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1. Introduction 1 

Anterior cruciate ligament (ACL) injury is one of the most common sports injuries, 2 

with about 100,000 such injuries occurring each year in the United States (US) [1]. 3 

Approximately 50,000 ACL reconstructions are performed each year in the US [2], and 4 

if an ACL reconstruction costs $17,000 [3], the economic cost is almost $850,000,000 5 

per year in the US. However, ACL injury causes not only economic loss, but also 6 

results in time lost from sports activity and work in the short term. In the long term, it 7 

causes osteoarthritic changes with or without ACL reconstruction [4]. These reports 8 

indicate that prevention of ACL injury is very important. 9 

Various programs for the prevention of ACL injury have been suggested, and 10 

their efficacies have been validated [5-7]. Nevertheless, the rate of ACL injury remains 11 

constant over the decades [8]. The reason for this appears to be that prevention 12 

programs are not popular, and they are not provided in cooperation with athletes and 13 

therapists. If ACL injury prevention programs were to become effective and easy to 14 

implement, they may become widespread. To prepare simple programs, however, 15 

understanding the mechanisms and risk factors for ACL injury is important. 16 

It has been reported that 70% of ACL injuries occur in noncontact situations, 17 

including cutting, landing, pivoting, and deceleration without contact with opponents [9]. 18 

Based on the reports of video analyses of ACL injuries, the knee is in slight flexion and 19 

abduction at the moment of ACL injury [10, 11]. Bone bruises appear after ACL injury in 20 

the lateral knee compartment [12-14]. These studies suggest that knee abduction 21 

motion occurs at the time of ACL injuries. Hewett et al. [15], in their prospective report, 22 

examined the relationships among ACL injury, the knee abduction angle, and the 23 

external knee abduction moment during the landing maneuver. They noted that the 24 

subjects who demonstrate the dynamic posture called dynamic knee valgus had 25 
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greater risk for ACL injury. Poor neuromuscular control may induce greater knee 26 

abduction, which is thought to be a risk factor for ACL injury. 27 

The prevention programs have focused on dynamic posture, such as preventing 28 

knee abduction motion during athletic tasks [5-7, 16]. Many researchers have reported 29 

that knee rotation is significantly related to ACL injury [17-22]. However, knee rotation 30 

has not been sufficiently investigated in vivo. Internal rotation of the knee combined 31 

with knee abduction significantly increases ACL strain, compared with knee abduction 32 

alone [18, 21, 22]. Furthermore, knee external rotation combined with knee abduction 33 

increases the risk of ACL injury, because the ACL impinges on the femoral condyle [17, 34 

19, 20]. Therefore, it is very important to examine how the knee rotates during dynamic 35 

knee valgus. 36 

Dynamic knee valgus is regarded not only as frontal plane motion (hip adduction, 37 

knee abduction, and ankle eversion), but also as horizontal plane motion (femoral 38 

internal rotation and tibial internal or external rotation) [15, 23]. There is no consensus 39 

about the direction of tibial rotation during dynamic knee valgus. Tibial rotation should 40 

be significantly affected by ankle and foot kinematics. Ankle eversion causes tibial 41 

internal rotation [24, 25], and foot internal and external rotation also theoretically cause 42 

tibial internal and external rotation through the ankle joint. 43 

The purposes of this study were to reveal how the knee rotates during dynamic 44 

knee valgus and to determine whether knee rotation is affected by toe direction, 45 

including foot internal and external rotation. We hypothesized that the knee rotates 46 

externally during dynamic knee valgus and that knee rotation is affected by toe 47 

direction. 48 

 49 

 50 
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2. MATERIALS and METHODS 51 

2.1. Subject 52 

Sixteen women (mean ± SD: age 21.5 ± 1.6 years; height 158.5 ± 5.8 cm; weight 53 

53.1 ± 7.6 kg) participated in this study. Women were chosen as subjects because 54 

they have a greater risk of ACL injury [8]. Subjects were excluded if they reported any 55 

previous history of musculoskeletal injury (e.g., sprain, fracture, low back pain) or 56 

neurological or systemic disease. All subjects read and signed an informed consent 57 

form approved by the Institutional Review Board of Hokkaido University. 58 

 59 

2.2. Procedures and instrumentations 60 

The experimental trials were conducted in the laboratory of Hokkaido University. 61 

