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Abstract

:

Background: This study determined whether prolonged load carriage increased the magnitude and velocity of knee adduction biomechanics and whether increases were related to knee varus thrust or alignment. Methods: Seventeen participants (eight varus thrust and nine control) had knee adduction quantified during 60-min of walking (1.3 m/s) with three body-borne loads (0 kg, 15 kg, and 30 kg). Magnitude, average and maximum velocity, and time to peak of knee adduction biomechanics were submitted to a mixed model ANOVA. Results: With the 0 and 15 kg loads, varus thrust participants exhibited greater magnitude (p ≤ 0.037, 1.9–2.3°), and average (p ≤ 0.027, up to 60%) and maximum velocity (p ≤ 0.030, up to 44%) of varus thrust than control, but differences were not observed with the 30 kg load. The 15 and 30 kg loads led to significant increases in magnitude (p ≤ 0.017, 15–25%) and maximum velocity (p ≤ 0.017, 11–20%) of knee adduction moment, while participants increased magnitude (p ≤ 0.043, up to 0.3°) and maximum velocity (p ≤ 0.022, up to 5.9°/s and 6.7°/s) for knee adduction angle and varus thrust at minutes 30 and 60. Static alignment did not differ between groups (p = 0.412). Conclusion: During prolonged load carriage, all participants increased the magnitude and velocity of knee adduction biomechanics and the potential risk of knee OA.
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1. Introduction


Osteoarthritis (OA) is a significant occupational burden for the military in general and service members specifically [1]. Every year over 10,000 service members are diagnosed with lower limb OA, costing upwards of $60 billion dollars to treat [2]. The knee joint is the most common location for OA in military populations, and reportedly 100% of service members who suffer occupational knee injury go on to develop OA at the joint [3]. Service members, in fact, are twice as likely to develop knee OA than the general population and the rate among service members steadily rose 45% between 2005 and 2014 [4]. Knee OA development typically causes loss of joint function and an increase of pain, leading to long term disability and medical discharge for service members [1]. Therefore, it is imperative researchers understand knee biomechanics that contributes to service members’ elevated rate of OA at the joint.



Service member knee OA development may be attributed to altered lower limb biomechanics when walking with heavy body borne loads [5], which routinely exceed 15 kg during training activities [6]. Locomoting with a body borne load leads to significant increases in peak vertical ground reaction forces (GRF) [7] and requires greater force production from lower limb musculature to prevent limb collapse [8]. Yet, the larger GRFs and muscle force coincide with a significant increase in limb stiffness [9]. The stiffer limb may transmit greater impact forces to the soft-tissue structures of the lower limb in general and the knee joint specifically [10], increasing the likelihood of soft-tissue injury [11]. In response to the heavy body borne loads service members reportedly adopt hazardous knee biomechanics [12,13], potentially further elevating the risk of soft-tissue damage and OA development [14].



Knee OA is characterized by the degeneration of the joint’s articular cartilage and may occur when abnormal joint forces damage the knee’s soft tissues [15]. Of particular importance, are knee adduction biomechanics. Specifically, the magnitude of knee adduction angle and moment, and varus thrust (rapid lateral knee motion, i.e., adduction, immediately following heel strike [16]) have been directly implicated in the pathogenesis of knee OA [17,18], and are reported to increase when walking with heavy body borne loads [12,13]. Individuals with visually confirmed varus thrust (>2.5 degrees [16]), for instance, are four times more likely to develop knee OA during unloaded walking [18]. While individuals with knee OA exhibit greater amounts of knee adduction moment than individuals without OA, and each 1% increase in knee adduction moment is purported to lead to a 6.5 times faster progression of disease in the knee [19]. In addition to magnitude, the velocity of knee adduction biomechanics, as it encompasses both direction and speed of motion [16], may provide greater insight on the transmission of forces to the medial knee joint compartment and the risk of OA development. Knee adduction velocity is reportedly larger for both knee OA individuals during unloaded walking [16] and young, otherwise healthy individuals that suffer military training-related knee overuse injury [20]. However, it is currently unknown whether walking with a heavy body borne load increases the velocity of the knee adduction biomechanics related to OA development.



