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Introduction

Non-contact ACL injuries are extremely common in sports with 
100,000 to 200,000 ACL tears occurring each year in the US [4]. 
Cutting maneuvers that quickly change directions increase the 
risk for ACL injury by introducing anterior tibial forces that may 
strain the ACL. Male lacrosse players have increased ACL injury 
rates than soccer players with an incidence of 0.17 per athlete 
exposure [1,2,3]. Lacrosse players carry sticks and therefore 
have constrained upper extremities. This constraint may lead to 
alterations in lower extremity biomechanics, increasing the risk 
for non-contact ACL injury. Additionally, fatigue has been shown 
to play a role in increasing risk for ACL injury. An analysis of 
ACL injury found that there was a greater incidence later in the 
season and after halftime, indicating that fatigue may be involved.
Another study found that there was an increased rate of injury 
in the second game in a week, further implicating that fatigued 
athletes are at an increased risk for ACL injury [5].

Arm swing is an integral part of human gait, it has been 
theorized to be essential in stability and efficiency [6]. Carrying a 
piece of sporting equipment may affect biomechanics. Chaudhari 
et al. found that arm constraint lead to significantly increased 
valgus load at the knee in lacrosse players, possibly increasing 
risk for non-contact ACL injury. Another study found that athletes 
holding a field hockey stick demonstrated greater hip extension 
and angular velocity at initial contact than non-constrained 
subjects. [7] Unrestrained upper extremity movement has also 
been shown to increase neuromuscular activation of the lower 
extremity when stepping [8,9]. Constraining the upper extremities 
may change the neuromuscular activity of the lower extremity 
and therefore the resultant kinetics and joint load. Additionally, 
having to carry something may decrease the focus of the athlete 
and may compound the effects of unanticipated movements. 
[10] Restraining the upper body creates reliability on the lower 
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extremity responses to unanticipated movements, increasing an 
athlete’s risk for ACL injury. Heavy repetition has been shown 
to produce microscopic damage in the collagen fibers of ACLs 
in cadaveric knees. Similar molecular damage was found in ACL 
fibers of surgical patients at the time of repair. This indicates that 
repetitive use and fatigue may accumulate damage to the ACL 
tissue, placing the ligament at increased risk for rupture. Fatigue 
may also precipitate risk factors for ACL injury on a macroscopic 
scale. Fatigued athletes demonstrate decreased peak eccentric 
hamstring strength [11]. The musculature about the knee acts to 
dissipate the ground reaction forces (GRF). Decreased strength 
increases ligamentous load on the joint. This is highlighted in 
another study that investigated lower extremity kinematics 
in athletes that played two soccer games with only 43 hours of 
recovery between the games. Following the second game, athletes 
had significantly higher peak GRF, anterior tibial shear force, and 
lateral tibial shear force. All these factors place increased tension 
on the ACL and thus increase risk for injury [12]. Further research 
into the implications of upper extremity constraint and fatigue 
on lower extremity biomechanics may provide insight into non-
contact ACL injury mechanics.

Materials & Methods

Subjects

A convenience sample of 15 Division I collegiate lacrosse 
players between 18 and 22 years of age were recruited for 

participation in this study from June 2015 to June 2016 (Table 1). 
Eligible subjects were members of their Division I men’s varsity 
lacrosse team, free of injury at the time of enrollment, had no 
previous ACL injury, and were able to complete the agility test. 
All experimental procedures were approved by the Institutional 
Review Board.

Procedures

After establishing informed consent, subject demographics 
(age, height, and weight) were recorded (Table 1) and a past 
medical history obtained. Subjects warmed up on a treadmill 
for 5 minutes at a self-selected pace. Next, subjects completed 4 
familiarization trials of the modified T-Test (Figure 1). Subjects 
performed two trials (one for each side) at maximum speed. 
Retroreflective markers were placed over specific boney 
landmarks on the subjects’ trunk, pelvis, and upper and lower 
extremities bilaterally using double sided adhesive tape (Figure 
2). The subjects then commenced the agility testing protocol 
while kinematic data at 240Hz were collected.

Table 1: Subject demographics. 

 Lacrosse Athletes (n=15)

Age (yrs±SD) 20.8±0.97

Height (cm±SD) 180.9±5.05

Weight (kg±SD) 83.5±11.3

Figure 1: Overhead view of agility test. Only cuts around cone 2 were included in analysis.

Agility Testing Protocol

The subjects completed the modified T-Test in one of two 
conditions: non-fatigued carrying a stick (NFS), non-fatigued not 
carrying a stick (NFNS), these conditions were randomly assigned. 
All subjects then completed the course fatigued while carrying a 
stick (FS). The time to complete the course was recorded using a 
timing device.