Forty retroreflective markers were placed on the sacrum, right iliac crest, and bilateral 62 

shoulders, anterior superior iliac spines, greater trochanters, hips, medial and lateral 63 

knees, medial and lateral ankles, heels, 2nd and 5th metatarsal heads, and right thigh 64 

and shank cluster markers (Figure 1). In all subjects, the dominant leg (the side for 65 

kicking a ball) was the right leg. Throughout the experiment, the subjects were 66 

barefoot. First, the data of the static standing trial were collected for each subject. 67 

Then, the data for the dynamic knee valgus trials, in which the subjects stepped 68 

forward 40% of their height with their dominant leg and maintained the trunk upright 69 

were collected for each subject (Figure 2). During the dynamic knee valgus trials, the 70 

subjects maintained the knee flexion angle at 30°, and the investigator checked the 71 

knee flexion angle with a traditional goniometer. The toe directions (from the heel to 72 

the 2nd metatarsal head) of the right foot were set in three directions, including 0° 73 

(neutral), 10° (toe-out), and -10° (toe-in) relative to the sagittal plane on the horizontal 74 

plane (Figure 3). The toe direction of the left foot was always set at 0° (neutral). The 75 

4 
 



subjects were asked to maintain the knee directed forward in the start position. The 76 

subjects performed maximum dynamic knee valgus for 5 seconds in each toe direction 77 

(Figure 2). During the dynamic knee valgus position, the subjects maintained neutral 78 

rotation of their pelvis as much as possible, and the investigator checked their pelvic 79 

rotation. All data were collected with EVaRT 4.3.57 (Motion Analysis Corporation, 80 

Santa Rosa, CA) using a motion analysis system with 7 digital cameras (Hawk 81 

cameras, Motion Analysis Corporation). The sampling rate was set at 100 Hz. 82 

 83 

2.3. Data Analysis 84 

The trajectories of markers were filtered at a cutoff frequency of 6 Hz with a 85 

low-pass fourth-order Butterworth filter. The knee angles (flexion/extension, 86 

abduction/adduction, internal/external rotation) were calculated with SIMM 4.0 87 

(MusculoGraphics, Inc., Santa Rosa, CA). All knee angles were expressed for the tibial 88 

motion relative to the femur and relative to the static standing trial (knee joint angles in 89 

the static standing trial were 0°). Positive values indicate knee flexion, abduction and 90 

internal rotation. The data of the dynamic knee valgus trials were averaged for the 91 

middle 3 seconds of the total 5 seconds. SIMM uses the Global Optimization 92 

Method [26] to reduce the effects of artifact due to skin movement relative to actual 93 

bone movement. 94 

 95 

2.4. Statistical Analysis 96 

To analyze the effect of dynamic knee valgus and toe direction on knee angles, 97 

repeated measures two-way ANOVA was conducted. The dependent variables were 98 

knee flexion, abduction, and internal rotation angles. The independent variables were 99 

position (start and dynamic knee valgus) and toe direction (neutral, toe-in, and toe-out) 100 
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as repeated measures. The Bonferroni post hoc test was used. All statistical analyses 101 

were performed with the level of significance set at p<0.05 using IBM SPSS Statistics 102 

19 (SPSS, an IBM company, Chicago, Illinois). 103 

 104 
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3. RESULTS 126 

There were significant main effects of toe direction (F=127.88, p<0.001) and 127 

position (F=19.97, p<0.001) on the knee rotation angle. There was also an interaction 128 

(F=10.13, p<0.001) between toe direction and position on the knee rotation angle. 129 

For neutral and toe-out, the knee significantly rotated externally during dynamic 130 

knee valgus from the start position (p<0.001), and there was a similar trend for toe-in 131 