Service members are often required to perform occupational-related locomotor tasks, such as walking or marching, for extended periods of time [5]. During prolonged bouts of walking (i.e., 60 min or longer) with a body borne load, individuals are reported to increase peak vertical GRF every 15 min [7]. This continual increase in GRF may require a concomitant rise in muscular effort to stabilize the knee joint [21] and leads to exercise induced muscular weakness, resulting in lower limb biomechanical alterations [7,22]. Specifically, during prolonged periods of walking with a body borne load, the magnitude of knee flexion and adduction joint angle and moment is reported to increase [13,23]. During a recent prolonged load carriage task, individuals exhibited a significant increase in the magnitude of knee adduction angle and moment after 30 min of walking and the addition of 15 kg and 30 kg body borne loads [13]; yet it is unknown whether walking for extended periods with heavy body borne load leads to increases in velocity of knee adduction biomechanics. Considering decreased knee extensor and flexor strength is purportedly associated with increased peak knee adduction velocity for individuals with knee OA [24], and exercise-induced muscular weakness may lead to similar increases in knee adduction velocity, particularly when walking with heavy body borne load.



Static knee malalignment has also been identified as a risk factor for knee OA development and may be a precursor to the adoption of hazardous knee adduction biomechanics, especially varus thrust [16]. Individuals that present greater varus alignment reportedly increased the risk of knee OA development two-fold [25]. Varus knee alignment is associated with larger peak knee adduction moments and greater magnitude of varus thrust during unloaded walking [26], but it is currently unknown whether static knee malalignment is associated with hazardous alterations in knee adduction biomechanics during prolonged load carriage. To build upon recent load carriage research [13], this study sought to determine whether body borne load and duration of walking impacted the magnitude and velocity of knee adduction biomechanics for individuals with and without varus thrust and whether static knee varus malalignment differed for individuals with and without varus thrust. We hypothesized that varus thrust participants would exhibit greater increases in magnitude and velocity of knee adduction biomechanics with the addition of body borne load and walk duration than the control participants, and static knee varus malalignment compared to individuals without varus thrust.




2. Materials and Methods


2.1. Participants


Seventeen (11 males/six females) recreationally active adults (between 18 and 40 years of age) were recruited to participate (Table 1). Potential participants were included if they self-reported the ability to safely walk with 75 pounds but were excluded if they reported: (1) history of surgery in the low back or lower extremities; (2) recent (within the last six months) pain and/or injury located in the back or lower extremity; (3) any known neurological disorder; and/or (4) currently pregnant. Prior to testing, research approval was obtained from the local Institutional Review Board, and all participants provided written informed consent.




2.2. Load Configurations


Each participant completed three test sessions, during which they performed a prolonged walk task with a different body borne load (0 kg, 15 kg, and 30 kg) relevant to military training (Figure 1) [6]. For all sessions, participants wore tight-fitting spandex shorts and a shirt. For testing of the 15 kg and 30 kg loads, participants also wore a weighted vest (V-MAX, WeightVest.com, Rexburg, ID, USA) adjusted to provide the necessary load (loads ±2% of the targeted weight were accepted). Before testing, a 3 × 3 Latin square was used to randomly assign the load test order to every participant. All test sessions were separated by at least 24 h to minimize injury risk from fatigue.




2.3. Prolonged Walk Task


The prolonged walk task required participants to walk continuously over-ground at a typical march speed (1.3 m/s) for 60 min [27]. During the 60-min, each participant completed 13 laps (i.e., one lap every 5 min) around a 390-m walk course (for further detail see Drew et al. [13]). Each lap required the participants to begin in the laboratory, and complete three walk trials through the motion capture volume. After completion of the walk trials, participants immediately proceeded outside of the laboratory, where they followed a marked route that traveled over asphalt and grass and returned the participant to the laboratory door. Throughout the walking task, participants were required to step to a metronome (Planet Waves PW-MT-01, D’Addario, Famingdale, NY, USA), set to their predetermined cadence, to ensure they continuously walked at 1.3 m/s both inside and outside the laboratory.




2.4. Biomechanical Collection and Analysis


For each walking trial, participants walked 1.3 m/s (±5%) through the motion capture volume, where they had three-dimensional (3D) lower limb biomechanics recorded. Specifically, eight high speed (240 Hz) optical cameras (MXF20, Vicon Motion Systems LTD, Oxford, UK) recorded lower limb motion data, while synchronous ground reaction force (GRF) data were collected with one in-ground force platform (2400 Hz, AMTI OR6 Series, Advanced Mechanical Technology Inc., Watertown, MA, USA). The speed of each walking trial was recorded with two sets of infrared timing gaits (TracTronix TF100, TracTonix Wireless Timing Systems, Lenexa, KS, USA), placed 4 m apart in the capture volume. A successful walk trial required participants to walk at the correct speed and only contact the force platform with their dominant limb, determined by asking the participant the foot they preferred to kick a ball with [28].