Each subject completed 8 non-fatigue trials with or without a 
stick, alternating between performing a right and left turn (Figure 
1). Subjects were afforded a 60 second rest period between 
trials to allow for full recovery. The average time plus 2 standard 
deviations to complete non-fatigue trials was determined and 
used as the fatigue criterion. The subjects then continued to 
perform the modified T-Test while carrying a stick with a 30 
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second rest interval in between runs until the subject failed to 
have two consecutive runs below the fatigue criterion. At this time 
the subject completed 4 additional runs (fatigue trails).

Data Analysis

The coordinate displacement histories of the retro reflective 
markers were obtained and filtered using a zero lag, 4th order, low 
pass Butterworth Filter with a 10Hz cutoff using a commercially 
available software package (Cortex, Motion Analysis Corporation, 
Santa Barbara, CA). The leg making the cut and the type of cut 
were identified and recorded for each trial using the video data. 
The trunk and upper and lower extremities were modeled as an 
eleven-segment rigid body system with 10, six degree-of-freedom 
joints interspersed between the segments. A commercially 
available software package (KinTools, Motion Analysis 
Corporation, Santa Barbara, CA) was employed to obtain the 
three-dimensional angular displacement histories for the hip and 
knee joints bilaterally using a Euler decomposition method (Z, Y, 
X). The stance phase of the extremity making the cut was extracted 
and the angular position of the hip and knee joints at 32ms post 
initial contact (IC) was determined. The time point 32ms post IC 
was chosen for analysis because previous evidence suggests that 
ACL injuries occur between 20 and 40ms post IC [13].

Statistical Analysis

A multi-level linear mixed model was used to compare the 

effects of stick carriage and fatigue on hip and knee kinematics 
at 32ms post IC. The trial condition with three levels (NFNS, 
NFS, FS) was a fixed effect and the intercept at the subject level 
and trial within subject were random effects. A significant effect 
for condition was followed by post-hoc paired comparisons to 
identify which conditions differed from the other conditions. 
Statistical significance was set at an alpha level of .05 and analyses 
were conducted in SPSS v. 

Results

Table 2: Values are mean ± standard deviation, *indicates statistical 
significance.

Hip NFNS NFS FS

Sagittal 38.9±12 37.7±11.6 34.0±15.1*

Frontal -14.7±8.5 -14.9±8.4 -15.7±11.2

Transverse -1.44±11.2 -1.32±12.9 1.41±14.1

Knee NFNS NFS FS

Sagittal 46.8±11.6 44.9±10.5 35.8±12.7*

Frontal -5.5±8.5 -5.5±7.4 0.7±9.0*

Transverse -3.3±11.3 -3.6±11.1 -8.0±14.6*

Figure 2: An athlete with retroreflective markers in place completing the agility protocol.

Table 2 shows the comparison of hip and knee kinematics in 
the NFNS, NFS, and FS states. There was a significant difference 
between the conditions at the hip in the sagittal plane (p=0.011) 
(Figure 3). Athletes in the FS condition demonstrated a 
significantly decreased hip angle in the sagittal plane as compared 
to the NFNS and NFS conditions (p=0.004, p=0.034). There was 
not a significant difference between the NFNS and NFS conditions 

(p=0.455). There was not a significant difference between 
conditions in the frontal plane (p=.736) or the transverse plane 
(p=.176). There was a significant difference at the knee between 
conditions in the sagittal plane (p<.001) (Figure 4). Athletes in the 
FS condition demonstrated significantly decreased knee angles as 
compared to the NFNS and NFS conditions (p<0.001, p<0.001). 
The NFNS did not differ from the NFS condition (p=0.224). There 
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was also a significant difference between conditions in the frontal 
plane (p<0.001). The athletes in the FS condition experienced 
a significantly increased knee angle than the NFNS and NFS 
conditions (p<0.001, p<0.001). The NFNS did not differ from the 

NFS condition (p=0.963). Additionally, there was a significant 
difference in the transverse plane (p=.003). The FS condition had 
a decreased angle than the NFNS and NFS conditions (p=.004, 
p<.001). The NFNS did not differ from the NFS condition (p=.879). 

Figure 3: The mean sagittal, frontal, and transverse plane hip joint angle according to fatigue and stick carriage condition. *Indicates 
statistical significance.

Figure 4: The mean sagittal, frontal, and transverse plane knee joint angle according to fatigue and stick carriage condition. *Indicates 
statistical significance.

