ground when the foot contacts the 

ground) were correlated with larger knee valgus moments in females. Together these 

variables explained 49% of the variance in knee valgus moment in female athletes during a 

45° side-step cutting task.15 In addition, hip internal rotation and knee valgus angles have 

been correlated with knee valgus moments for both males and females during a similar 

cutting task.7 It is not clear if these same mechanics relate to knee loading when cutting to 

larger angles. Understanding the postures that contribute to knee loading during cutting to 

different angles is important for the development of effective injury prevention strategies.

The primary aim of this study was to compare knee valgus moments and the kinematic and 

GRF variables associated with knee valgus moments between cutting maneuvers performed 

to 45° and 110°. The secondary aim was to determine the predictive value of lower 

extremity kinematics and GRFs on knee valgus moments during these tasks. The tertiary 

aim was to determine whether differences in kinematics and kinetics exist between males 

and females. We hypothesized that when compared to the 45° cut, athletes will exhibit 

greater knee valgus moments and GRF’s, as well as larger knee valgus, hip abduction and 
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hip internal rotation angles while cutting to 110°. We also hypothesized that knee valgus 

moments would be associated with greater knee valgus, hip internal rotation and abduction 

angles as well as larger lateral GRFs during both cutting tasks. Lastly, we hypothesized that 

females would exhibit greater knee valgus moments and GRF’s, larger knee valgus, hip 

abduction and hip internal rotation angles when compared to males during both tasks.

METHODS

Participants

Forty five soccer athletes (20 females) between the ages of 16 and 23 years participated 

(Table 1). All subjects were participating in organized club soccer with similar training 

schedules that included practice or competition 3 to 5 days a week. Subjects were injury-free 

at the time of participation. They were excluded from the study if they reported a history of 

previous ACL injury or repair; previous injury that resulted in ligamentous laxity at the 

ankle, hip, or knee; or any medical condition that would impair their ability to perform the 

experimental tasks. To control for influence of maturation 16,17, study participants were 

considered only if they had completed puberty. Self-report Tanner scale for pubic hair 

development from figured drawings18,19 and the modified Pubertal Maturation 

Observational Scale (PMOS)20 were used to determine if individuals were post-puberty as 

described previously.16

Procedures

Testing took place at the Human Performance Research Laboratory of the Division of 

Biokinesiology and Physical Therapy. All procedures were explained to each subject and 

informed consent obtained as approved by the Health Sciences Institutional Review Board 

of the University of Southern California. Parental consent and youth assent were obtained 

for all subjects under the age of 18 years.

Ground reaction force data were obtained using a force platform at 1500 Hz (Model 

#OR6-61, Advanced Mechanical Technologies, Inc., Newton, Massachusetts). Three-

dimensional kinematics were collected using an eight-camera, motion analysis system 

(Vicon, Oxford Metrics LTD, Oxford, England) at 250 Hz. Reflective markers (10 mm 

spheres) placed on specific boney landmarks were used to quantify lower extremity and 

pelvic segment motion as described previously.16,21 To control for the potential influence of 

varying footwear, subjects were fitted with same style cross-training shoe (New Balance 

Inc., Boston, Massachusetts).

For the side-step cutting tasks, subjects ran between 4.5–5.5m/s for 7 meters, planted their 

dominant foot on the force plate and changed direction to the opposite side. A light cue 

triggered 3m prior to the force plate indicated that the subjects should perform one of 3 

tasks: change of direction at 45° angle (CUT45) or a 110° angle (CUT110) from the initial 

plane of progression or no cut (i.e., straight run) (Figure 1). Task direction was presented in 

random order. Subjects performed each cutting task without cueing 4 times and were 

allowed to practice with the random light cue until they were comfortable with the task. 

Approach velocity was calculated over 3 meters using of a photoelectric switch and force 
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plate contact. Trials were accepted if the subject’s foot landed completely on the force 

platform at the pre-determined speed, and they cut to the cued angle. Four acceptable trials 

for each task were recorded.