During each walking trial, lower limb biomechanical data was quantified from the 3D coordinates of 34 retroreflective markers and four virtual markers (Table 2). The reflective markers were attached to specific bony landmarks using double-sided tape and secured with elastic tape (Cover-Roll Stretch, BSN Medical, Charlotte, NC, USA) by a single experimenter (MDD). The virtual markers were digitized at specific bony landmarks in the global coordinate system using a Davis Digitizing Pointer (C-Motion, Inc., Germantown, MD, USA). After each marker was placed, participants stood in anatomical position for a static recording used to create a kinematic model in accordance with previous literature [13,29]. After fitting the kinematic model, the synchronous GRF and marker trajectory data were filtered using a fourth-order Butterworth filter (12Hz), and knee biomechanics were calculated in Visual3D (v6, C-Motion, Inc, Germantown, MD, USA). In Visual 3D, the filtered marker trajectories were processed to calculate knee joint rotations expressed with respect to each participants’ static pose using the joint coordinate system approach [30,31]. The filtered kinematic and GRF data were processed to obtain 3D knee forces and moments using standard inverse-dynamics analysis and segmental inertial properties according to Dempster [32]. To be consistent with existing load carriage literature, knee moments were expressed as external and normalized to the participant’s height (m) and weight (N) for analysis.



Custom MATLAB (MATLAB r2018a, Mathworks, Natick, MA, USA) code was used to calculate the average and maximum velocity of stance phase knee adduction biomechanics. The stance phase was identified as heel strike to toe-off, defined as the first instance the vertical GRF ascends and descends past 10 N, respectively. The average velocity of knee adduction angle and moment was calculated as the change in angle (or moment) from initial contact to peak value exhibited during the stance phase divided by the corresponding change in time from initial contact to the peak. Maximum knee adduction velocity was defined as the largest instantaneous velocity exhibited from initial contact to the peak of the stance angle (or moment). In addition, average and maximum velocity of varus thrust were also calculated, as the change in knee adduction angle exhibited during the first 16% of stance divided by the corresponding change in time, and largest instantaneous velocity of knee adduction angle during the first 16% of stance, respectively [16]. Each participant also had static knee alignment calculated from their static recording as the frontal plane knee projection angle using hip, knee, and ankle joint centers, according to Mizner et al. [33].




2.5. Statistical Analysis


For statistical analysis, participants who exhibited knee adduction equal to or greater than 2.5 degrees during the first 16% of stance at minute 0 when walking with the 0 kg load were assigned to the varus thrust group (VT; N = 8, range = 2.69 to 5.78 degrees) [16], whereas participants who exhibited less than 2.5 degrees of knee adduction were assigned to the control group (CON; N = 9, range 0.92 to 2.18 degrees) (Table 1).



Knee adduction biomechanics including, average and maximum velocity for knee adduction angle (KAA) and moment (KAM), and varus thrust, as well the magnitude of and time to peak for KAA, KAM, and varus thrust were submitted to statistical analysis. Each dependent variable was averaged across two walk trials recorded at minutes 0, 30, and 60 of the prolonged walk task. Then, each variable was submitted to a mixed model ANOVA to test the main effect and interaction between body borne load (0 kg, 15 kg, and 30 kg), time (minutes 0, 30, and 60) and group (VT and CON). Significant interactions were submitted to a simple effects analysis and a Bonferroni correction was used for significant pairwise comparisons. For all significant main effects and interactions, effect size was calculated using partial omega squared (ω2) and pairwise comparisons using Cohen’s d (d) [34,35]. An independent t-test was determined whether static alignment differed between groups (VT and CON). Alpha was set a priori p <.05. All statistical analysis was performed using SPSS software (v25 IMB, Armonk, NY, USA).





3. Results


A significant three-way interaction was observed for magnitude of varus thrust (p = 0.038, ω2 = 0.05) (Figure 2 and Table 3). With the 0 kg and 15 kg loads, the VT group exhibited a greater magnitude of varus thrust at minutes 0, 30, and 60 compared to CON participants (all: p ≤ 0.037, d = 1.17–3.05), but no group differences were observed at any time point with the 30 kg load (p > 0.05). The VT participants increased varus thrust magnitude at minute 60 compared to minute 0 with the 15 kg load (p = 0.013, d = 0.15), but their varus thrust magnitude did not differ between any time point with either the 0 kg or 30 kg load (p > 0.05); whereas CON exhibited no significant difference in varus thrust magnitude between any time point with any of the loads (p > 0.05). Additionally, neither VT nor CON exhibited a significant difference in varus thrust magnitude between any load at minutes 0, 30 or 60 (p > 0.05).