(p=0.090, Figure 3). During both the start and the dynamic knee valgus positions, the 132 

knee for toe-in and toe-out showed significantly greater internal and external rotation 133 

compared with the neutral position, respectively (p<0.001, Figure 3).  134 

The knee abduction and flexion angles are shown in Table 1. There were 135 

significant main effects of toe direction (F=39.25, p<0.001) and position (F=85.82, 136 

p<0.001) on the knee abduction angle. There was also an interaction (F=3.57, 137 

p=0.041) between toe direction and position on the knee abduction angle. The knee 138 

abduction angles during the dynamic knee valgus position were significantly greater 139 

than during the start position in all three toe directions (p<0.001). During the start 140 

position, the knee abduction angles were significantly greater and less for toe-in and 141 

toe-out, respectively, than for neutral (p<0.001). During the dynamic knee valgus 142 

position, the knee abduction angle was greater for toe-in than for the other toe 143 

directions (p<0.001). 144 

A significant main effect of toe direction on the knee flexion angle was observed 145 

(F=3.98, p=0.029), but a main effect and interaction of position were not observed. The 146 

knee flexion angle was significantly greater for toe-in than for toe-out during the start 147 

position (p=0.040) on the post hoc test. 148 

 149 

 150 
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4. DISCUSSION 151 

The purposes of this study were to reveal how the knee rotates during dynamic 152 

knee valgus and to determine whether toe direction affects knee rotation. The results 153 

of this study showed that the knee rotates externally during dynamic knee valgus and 154 

that knee rotation is affected by toe direction. 155 

Dynamic knee valgus is considered to be associated with poor neuromuscular 156 

control and ACL injury [15]. This dynamic alignment consists of hip adduction, hip 157 

internal rotation, knee abduction, and ankle eversion [15, 23]. However, the direction of 158 

knee rotation has been unclear. The results of this study showed that the knee rotates 159 

externally during dynamic knee valgus compared to the start position. This finding is 160 

similar to that of previous report that rotation of the knee shifts externally during 161 

dynamic knee valgus position at the time of ACL injury [11]. However, current 162 

experimental trial was conducted in a specific setting, including a fixed knee flexion 163 

angle and maintaining the trunk upright position. On the actual athletic field, the knee 164 

may rotate internally because of the knee flexion movement (known as the 165 

“screw-home movement”). In this study, the knee rotated internally at the start position 166 

(knee flexed 30°) compared to that in the static standing trial. 167 

Nagano et al. [27] reported the knee kinematics during one leg landing. They 168 

suggested that the knee rotates internally immediately after initial contact, and that 169 

female subjects demonstrated greater internal rotation than males. Considering an in 170 

vitro ACL strain study [18, 21] and the finding of bone bruises after ACL injury, [12-14] 171 

they noted that greater internal rotation immediately after landing is a risk factor for 172 

ACL injury. Kiriyama et al. [28] also reported that female subjects demonstrated 173 

greater knee internal rotation during landing than males, and that this knee internal 174 

rotation may be the one of the risk factors for ACL injury. However, because the knee 175 
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flexion occurs with the landing task, these internal rotations of the knee may contain a 176 

component of the “screw-home movement” during weight bearing [29]. 177 

Olsen et al. [11] suggested that the mechanism of ACL injury was knee abduction 178 

combined with external rotation of the knee. This combination causes impingement of 179 

the ACL on the femoral condyle and increases the risk of ACL injury [17, 19, 20]. 180 

Which direction of knee rotation causes ACL injury remains controversial. The results 181 

of this study showed that the knee rotates externally during dynamic knee valgus. 182 

Considering this finding, the knee may rotate externally at the time of ACL injury. 183 

Further analysis of knee kinematics during a dynamic task should include examination 184 

of whether the knee rotation deviates from the normal “screw-home movement”. 185 

Knee rotation was also affected by toe direction. Toe-out and toe-in cause 186 

external and internal knee rotation, respectively, compared with neutral. These 187 

findings would appear because of the lower extremity kinetic chain. Toe-out and toe-in 188 

would induce foot external and internal rotation, respectively, and this foot rotation 189 

affects tibial external and internal rotation through the ankle joint. When evaluating 190 

dynamic alignment, it is important to note not only dynamic knee valgus but also toe 191 

direction to estimate knee rotational stress. Noyes et al. [16] instructed athletes to 192 

direct the knee and toe forward. This instruction may be beneficial for the prevention of 193 