Data Analysis

Coordinate data were digitized using Vicon Workstation software and filtered using a 

fourth-order zero-lag Butterworth 12-Hz low-pass filter. Three-dimensional lower extremity 

kinematics and net joint moments were calculated with Visual3D™ (C-Motion, Inc., 

Rockville, Maryland) software as described previously.16 Briefly, local coordinate systems 

of pelvis, thighs, shanks and feet were derived from the standing calibration trial, and the six 

degrees of freedom of each segment was determined from the segment’s triad of reflective 

markers. The kinematics were calculated by determining the transformation from the triad of 

markers to the position and orientation of each segment determined from the standing 

calibration trial using a joint coordinate system approach.22 Internal net joint moments were 

calculated using standard inverse dynamics equations.23

Data at initial contact and during the weight acceptance phase of the cutting task were 

considered for this study. This phase is considered important as it is the period during which 

the majority of non-contact ACL injuries are thought to occur11 and is the time during which 

a peak knee valgus moment is observed. As described in previous studies, weight acceptance 

phase was determined by the force plate recordings and was defined as the period from 

initial contact to the first trough of the vertical GRF.24 The variables of interest included 

knee valgus, hip abduction and hip internal rotation angles at initial contact; peak knee 

valgus moment (normalized to body mass and height), and peak vertical, posterior (force 

that counteracts the anterior force applied on the ground when the foot contacts the ground), 

and lateral GRFs (normalized to body mass) during weight acceptance. Four trials were 

averaged per subject and used for statistical analysis.

Statistical Analysis

In order to examine the effects of angle and sex, separate 2×2 analyses of variance 

(ANOVAs) with repeated measures were performed for each variable of interest. To 

evaluate if the variables of interest predicted peak knee valgus moment, separate stepwise 

multiple regression models were used for each cut condition. Peak knee valgus moment was 

the dependent variable. Knee valgus, hip abduction and internal rotation angles and vertical, 

posterior, and lateral GRFs were considered the independent variables. All statistical 

analyses were performed using SPSS statistical software (Chicago, Illinois, v.18), p <0.05.

Although approach velocity was limited to a pre-determined range (4.5–5.5m/s), significant 

difference in approach velocity was observed between sexes (p=0.04). On average, females 

approach the cutting tasks slower (4.77±0.07m/s) compared to males (4.97±0.06m/s). 

Significant difference in approach velocity was not observed between cutting angles 

(p=0.19). To avoid the potential influence of approach velocity on group differences in 

kinetic variables, GRF and moment data were analyzed independent of velocity. For this, a 

linear regression model was conducted for each kinetic variable. Each variable was entered 

as dependent variable and approach velocity as the independent variable. The residual 
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obtained from this procedure represents the GRF and moment data without the influence of 

(i.e., covariate) approach velocity and allows for comparisons between tasks. Therefore, the 

unstandardized residuals from the regressions were saved and used for sex and angle 

comparisons.

RESULTS

Knee Valgus Moment

A significant difference in knee valgus moment was observed between sexes and between 

cutting angles (Table 2). Knee valgus moments were greater during CUT110 (1.23±0.07 N/

kg*m; P < 0.001;) compared to CUT45 (mean±standard error; 0.51±0.05 N/kg*m; residuals 

−0.36±0.04). Females exhibited greater knee valgus moments than males (0.96±0.07 N/

kg*m versus 0.80±0.07 N/kg*m; P = 0.02; residuals 0.12±0.01 versus −0.09±0.01). A trend 

toward a greater difference between males and females in knee valgus moment was 

observed during CUT110 compared to CUT45 (Figure 2)

Ground Reaction Forces

All GRF variables were greater in CUT110 compared to CUT45 (Table 2). Differences were 

noted between males and females in vertical and posterior GRF but not lateral GRF. When 

considering posterior GRF, females had greater GRF than males during CUT110 but not 

during CUT45 (Figure 3). A similar trend was observed in vertical GRF (Figure 3).

Kinematics

Significant differences between CUT 45 and CUT110 were observed for hip abduction and 

internal rotation angle. Greater hip abduction angle (19.04±0.98° versus 4.96±0.86°; P = 

0.01) and smaller hip internal rotation angle (5.39±1.08° versus 7.76±0.98°; P = 0.03) were 

observed at initial contact during CUT110 compared to CUT45. Significant differences 

between males and females were observed for knee valgus angle and hip abduction angle. 

Females exhibited greater knee valgus angle (3.63±0.57° versus 0.97±0.51°; P = 0.001) and 

smaller hip abduction angle (9.90±1.19° versus 14.08±1.07°; P = 0.01) at initial contact than 

males (Table 2).