A significant three-way interaction was observed for average varus thrust velocity (p = 0.003, ω2 = 0.05) (Figure 2 and Table 3). With the 0 kg and 15 kg loads, the VT group exhibited greater average varus thrust velocity at minutes 0, 30, and 60 compared to CON (all: p ≤ 0.027, d = 1.26–3.41). However, no group differences in average velocity were observed with the 30 kg load (p > 0.05). The VT participants increased average varus thrust velocity at minute 60 compared to minute 0, with the 15 kg load (p = 0.031, d = 0.52), but average velocity did not differ between any time point with either the 0 kg or 30 kg load (p > 0.05). CON, however, exhibited no change in average varus thrust velocity between the time points with any of the loads (p > 0.05). In addition, VT decreased average varus thrust velocity with the 30 kg compared to 0 kg load at minute 60, but similar load differences were observed at the other time points (p > 0.05); while CON exhibited no difference in average velocity between any load at minutes 0, 30 or 60 (p > 0.05).



The ANOVA also revealed a three-way interaction for time to peak KAA (p = 0.018, ω2 = 0.06) (Figure 2 and Table 4). The VT participants increased time to peak KAA at minute 60 compared to minute 0 with the 30 kg load (p = 0.039, d = 1.63), but exhibited no differences with either 0 kg or 15 kg loads (p > 0.05); whereas CON exhibited no difference in time to peak KAA between time points with any load (p > 0.05). Additionally, no group differences in time to peak KAA were observed at any time point or load (p > 0.05), and neither VT, nor CON exhibited a significant difference in time to peak KAA between time points with the 0 kg, 15 kg or 30 kg loads (p > 0.05).



The ANOVA also revealed a significant load by group for maximum varus thrust velocity (p = 0.015, ω2 = 0.19) (Figure 2 and Table 3). Specifically, VT participants exhibited greater maximum varus thrust velocity than the CON participants with the 0 kg (p = 0.002, d = 1.87) and 15 kg (p = 0.030, d = 1.23), but not 30 kg load (p > 0.05).



Load impacted magnitude and maximum velocity for KAM (p = 0.002 and p = 0.003, ω2 = 0.29 and ω2 = 0.26) (Figure 3 and Table 5). Both magnitude and maximum KAM velocity were greater with the 15 kg (p = 0.001 and p = 0.017, d = 0.62 and d = 0.49) and 30 kg (p = 0.017 and p = 0.014, d = 0.85 and d = 0.91) compared to the 0 kg load, but no difference was observed between the 15 kg and 30 kg loads (p > 0.367). Load had no significant effect on time to peak or average KAM velocity, or any KAA and varus thrust measure (p > 0.05).



Time had a significant effect on magnitude of and maximum velocity for both KAA (p = 0.006 and p = 0.012, ω2 = 0.24 and ω2 = 0.20) and varus thrust (p = 0.009 and p = 0.012, ω2 = 0.21 and ω2 = 0.20), as well as average varus thrust velocity (p = 0.019, ω2 = 0.18) (Figure 2 and Table 3 and Table 4). KAA magnitude was greater at minute 30 (p = 0.003, d = 0.31) compared to 0, while varus thrust magnitude was greater at minutes 30 (p = 0.031, d = 0.32) and 60 (p = 0.043, d = 0.35) compared to minute 0. Maximum KAA and varus thrust velocity was greater at minute 60 compared to 0 (p = 0.009 and p = 0.022, d = 0.35 and d = 0.39). After correcting for Type I error, no significant difference in average varus thrust velocity was observed between any time point (p > 0.05). Time had no impact on any KAM measure (p > 0.05).



The VT participants had greater magnitude of varus thrust (p = 0.005, ω2 = 0.23), average and maximum velocity for both KAA (p = 0.004 and p = 0.043, ω2 = 0.24 and ω2 = 0.11) and varus thrust (p = 0.003 and p = 0.045, ω2 = 0.27 and ω2 = 0.10), and faster time to peak KAA (p = 0.001, ω2 = 0.02) than the CON participants (Table 2, Table 3 and Table 4). No group differences were observed for any of the KAM measure (p > 0.05).



Static alignment was not different between VT and CON (p = 0.412).