ACL injury. 194 

The knee abduction angle during dynamic knee valgus was also affected by toe 195 

direction. Because knee rotation in the start position was significantly different among 196 

the three toe directions, the tension of the collateral ligaments (i.e., medial and lateral 197 

collateral ligaments) would differ among the three toe directions. The tension of the 198 

medial collateral ligament, which is known to be the primary restraint of knee 199 

abduction, increases during knee external rotation, but decreases during knee internal 200 
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rotation [30, 31]. Therefore, the knee abduction angle would increase with toe-in. 201 

Because the toe direction also affects the knee abduction angle, this study indicates 202 

that it is very important to instruct athletes on toe direction to prevent ACL injury. 203 

There were a few limitations to this study. First, the experimental trials were 204 

performed in a specific quasi-static situation. If dynamic knee valgus is performed on 205 

the actual athletic field, the multiple joint motions, ground reaction force, inertial force, 206 

and various muscle activities should be considered for knee rotation. Another limitation 207 

is that the dynamic knee valgus position was affected by each subject’s balance ability 208 

and strength, as well as other related factors. In this study, each subject performed 209 

dynamic knee valgus at maximum effort, but toe direction may also be affected by 210 

balance ability. 211 

 212 

 213 

 214 

 215 

 216 
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 220 

 221 
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 225 
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5. Conclusion 226 

The present study showed that the knee rotates externally during dynamic knee 227 

valgus and that the knee rotation is affected by toe direction (foot rotation). Because of 228 

knee abduction and external rotation, the ACL may impinge on the femoral condyle in 229 

dynamic valgus, especially in the toe-out position. Finally, taking care to rotate the foot 230 

may help athletes prevent ACL injuries. 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

11 
 



6. Conflict of interest 251 

     No author of this manuscript has any conflict of interest. 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

12 
 



Acknowledgements 1 

The authors would like to thank Prof. Junko Fukushima for her suggestions in the 2 

preparation of this article.  3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

13 
 



REFFERENCES 1 

[1] Miyasaka K, Daniel D, Stone M, Hirshman P. The incidence of knee ligament 2 

injuries in the general population. Am J Knee Surg. 1991 Jan;4(1):3-8.  3 

[2] Frank CB, Jackson DW. The science of reconstruction of the anterior cruciate 4 

ligament. J Bone Joint Surg Am. 1997 Oct;79(10):1556-1576.  5 

[3] Johnson DL, Fu FH. Anterior cruciate ligament reconstruction: why do failures 6 

occur? Instr Course Lect. 1995;44:391-406.  7 

[4] Øiestad BE, Engebretsen L, Storheim K, Risberg MA. Knee osteoarthritis after 8 

anterior cruciate ligament injury: a systematic review. Am J Sports Med. 2009 9 

Jul;37(7):1434-1443.  10 

[5] Hewett T, Lindenfeld T, Riccobene J, Noyes F. The effect of neuromuscular training 11 

on the incidence of knee injury in female athletes - A prospective study. Am J 12 

Sports Med. 1999 Dec;27(6):699-706.  13 

[6] Mandelbaum BR, Silvers HJ, Watanabe DS et al. Effectiveness of a 14 

neuromuscular and proprioceptive training program in preventing anterior cruciate 15 

ligament injuries in female athletes: 2-year follow-up. Am J Sports Med. 2005 16 

Jul;33(7):1003-1010.  17 

[7] Myklebust G, Engebretsen L, Braekken IH, Skjølberg A, Olsen O, Bahr R. 18 

Prevention of anterior cruciate ligament injuries in female team handball players: a 19 

prospective intervention study over three seasons. Clin J Sport Med. 2003 20 

Mar;13(2):71-78.  21 

[8] Agel J, Arendt EA, Bershadsky B. Anterior cruciate ligament injury in national 22 