Predictors of Peak Knee Valgus Moment

For CUT45 vertical GRF entered the regression equation first and was found to be the 

largest predictor of peak knee valgus moment, followed by lateral GRF, hip internal rotation 

angle, and knee valgus angle (Table 3). Together these variables explained 62.9% of the 

variance in knee valgus moment (F4,40=19.654 , P < 0.001). For CUT110, posterior GRF 

entered the equation first, followed by hip internal rotation angle, and knee valgus angle 

(Table 3). Together they explain 41.5% of the variance in peak knee valgus moment 

(F3,41=11.413, P < 0.001).

DISCUSSION

This is the first study to investigate knee frontal plane loading during unanticipated cutting 

to an angle greater than 90°. This is important given that cutting maneuvers performed to 
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greater angles are common in multi-directional sports.13 Knee valgus moments were 2.4 

times greater during the 110° cut compared to the 45° cut. As increased knee valgus 

moments have been associated with increased risk for ACL injury,10 these data suggest that 

ACL injury risk may be higher when performing cutting maneuvers to greater angles. This 

appears to be particularly true for female athletes. Similar to previous studies,7,15 larger knee 

valgus moments and knee valgus angles were observed in females compared to males.

While kinematic and kinetic differences exist between cutting tasks, similarities in 

predictors suggest that common factors may underlie the mechanism for frontal plane knee 

loading during cutting. Greater GRFs during CUT110 compared to CUT45 suggest that 

greater force is required to redirect the body to a larger angle. More specifically, greater 

shear (posterior and lateral) GRFs were observed during CUT110. While vertical GRFs 

were 21% greater during CUT110 than CUT45, larger increases in lateral (227%) and 

posterior (87%) GRFs reflect the higher redirection demands during the 110° cut. GRFs 

were the largest predictors of knee valgus moments during both tasks; greater forces were 

related to greater moments. During CUT45, vertical GRF was the largest predictor 

explaining 37% of the variance. Lateral GRF explained an additional 19% of the variance in 

knee valgus moment. These findings are consistent with previous data assessing predictors 

of frontal plane knee loading during cutting.15 During CUT110, posterior GRF was the only 

GRF variable to predict knee valgus moment, explaining 21% of the variance. Contrary to 

our hypothesis, lateral GRF was not associated with knee valgus moment during CUT110, 

despite the greater redirection requirements. However, previous studies suggest that 

interpretation of raw GRF data with respect to segment mechanics is difficult when the task 

requires movement outside the original plane of movement.25 As such, it is difficult to 

interpret the effect of the posterior GRF on knee frontal plane moments during CUT110. 

However, the inclusion of lateral and posterior GRFs in the prediction models for CUT 45 

and CUT110, indicate that larger shear forces during cutting contribute to as much as 20% 

of the variance in knee frontal plane loading during both tasks.

Task differences in hip frontal and transverse plane kinematics suggest that redirection of 

the body was accomplished through different mechanisms. Athletes demonstrated smaller 

hip internal rotation angle and greater hip abduction angle at initial contact during CUT110. 

Previous studies suggest that individuals pre-rotate toward the new direction during 

cutting.7,15 Given the larger redirection requirements of CUT110, we hypothesized that 

greater hip internal rotation would be observed during CUT 110. An a posteriori analysis of 

body rotation (pelvic position with respect to the original direction of progression) revealed 

that during CUT110, subjects’ did indeed pre-rotate, but not through hip rotation. Greater 

pelvic rotation was noted during CUT110 than CUT45 (37.15 ± 3.32° versus 6.95 ± 1.20°). 

In the frontal plane, over 4 times greater hip abduction was observed at initial contact during 

CUT110, suggesting that greater hip abduction is necessary to redirect the body at the 

greater angle.

Despite the differences between the tasks in hip mechanics, hip rotation was found to be a 

common predictor of knee valgus moment during both tasks. Together with knee valgus 

angle, greater hip internal rotation predicted larger knee valgus moments during both 

CUT110 and CUT45. Hip internal rotation angle at initial contact has been previously 
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identified as a predictor of knee valgus loading during 45° cutting tasks7,15 and was found to 

also be a predictor during cuts performed to larger angles in the current study. Further work 

is needed to understand this relationship and determine how altering hip rotation during 

cutting effects knee loading.