4. Discussion


This study sought to examine whether individuals that present varus thrust exhibit greater magnitude and velocity of knee adduction biomechanics during prolonged walking with a body borne load. Although the addition of load increased the magnitude and velocity of knee adduction moment and walk duration increased the magnitude and velocity of knee adduction motions, our hypotheses were only partially supported, as VT participants only exhibited greater knee adduction biomechanics than the CON participants with the lighter 0 kg and 15 kg loads.



The VT participants exhibited larger, faster knee adduction motion than the CON participants. Compared to CON, the VT participants exhibited 2.3° and 1.9° greater varus thrust with the 0 kg and 15 kg loads. Varus thrust is reportedly indicative of dynamic knee instability and may coincide with larger forces transmitted through the joint [36], requiring greater contribution from the knee’s passive soft-tissue structures for joint stabilization [37]. The larger varus thrust may lead to greater tissue damage at the knee joint, and in fact, individuals that present varus thrust during unloaded walking are four times more likely to develop knee OA [18]. With the light body borne loads, the current VT participants also adopted faster knee adduction motions than the CON participants. When walking with the 0 kg and 15 kg loads, VT participants exhibited up to 60% and 44% faster average and maximum varus thrust velocity than the CON participants, respectively. Considering knee adduction velocity encompasses both speed and direction of the movement and is presented by individuals with radiographically confirmed knee OA, as well as knee overuse injury [16,20], the larger and faster knee adduction adopted by VT participants may elevate their risk for knee OA development, as increasing movement velocity is reported to strain the joint’s soft-tissues more [38]. Although the velocity of loading produces greater tension in soft-tissues and may be an important etiologic factor for knee musculoskeletal injury [39,40], further research is needed to determine if faster knee adduction does, indeed, place more force on the knee’s passive soft-tissue structures and elevate knee OA risk when walking with a body borne load.



Contrary to our hypothesis, the VT participants did not exhibit larger, faster knee adduction motion than the CON group with the 30 kg body borne load. In agreement with previous experimental evidence, VT participants decreased magnitude and velocity of knee adduction 38% and 40% with the addition of the heavy, 30 kg load, whereas the CON participants exhibited a non-significant 44% and 40% increase magnitude and velocity of knee adduction with the 30 kg load [41]. The VT participants’ decrease in knee adduction, in particular velocity, may be attributed to the concurrent 70% increase in time to peak knee adduction they exhibited with 30 kg load. Increasing the time to peak knee adduction may afford the VT participants musculature more time to stabilize the joint and result in the smaller and slower knee adduction currently evident. While the reason only CON participants exhibited large, but non-significant increases in knee adduction motion with heavy body borne load is not immediately evident, future research may be warranted to focus on neuromuscular control, or strength and activation of the surrounding knee musculature, rather than lower limb alignment, as no significant between-group difference in static alignment was currently observed and strength of the knee musculature reportedly exhibits a significant relation to knee adduction velocity [24].



The addition of body borne load led to larger and faster KAM, but not adduction motions. In agreement with previous experimental evidence, the addition of the 15 kg and 30 kg loads led to significant 15% and 25% increases in KAM [42]. Considering KAM is reportedly a correlate for medial knee joint compartment loading, long periods of walking with a body borne load may result in the tissue damage that characterizes knee OA [19,43]—particularly considering the additional load may also coincide with faster loading of the knee’s soft tissues. The current participants also exhibited a significant 11% and 20% increase in maximum velocity of KAM when donning the 15 kg and 30 kg loads during the prolonged walk task. A significant increase in maximum KAM velocity or rate the external adduction moment was applied to the musculoskeletal system, which may require greater muscular effort to stabilize the knee and prevent excessive lateral motion of the joint [8]. Moreover, faster transmission force to the knee joint and associated passive soft-tissue structures may increase the risk for tissue damage, as faster movements are reported to increase both stress and strain of the knee’s soft-tissues [38], potentially increasing the risk of lower limb soft-tissue injury [22,44].



Longer walk duration led to larger, faster knee adduction motions. In particular, both maximum KAA and varus thrust velocity increased 5.9°/s and 6.7°/s after walking for 60 min. The physiological demands of long durations of walking [45], particularly with heavy body borne load, reportedly lead to exercise induced muscular weakness [46]. Exercise induced weakness of the knee’s musculature may prevent it from providing active joint stabilization and result in the significant increases in the magnitude and velocity of knee adduction motions currently evident towards the end of the walking task. The larger, faster knee adduction motions may increase the reliance on the joint’s passive soft-tissue structures to safely dissipate the impact forces of walking and elevate the risk for a knee injury and OA development. However, considering the current observed increases in the magnitude of both KAA and varus thrust are not likely to be clinically meaningful (0.3° after 30 min of walking), future research is warranted to determine the specific increases in knee adduction that result in greater loading of the knee’s passive soft-tissue structures.