collegiate athletic association basketball and soccer: a 13-year review. Am J 23 

Sports Med. 2005 Apr;33(4):524-530.  24 

[9] Boden BP, Dean GS, Feagin JA, Garrett WE. Mechanisms of anterior cruciate 25 

14 
 



ligament injury. Orthopedics. 2000 Jun;23(6):573-578.  26 

[10] Koga H, Nakamae A, Shima Y et al. Mechanisms for noncontact anterior cruciate 27 

ligament injuries: knee joint kinematics in 10 injury situations from female team 28 

handball and basketball. Am J Sports Med. 2010 Nov;38(11):2218-2225.  29 

[11] Olsen O, Myklebust G, Engebretsen L, Bahr R. Injury mechanisms for anterior 30 

cruciate ligament injuries in team handball: a systematic video analysis. Am J 31 

Sports Med. 2004 Jun;32(4):1002-1012.  32 

[12] Even-Sapir E, Arbel R, Lerman H, Flusser G, Livshitz G, Halperin N. Bone injury 33 

associated with anterior cruciate ligament and meniscal tears: assessment with 34 

bone single photon emission computed tomography. Invest Radiol. 2002 35 

Sep;37(9):521-527.  36 

[13] Graf BK, Cook DA, De Smet AA, Keene JS. "Bone bruises" on magnetic 37 

resonance imaging evaluation of anterior cruciate ligament injuries. Am J Sports 38 

Med. 1993 Apr;21(2):220-223.  39 

[14] Kaplan PA, Gehl RH, Dussault RG, Anderson MW, Diduch DR. Bone contusions of 40 

the posterior lip of the medial tibial plateau (contrecoup injury) and associated 41 

internal derangements of the knee at MR imaging. Radiology. 1999 42 

Jun;211(3):747-753.  43 

[15] Hewett TE, Myer GD, Ford KR et al. Biomechanical measures of neuromuscular 44 

control and valgus loading of the knee predict anterior cruciate ligament injury risk 45 

in female athletes: a prospective study. Am J Sports Med. 2005 Apr;33(4):492-501.  46 

[16] Noyes FR, Barber-Westin SD, Fleckenstein C, Walsh C, West J. The drop-jump 47 

screening test: difference in lower limb control by gender and effect of 48 

neuromuscular training in female athletes. Am J Sports Med. 2005 49 

Feb;33(2):197-207.  50 

15 
 



[17] Fung DT, Hendrix RW, Koh JL, Zhang L. ACL impingement prediction based on 51 

MRI scans of individual knees. Clin Orthop Relat Res. 2007 Jul;460:210-218.  52 

[18] Kanamori A, Zeminski J, Rudy TW, Li G, Fu FH, Woo SL. The effect of axial tibial 53 

torque on the function of the anterior cruciate ligament: a biomechanical study of a 54 

simulated pivot shift test. Arthroscopy. 2002 Apr;18(4):394-398.  55 

[19] Kennedy JC, Weinberg HW, Wilson AS. The anatomy and function of the anterior 56 

cruciate ligament. As determined by clinical and morphological studies. J Bone 57 

Joint Surg Am. 1974 Mar;56(2):223-235.  58 

[20] LaPrade RF, Burnett QM. Femoral intercondylar notch stenosis and correlation to 59 

anterior cruciate ligament injuries. A prospective study. Am J Sports Med. 1994 60 

Apr;22(2):198-202; discussion 203.  61 

[21] Markolf KL, Burchfield DM, Shapiro MM, Shepard MF, Finerman GA, Slauterbeck 62 

JL. Combined knee loading states that generate high anterior cruciate ligament 63 

forces. J Orthop Res. 1995 Nov;13(6):930-935.  64 

[22] Miyasaka T, Matsumoto H, Suda Y, Otani T, Toyama Y. Coordination of the anterior 65 

and posterior cruciate ligaments in constraining the varus-valgus and 66 

internal-external rotatory instability of the knee. J Orthop Sci. 2002;7(3):348-353.  67 