As expected, sex-related differences were observed in peak knee valgus moment; however, 

of the variables that predicted knee valgus moments, differences between men and women 

were only found in knee valgus angle, vertical and posterior GRFs. This suggests that hip 

internal rotation angle and lateral GRFs did not contribute to the sex differences knee valgus 

moment. However, trends in GRF data suggest that differences in vertical and posterior 

GRFs may have contributed to the sex differences observed in knee valgus moments. While 

females had greater knee valgus moments overall, it appears that larger differences between 

males and females were present during CUT110 (Figure 2). A similar pattern was noted in 

the vertical and posterior GRF data (Figure 3) suggesting that sex differences in loading 

during cutting may become more pronounced when performing tasks that require greater 

redirection.

This study is the first to assess cutting tasks performed at angles larger than 90°. While the 

kinematic and GRF data suggest that the demands of the tasks differ, these data are limited 

to variables that have been previously related to knee valgus moments. A more 

comprehensive comparison of kinematics and kinetics is needed to understand the demands 

of cutting tasks executed to different angles. These data suggest that similar variables are 

associated with knee valgus loading during both tasks. Given the potential differences in 

task demands it is not clear how changing these variables would alter task performance or 

knee frontal plane loading.

CONCLUSION

Together these data demonstrate that cutting tasks with larger redirection demands (e.g., 

CUT110) result in greater frontal plane knee loading. Similar kinematics, greater hip 

internal rotation angle and knee valgus angle, predict larger knee valgus moments during 

cuts performed to smaller (45°) and larger (110°) angles. While vertical GRFs were the 

largest predictor of knee valgus moments during 45° cutting, shear forces explained as much 

as 20% of the variance during cutting to both 45° and 110°. Disproportionally greater 

loading exhibited by females during CUT110 suggests that cutting to larger angles may 

present a greater challenge to females. Reducing shear GRFs during cutting to larger angles 

may work to reduce knee valgus moments and thereby reduce risk for injury. However, 

further work is needed before these data can be applied to specific training recommendations 

for the reduction of knee valgus loading during cutting.

Acknowledgments

Disclosure of funding: This study was funded by the National Institutes of Health (R01 AR053073-02)

Sigward et al. Page 7

Clin J Sport Med. Author manuscript; available in PMC 2016 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

1. Agel J, Arendt EA, Bershadsky B. Anterior cruciate ligament injury in national collegiate athletic 
association basketball and soccer: a 13-year review. Am J Sports Med. 2005; 33:524–530. 
[PubMed: 15722283] 

2. Messina DF, Farney WC, DeLee JC. The incidence of injury in Texas high school basketball. A 
prospective study among male and female athletes. Am J Sports Med. 1999; 27:294–299. [PubMed: 
10352762] 

3. Myklebust G, Maehlum S, Holm I, et al. A prospective cohort study of anterior cruciate ligament 
injuries in elite Norwegian team handball. Scand J Med Sci Sports. 1998; 8:149–153. [PubMed: 
9659675] 

4. Malinzak RA, Colby SM, Kirkendall DT, et al. A comparison of knee joint motion patterns between 
men and women in selected athletic tasks. Clin Biomech (Bristol, Avon). 2001; 16:438–445.

5. McLean SG, Lipfert SW, van den Bogert AJ. Effect of gender and defensive opponent on the 
biomechanics of sidestep cutting. Med Sci Sports Exerc. 2004; 36:1008–1016. [PubMed: 15179171] 

6. Chappell JD, Yu B, Kirkendall DT, et al. A comparison of knee kinetics between male and female 
recreational athletes in stop-jump tasks. Am J Sports Med. 2002; 30:261–267. [PubMed: 11912098] 

7. McLean SG, Huang X, van den Bogert AJ. Association between lower extremity posture at contact 
and peak knee valgus moment during sidestepping: implications for ACL injury. Clin Biomech 
(Bristol, Avon). 2005; 20:863–870.

8. Sigward SM, Powers CM. The influence of gender on knee kinematics, kinetics and muscle 
activation patterns during side-step cutting. Clin Biomech (Bristol, Avon). 2006; 21:41–48.

9. Yu B, Lin CF, Garrett WE. Lower extremity biomechanics during the landing of a stopjump task. 
Clin Biomech (Bristol, Avon). 2006; 21:297–305.