Static knee alignment, particularly varus malalignment, is purportedly a knee OA risk factor and may increase the odds of developing the disease by two-fold [47]. Considering varus malalignment is reportedly related to larger peak KAM [26], and larger, faster varus thrust during unloaded walking [16], we hypothesized that individuals with static varus alignment would exhibit greater knee adduction biomechanics when walking with a load. Yet, contrary to our hypothesis, static knee varus alignment did not differ between groups. Although the current VT participants exhibited a small, insignificant 1.5° difference in static knee alignment compared to CON, the current sample may not be powered appropriately to detect small differences in knee alignment between groups. Future research that tests a larger sample is warranted, as it may be needed to detect differences in static knee alignment between groups and/or to determine whether static alignment impacts knee adduction biomechanics during prolonged load carriage.



This study may also be limited by the current static knee alignment calculation. Currently, static knee alignment was determined using frontal plane knee projection angle. Although using a radiograph may provide less variable knee alignment values than the chosen method, calculating static alignment with the frontal plane projection angle provides alignment values comparable to those quantified using a radiograph [48], and previously exhibited a significant relation with knee biomechanics during dynamic unloaded locomotor tasks [15]. As such, we are confident that the current method of determining static knee alignment was appropriate. Further study of static knee alignment’s role in knee adduction biomechanics during prolonged walking with a body borne load is warranted.




5. Conclusions


In conclusion, prolonged load carriage may elevate the risk of knee OA development because it led to increases in magnitude and velocity of knee adduction biomechanics. The VT group exhibited larger and faster knee adduction motions, and potentially greater OA risk, when walking with the lighter 0 kg and 15 kg loads. Yet, all participants, regardless of whether they exhibit varus thrust or not, may increase knee adduction biomechanics during prolonged walking with a body borne load, as the addition of load increased magnitude and velocity of KAM, and walk duration increased the magnitude and velocity of knee adduction motion.
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Figure 1. Depicts the weighted vest worn for the 15 kg and 30 kg load conditions, which was systematically adjusted to apply the necessary load for both conditions. 
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Figure 2. Mean ± SD stance phase (0–100%) for knee adduction angle (A,C) and velocity (B,D) with each body borne load (0 kg, 15 kg, and 30 kg) and time point (minute 0, 30, and 60). Time had a significant effect on magnitude and maximum velocity for KAA (p < 0.05 indicated with *). 
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Figure 3. Mean ± SD stance phase (0–100%) for knee adduction moment (A,C) and velocity (B,D) with each body borne load (0 kg, 15 kg, and 30 kg) and time point (minute 0, 30, and 60). The load had a significant effect on the magnitude and maximum velocity for KAM (p < 0.05 indicated with *). 
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Table 1. Mean ± SD demographics for both varus thrust (VT) and control (CON) participants.
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	N
	Age
	Height (m)
	Weight (kg)





	VT
	8
	23 ± 1.9
	1.79 ± 0.1
	73.1 ± 14.5



	CON
	9
	23 ± 4.1
	1.73 ± 0.1
	69.3 ± 9.6
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Table 2. Placement of each retroreflective and virtual marker.
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	Marker Placement





	Trunk
	xiphoid process, clavicular notch, c7 vertebrae, bottom of the scapula, right and left acromion process



	Pelvis
	anterior-superior iliac spines, posterior-superior iliac spines, iliac crests



	Thigh
	greater trochanter, lateral epicondyles, medial epicondyles, distal thigh



	Shank
	tibial tuberosity, lateral fibula, distal tibia, lateral malleoli, medial malleoli



	Foot
	first metatarsal head, fifth metatarsal head, heel, midpoint of first and fifth metatarsals







Note: Bold indicates calibration markers, italics indicate virtual markers, and the rest are tracking markers.
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Table 3. Mean ± SD for the varus thrust measures for both VT and CON participants at each time point (minutes 0, 30, and 60) with each body borne load (0 kg, 15 kg, and 30 kg).
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Varus Thrust

	

	
0 Kg

	
15 Kg

	
30 Kg




	