[23] Zazulak BT, Ponce PL, Straub SJ, Medvecky MJ, Avedisian L, Hewett TE. Gender 68 

comparison of hip muscle activity during single-leg landing. J Orthop Sports Phys 69 

Ther. 2005 May;35(5):292-299.  70 

[24] Khamis S, Yizhar Z. Effect of feet hyperpronation on pelvic alignment in a standing 71 

position. Gait Posture. 2007 Jan;25(1):127-134.  72 

[25] Nigg BM, Cole GK, Nachbauer W. Effects of arch height of the foot on angular 73 

motion of the lower extremities in running. J Biomech. 1993 Aug;26(8):909-916.  74 

[26] Lu TW, O'Connor JJ. Bone position estimation from skin marker co-ordinates 75 

16 
 



using global optimisation with joint constraints. J Biomech. 1999 76 

Feb;32(2):129-134.  77 

[27] Nagano Y, Ida H, Akai M, Fukubayashi T. Gender differences in knee kinematics 78 

and muscle activity during single limb drop landing. Knee. 2007 79 

Jun;14(3):218-223.  80 

[28] Kiriyama S, Sato H, Takahira N. Gender differences in rotation of the shank during 81 

single-legged drop landing and its relation to rotational muscle strength of the knee. 82 

Am J Sports Med. 2009 Jan;37(1):168-174.  83 

[29] Asano T, Akagi M, Tanaka K, Tamura J, Nakamura T. In vivo three-dimensional 84 

knee kinematics using a biplanar image-matching technique. Clin Orthop Relat 85 

Res. 2001 Jul;(388):157-166.  86 

[30] Harfe DT, Chuinard CR, Espinoza LM, Thomas KA, Solomonow M. Elongation 87 

patterns of the collateral ligaments of the human knee. Clin Biomech (Bristol, 88 

Avon). 1998 Apr;13(3):163-175.  89 

[31] Hull ML, Berns GS, Varma H, Patterson HA. Strain in the medial collateral 90 

ligament of the human knee under single and combined loads. J Biomech. 1996 91 

Feb;29(2):199-206.  92 

17 
 



Captions 

FIGURE 1. Marker placement. 

 

FIGURE 2. Upper and lower panels demonstrate start position and dynamic knee valgus position 

respectively. Also, left, center and right panels show neutral, toe-in and toe-out toe directions. 

Neutral toe direction was set at 0°relative to the sagital plane on the horizontal plane, and toe-in 

and toe-out was set -10° and 10°, respectively. During trials, the subjects were asked to step 

forward 40% of their height with dominant leg, and also maintain the trunk upright and the knee 

flexion angle at 30 degree. The subjects performed maximum dynamic knee valgus for 5 seconds 

on each toe directions (lower three panels). 

 

FIGURE 3. Mean and standard deviations of the knee rotation angle during start position and 

dynamic knee valgus position. 

† Indicates significantly differences between start and dynamic knee valgus position each foot 

direction (p<0.05). 

‡ Indicates statistical trend between start and dynamic knee valgus position each foot direction 

(p<0.10). 

* Indicates significantly differences between foot directions (p<0.05). There were significantly 

differences between all foot direction pairs during start position and dynamic knee valgus position 

respectively. 









TABLES 

 

TABLE 1. Mean (SD) of knee flexion and abduction angles. 

Knee angle Position Neutral Toe-in Toe-out 

Flexion Start 36.4 (5.7) 34.3 (4.6)  36.2 (5.0) ‡ 

 Valgus 36.6 (5.8) 34.5 (5.4) 36.8 (5.9) 

Abduction Start -0.3 (4.6)  2.9 (4.0) † -1.8 (4.0) †, ‡ 

 Valgus 9.9 (6.9) * 12.8 (6.4) *, † 9.7 (5.8) *,‡ 

Start: Start position, Valgus: dynamic knee valgus position. 

For knee flexion, positive value indicates flexion. For knee abduction, positive value indicates 

abduction. 

* Indicates significant differences from start position each foot directions (p<0.05). 

† Indicates significant differences from Neutral (p<0.05). 

‡ Indicates significant differences from Toe-in (p<0.05). 
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