10. Hewett TE, Myer GD, Ford KR, et al. Biomechanical measures of neuromuscular control and 
valgus loading of the knee predict anterior cruciate ligament injury risk in female athletes: a 
prospective study. Am J Sports Med. 2005; 33:492–501. [PubMed: 15722287] 

11. Boden BP, Dean GS, Feagin JA Jr. et al. Mechanisms of anterior cruciate ligament injury. 
Orthopedics. 2000; 23:573–578. [PubMed: 10875418] 

12. McNair PJ, Marshall RN, Matheson JA. Important features associated with acute anterior cruciate 
ligament injury. N Z Med J. 1990; 103:537–539. [PubMed: 2243642] 

13. Bloomfield J, Polman R, O’Donoghue P. Physical demands of different positions in FA Premier 
League soccer. J Sports Sci Med. 2007; 6:63–70. [PubMed: 24149226] 

14. Besier TF, Lloyd DG, Cochrane JL, et al. External loading of the knee joint during running and 
cutting maneuvers. Med Sci Sports Exerc. 2001; 33:1168–1175. [PubMed: 11445764] 

15. Sigward SM, Powers CM. Loading characteristics of females exhibiting excessive valgus moments 
during cutting. Clin Biomech (Bristol, Avon). 2007; 22:827–833.

16. Sigward SM, Pollard CD, Havens KL, et al. The Influence of Sex and Maturation on Knee 
Mechanics during Side-Step Cutting. Med Sci Sports Exerc. 2012; 44:1497–1503. [PubMed: 
22330027] 

17. Bale P, Mayhew JL, Piper FC, et al. Biological and performance variables in relation to age in 
male and female adolescent athletes. J Sports Med Phys Fitness. 1992; 32:142–148. [PubMed: 
1434582] 

18. Schlossberger NM, Turner RA, Irwin CE Jr. Validity of self-report of pubertal maturation in early 
adolescents. J Adolesc Health. 1992; 13:109–113. [PubMed: 1627576] 

19. Schmitz KE, Hovell MF, Nichols JF, et al. A validation study of early adolescents’ pubertal self-
assessments. J Early Adolesc. 2004; 24:357–384.

20. Davies PL, Rose JD. Motor skills of typically developing adolescents: awkwardness or 
improvement? Phys Occup Ther Pediatr. 2000; 20:19–42. [PubMed: 11293913] 

21. Sigward SM, Pollard CD, Powers CM. The influence of sex and maturation on landing 
biomechanics: implications for anterior cruciate ligament injury. Scand J Med Sci Sports. 2012; 
22:502–509. [PubMed: 21210853] 

Sigward et al. Page 8

Clin J Sport Med. Author manuscript; available in PMC 2016 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



22. Grood ES, Suntay WJ. A joint coordinate system for the clinical description of threedimensional 
motions: application to the knee. J Biomech Eng. 1983; 105:136–144. [PubMed: 6865355] 

23. Bresler B, Frankel J. The forces and moments in the leg during level walking. Trans ASME. 1950; 
72:27–36.

24. Besier TF, Lloyd DG, Ackland TR, et al. Anticipatory effects on knee joint loading during running 
and cutting maneuvers. Med Sci Sports Exerc. 2001; 33:1176–1181. [PubMed: 11445765] 

25. Glaister BC, Orendurff MS, Schoen JA, et al. Rotating horizontal ground reaction forces to the 
body path of progression. J Biomech. 2007; 40:3527–532. [PubMed: 17597134] 

Sigward et al. Page 9

Clin J Sport Med. Author manuscript; available in PMC 2016 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Clinical relevance

Reducing vertical and shear GRFs during cutting maneuvers may reduce knee valgus 

moments and thereby potentially reduce risk for ACL injury.
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FIGURE 1. 
Experimental set-up for the side-step cutting tasks. Open arrow indicates original plane of 

progression. Dashed lines indicate the direction of the three possible tasks: straight run, 

cutting to 45°, or cutting to 110°. Light cue was triggered 3 meters prior to force plate 

contact and randomly indicated cutting direction.
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FIGURE 2. 
Greater knee valgus moment in females and during CUT110. A trend toward a greater 

difference between males and females during CUT110 compared to CUT45.
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FIGURE 3. 
Greater posterior GRF in females and during CUT110. Greater difference between males 

and females during CUT110 compared to CUT45. Greater vertical GRFs in females and 

during CUT110. A trend toward a greater difference between males and females during 

CUT110 compared to CUT45.
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