	
VT

	
CON

	
VT

	
CON

	
VT

	
CON






	
Magnitude (deg) a,c,d

	
Min. 0

	
3.63 ± 0.28

	
1.29 ± 0.29

	
3.20 ± 0.43

	
1.77 ± 0.46

	
2.62 ± 0.46

	
2.28 ± 0.49




	
Min. 30

	
3.93 ± 0.27

	
1.59 ± 0.29

	
3.61 ± 0.48

	
1.74 ± 0.51

	
2.93 ± 0.51

	
2.74 ± 0.55




	
Min. 60

	
3.83 v 0.31

	
1.64 ± 0.33

	
3.94 ± 0.48

	
1.69 ± 0.51

	
2.42 ± 0.45

	
2.93 ± 0.48




	
Average Velocity (deg/s) a,c,d

	
Min. 0

	
25.76 ± 1.99

	
9.98 ± 2.11

	
23.55 ± 2.99

	
12.81 ± 3.18

	
19.37 ± 3.06

	
15.74 ± 3.25




	
Min. 30

	
28.43 ± 1.77

	
11.37 ± 1.87

	
25.21 ± 3.23

	
12.08 ± 3.43

	
21.09 ± 3.42

	
18.34 ± 3.62




	
Min. 60

	
28.07 ± 2.21

	
11.31 ± 2.34

	
28.01 ± 3.11

	
11.61 ± 3.30

	
18.91 ± 3.17

	
21.13 ± 3.37




	
Maximum Velocity (deg/s) b,c,d

	
Min. 0

	
63.31 ± 4.02

	
32.57 ± 4.27

	
61.54 ± 7.11

	
37.30 ± 7.54

	
55.65 ± 7.87

	
44.79 ± 8.34




	
Min. 30

	
65.93 ± 5.69

	
37.45 ± 6.03

	
64.82 ± 8.35

	
39.04 ± 8.85

	
65.89 ± 10.48

	
53.68 ± 11.11




	
Min. 60

	
67.24 ± 7.22

	
40.26 ±7.66

	
69.06 ± 7.78

	
40.99 ± 8.25

	
53.06 ± 8.51

	
64.42 ± 9.02








a Denotes a significant (p < 0.05) 3-way interaction. b Denotes a significant (p < 0.05) load by group interaction. c Denotes a significant (p < 0.05) main effect of time. d Denotes a significant (p < 0.05) group difference.
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Table 4. Mean ± SD for the knee adduction angle measures for both VT and CON participants at each time point (minutes 0, 30, and 60) with each body borne load (0 kg, 15 kg, and 30 kg).
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Knee Adduction Angle

	

	
0 Kg

	
15 Kg

	
30 Kg




	