Discussion

In this study, athletes displayed significantly extended hip and 
knee positions when fatigued and carrying a stick. Arm constraint 
made no significant difference in the non-fatigued state. A more 
extended hip and knee may place athletes at an increased risk 
for ACL injury. The extended knee increases shear force on the 
ACL. During isokinetic knee extension, the highest shear force 
at the ACL is experienced when the knee was extended past 60 
degrees [14]. When the knee is extended, the quadriceps pull 
anteriorly on the tibia, increasing the tensile force on the ACL, 
and even increasing the length of the ACL itself [15]. Conversely, 

isometric hamstring and quadriceps contraction when the knee 
is flexed at 60 and 90 degrees does not increase ligament strain 
[16]. When athletes are running and cutting, the quadriceps are 
eccentrically activated. Electromyographic studies have found 
that this activation is twice more than maximum voluntary 
contraction. Therefore, athletes that suddenly decelerate, and 
change direction with an extended position have increased shear 
stress on the ACL and may have an increased risk for injury. The FS 
trials displayed both extended hip and knee positions, indicating 
that fatigue and stick carriage may increase risk for ACL injury. 
The significant differences in lower extremity kinematics found 
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in this study highlight the need for sport-specific arm constraints 
in ACL prevention or rehabilitation programs. Rehabilitation 
protocols tend to lack the inclusion of stick carriage, which does 
not allow the athlete to adopt protective kinematics and may not 
diminish risk of ACL injury [7]. Other studies have found that 
arm constraint leads to increased valgus load at the knee and 
increased hip extension [7,18]. Arm constraint has implications 
for single arm-constrained sports as well. Badminton players 
have increased rates of ACL injury in the knee opposite the 
racket-hand. Knee valgus moment at initial contact on a single-leg 
landing was significantly greater in the knee opposite the racket-
hand following an overhead stroke. Furthermore, it has been 
shown that moving the center of mass in the direction of cutting 
is protective of ACL strain and adverse joint loading. [19] Athletes 
may use their arms and trunks to manipulate the position of their 
center of mass in a cutting maneuver to alleviate ligamentous 
load. Athletes with constrained arms are not able to utilize this 
protective strategy and may experience the extended positioning 
seen in this study. 

Another study investigating the effects of repetition and 
fatigue on lower extremity biomechanics found similar kinematic 
changes. Following a repeated 180 degree turn shuttle protocol, 
the subjects experienced a significant decrease in hip and knee 
flexion, like this study. Additionally, an increase in hip adduction 
and internal rotation was found. There have been similar results 
in fatigued stop-jump maneuvers. Fatigue was found to increase 
anterior shear force, valgus, and produce a more extended position 
at the knee [20]. These factors all increase the risk for ACL injury. 
The findings in this study are further supported by a systematic 
review with meta-analysis by Benjamin’s. This review found 
that the sagittal plane was the most effected by fatigue, leading 
to significantly extended hips and knees [21]. The extended knee 
positioning can be further explained by Whyte et al. who found 
that unanticipated cuts resulted in greater knee extensor activity. 
[22] Landing in an extended position means that less of the force 
is dissipated by the muscles of the lower extremity, increasing 
the impact on the ligaments. Another study found that fatigued 
subjects reached peak GRF significantly faster, possibly increasing 
the risk for ACL injury [23]. Additionally, fatigued athletes 
experienced increased GRFs and increased anterior tibial shear 
[12]. The extended positioning found in this study with fatigued 
athletes with arm constraints is supported by the literature and 
shown to potentially increase risk factors for ACL injury. This 
study adds to the body of literature by utilizing a dynamic cutting 
paradigm as opposed to a single leg land, and by constraining both 
arms with a lacrosse stick. This study may resemble gameplay 
more closely and may allow for further insight into how lower 
extremity kinematics in the fatigued and arm constrained state 
lead to increased risk for ACL injury.

One limitation of this study is the lack of electromyographic 
(EMG) analysis. EMG analysis of the lower extremity musculature 

may help determine a neuromuscular contribution to the 
observed differences in kinematics. Additionally, collecting data 
on fatigued athletes without upper extremity constraint may help 
differentiate the observed kinematic differences [24-28]. 

Conclusion

Fatigued athletes with arm constraints appear to cut with a 
more extended hip and knee position as compared to the non-
fatigued state. Stick carriage did not make a significant difference 
in the non-fatigued state. This may place more load on the ACL and 
may contribute to the risk of non-contact ACL injuries in lacrosse 
players. Carrying a stick in combination with fatigue appears to 
place lacrosse players in a more extended hip and knee position 
that may place them at increased risk for sustaining non-contact 
ACL injuries.
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