	
VT

	
CON

	
VT

	
CON

	
VT

	
CON






	
Magnitude (deg) b

	
Min. 0

	
4.78 ± 0.36

	
2.36 ± 0.38

	
4.95 ± 0.41

	
3.34 ± 0.43

	
4.84 ± 0.59

	
3.72 ± 0.63




	
Min. 30

	
5.15 ± 0.33

	
2.59 ± 0.35

	
5.35 ± 0.48

	
3.07 ± 0.50

	
5.08 ± 0.62

	
4.26 ± 0.66




	
Min. 60

	
5.09 ± 0.34

	
2.90 ± 0.37

	
5.28 ± 0.44

	
3.17 ± 0.47

	
3.83 ± 0.49

	
4.42 ± 0.52




	
Average Velocity (deg/s) c

	
Min. 0

	
26.39 ± 3.43

	
10.17 ± 3.64

	
22.94 ± 3.79

	
10.81 ± 4.02

	
18.69 ± 2.69

	
10.83 ± 2.86




	
Min. 30

	
28.51 ± 2.50

	
12.35 ± 2.66

	
22.93 ± 4.35

	
10.96 ± 4.61

	
20.79 ± 3.45

	
13.431 ± 3.66




	
Min. 60

	
29.29 ± 3.59

	
13.52 ± 3.81

	
24.67 ± 3.08

	
10.47 ± 3.27

	
15.25 ± 2.83

	
17.61 ± 3.00




	
Maximum Velocity

(deg/s) b,c

	
Min. 0

	
64.14 ± 4.10

	
35.66 ± 4.35

	
64.79 ± 6.78

	
40.67 ± 7.18

	
59.03 ± 8.58

	
49.18 ± 9.09




	
Min. 30

	
66.46 ± 5.64

	
38.23 ± 5.99

	
68.86 ± 7.62

	
43.04 ± 8.09

	
70.84 ± 11.50

	
54.47 ± 12.20




	
Min. 60

	
68.15 ± 6.78

	
41.67 ± 7.75

	
70.03 ± 7.11

	
45.06 ± 7.54

	
59.52 ± 8.62

	
64.42 ± 9.14




	
Time to peak (s) a,c

	
Min. 0

	
0.24 ± 0.05

	
0.29 ± 0.05

	
0.30 ± 0.06

	
0.42 ± 0.07

	
0.33 ± 0.07

	
0.42 ± 0.02




	
Min. 30

	
0.21 ± 0.04

	
0.29 ± 0.04

	
0.34 ± 0.07

	
0.39 ± 0.07

	
0.34 ± 0.07

	
0.39 ± 0.07




	
Min. 60

	
0.20 ± 0.04

	
0.27 ± 0.04

	
0.30 ± 0.06

	
0.43 ± 0.07

	
0.43 ± 0.07

	
0.30 ± 0.07








a Denotes significant (p < 0.05) 3-way interaction. b Denotes a significant (p < 0.05) main effect of time. c Denotes a significant (p < 0.05) group difference.
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Table 5. Mean ± SD for the knee adduction moment measures for both VT and CON participants at each time point (minutes 0, 30, and 60) with each body borne load (0 kg, 15 kg, and 30 kg).
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Knee Adduction Moment

	

	
0 kg

	
15 kg

	
30 kg




	

	
VT

	
CON

	
VT

	
CON

	
VT

	
CON






	
Magnitude

(Nm/kgm) a

	
Min. 0

	
−0.37 ± 0.03

	
−0.37 ± 0.03

	
−0.43 ± 0.03

	
−0.43 ± 0.03

	
−0.47 ± 0.06

	
−0.48 ± 0.07




	
Min. 30

	
−0.39 ± 0.03

	
−0.37 ± 0.03

	
−0.45 ± 0.03

	
−0.42 ± 0.03

	
−0.53 ± 0.05

	
−0.47 ± 0.06




	
Min. 60

	
−0.38 ± 0.03

	
−0.37 ± 0.03

	
−0.43 ± 0.04

	
−0.43 ± 0.04

	
−0.46 ± 0.07

	
−0.47 ± 0.07




	
Average Velocity (Nm/kgm/s)

	
Min. 0

	
−2.03 ± 0.38

	
−2.15 ± 0.40

	
−2.45 ± 0.39

	
−2.15 ± 0.41

	
−2.52 ± 0.56

	
−2.41 ± 0.59




	
Min. 30

	
−2.08 ± 0.39

	
−1.90 ± 0.42

	
−2.44 ± 0.43

	
−1.91 ± 0.46

	
−3.20 ± 0.51

	
−2.29 ± 0.54




	
Min. 60

	
−2.13 ± 0.37

	
−2.17 ± 0.39

	
−2.15 ± 0.38

	
−2.15 ± 0.41

	
−2.44 ± 0.48

	
−2.35 ± 0.51




	
Maximum Velocity

(Nm/kgm/s) a

	
Min. 0

	
−5.89 ± 0.44

	
−6.00 ± 0.47

	
−6.79 ± 0.61

	
−6.24 ± 0.65

	
−6.89 ± 0.89

	
−6.97 ± 0.95




	
Min. 30

	
−5.87 ± 0.52

	
−5.83 ± 0.55

	
−6.91 ± 0.58

	
−6.40 ± 0.62

	
−8.68 ± 0.87

	
−7.19 ± 0.92




	
Min. 60

	
−6.05 ± 0.51

	
−5.75 ± 0.54

	
−6.56 ± 0.52

	
−6.65 ± 0.54

	
−6.81 ± 0.90

	
−7.78 ± 0.96




	
Time to peak (s)

	
Min. 0

	
0.27 ± 0.06

	
0.23 ± 0.06

	
0.23 ± 0.06

	
0.28 ± 0.06

	
0.29 ± 0.06

	
0.29 ± 0.07




	
Min. 30

	
0.27 ± 0.06

	
0.27 ± 0.06

	
0.26 ± 0.06

	
0.31 ± 0.07

	
0.23 ± 0.05

	
0.28 ± 0.06




	
Min. 60

	
0.26 ± 0.05

	
0.20 ± 0.06

	
0.28 ± 0.05

	
0.28 ± 0.06

	
0.22 ± 0.05

	
0.26 ± 0.06








a Denotes a significant (p < 0.05) main effect of load.
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