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EFFECTS OF CORRECTIVE TRAINING ON DROP LANDING
Effects of corrective training on drop landing ground reaction force characteristics and lower limb kinematics in older adults with genu valgus: A randomized controlled trial

Abstract
The aim of this study was to identify the effects of a corrective exercise program on landing ground reaction force characteristics and lower limb kinematics in older adults with genu valgus. Twenty six older male adults with genu valgus were randomized into two groups. An experimental group conducted a 14- week corrective exercise program, while a control group did not perform any exercise. The experimental group displayed lower peak vertical, peak anterior and posterior, and peak medial ground reaction force components during the post-test compared to the pre-test. The vertical loading rate, impulses, and free moment amplitudes were not statistically different between groups. In the experimental group, the peak knee abduction during the post-test was significantly smaller and the peak hip flexion angle was significantly greater than during the pre-test. We suggest that this corrective exercise program may be a suitable intervention to improve landing ground reaction forces and lower limb kinematics in older male adults with genu valgus. 
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1. Introduction
Human lower limbs contribute to locomotion in multiple ways; acting as springs, as force absorbing dampers, or as actuators (Brown, O'Donovan, Hasselquist, Corner, & Schiffman, 2016; Raynor, Yi, Abernethy, & Jong, 2002). The progression of ground reaction forces (GRF) through the lower limbs during landing from a drop occurs in a distal to proximal manner, suggesting that mal-alignment of the lower extremities might result in aberrant loading patterns to more proximal structures (Weidenhielm, Svensson, & Broström, 1995). Specifically, frontal plane tibiofemoral joint alignment may affect injury mechanisms by selectively preloading or unloading specific tissues (Lerner, DeMers, Delp, & Browning, 2015). 
During movement, tibiofemoral joint mal-alignment often results in dynamic knee valgus (Almeida et al., 2016; Ishida, Yamanaka, Takeda, & Aoki, 2014). Dynamic knee valgus is associated with anterior cruciate ligament injury, patellofemoral pain (Hewett et al., 2005; Myer et al., 2015) and lateral compartment knee osteoarthritis (Butler, Barrios, Royer, & Davis, 2011; Weidow, Tranberg, Saari, & Kärrholm, 2006). Moreover, it has been demonstrated that for every one degree change towards the valgus direction, an annual reduction of 23.4 mm3 in the total patella cartilage volume can be seen (Teichtahl, Wluka, & Cicuttini, 2008). In adults aged 50-79 years, valgus mal-alignment has shown a high association with an increased future risk of bone marrow lesions in the lateral knee compartment (Hayashi et al., 2012). Such knee joint degradation is likely related to altered joint loading in dynamic knee valgus. One common method to assess dynamic knee valgus is drop landing tasks (Kagaya, Fujii, & Nishizono, 2015). Decreased hip flexion, increased knee abduction and increased knee external rotation were reported during single-limb drop landing in females with genu valgus (healthy females between the ages of 18-35) (Barrios et al., 2016). Less hip flexion at initial contact tends to lead to a more vertical position of the entire lower limb and may result in a stiffer landing strategy, as well as an increased injury vulnerability (Chappell, Creighton, Giuliani, Yu, & Garrett, 2007). The elevated injury risk may be due to an increased reliance on passive structures, specifically ligaments, to control deceleration (Pollard, Sigward, & Powers, 2010). Previous studies have shown that landing with a high impact force may be a risk factor for anterior cruciate ligament (ACL) injury (Chappell, Yu, Kirkendall, & Garrett, 2002; Devita & Skelly, 1992; Yu, Lin, & Garrett, 2006). Furthermore, it is reported that an increase in posterior GRF requires an increase in knee extensor moment for balance, and this increase is a major contributor to higher peak proximal tibia anterior shear force that likely increases ACL loading (DeMorat, Weinhold, Blackburn, Chudik, & Garrett, 2004; Yu & Garrett, 2007; Yu et al., 2006). Therefore, based on the above findings, increased hip flexion and decreased knee abduction and external rotation during landing in genu valgus individuals should be regarded as targets for interventions in these patients (Barrios et al., 2016; Chappell et al., 2007). The treatment of knee misalignment might also help to reduce the GRF, vertical loading rate, impulses and free moment which may, in turn, reduce the possibility of ACL injury, patellofemoral pain syndrome and other disorders. 
Traditional knee rehabilitation programs that focus on isolated quadriceps femoris or hamstring muscle group exercises, in conjunction with primarily uniplanar sagittal plane weight bearing tasks such as squats or forward lunges may be less effective in restoring the dynamic three dimensional knee-joint control required during different activities (Kean, Hinman, Wrigley, Lim, & Bennell, 2017; Shaw, Williams, & Chipchase, 2005). As well as this, conventional machine-based exercise equipment is often expensive, and not all physical therapists may be able to offer this to their patients at low cost. Portable training devices, such as elastic resistance bands, can be used for effective strength training in healthy individuals (Jakobsen et al., 2012; Sundstrup et al., 2014), as well as in participants with musculoskeletal pain (Andersen et al., 2010) and may provide a potential alternative for individuals with genu valgus. During pre-injury conditioning programs or post-injury rehabilitation, individuals with genu valgus may benefit from multi-planar resistive training in order to train ankle (Farley, Blickhan, Saito, & Taylor, 1991), knee (Aboodarda, Page, & Behm, 2016; Hostler et al., 2001) and hip (Aboodarda et al., 2016; Brandt et al., 2013) muscle groups for three dimensional knee-joint motion control, for which elastic resistance bands may be well suited.
The objective of this study was to investigate the effects of corrective training using elastic resistance bands on landing GRF characteristics and lower limb kinematics in older adults with genu valgus. It was hypothesized that a) GRF components, including peak GRF components, in three dimensions would be reduced and their time to peak (TTP) would be increased after corrective training, b) vertical loading rate, impulses and free moments would be reduced after corrective training, and that c) increased peak hip flexion and decreased peak knee abduction and peak knee external rotation would be observed as a result of the training protocol.
2. Methods
2.1. Study Design and Participants
A randomized controlled design with equal group allocation was used (Fig. 1). This study was approved by the X University of Medical Sciences and registered with the XX Registry of Clinical Trials (XXCT2016110230657N1). A power analysis (G*Power; (Faul, Erdfelder, Lang, & Buchner, 2007)) determined that 26 participants were required to achieve a statistical power of 0.80 at an effect size of 0.80 with an alpha level of 0.05 in GRF variables. Distinct differences in biomechanical characteristics have been identified between females and males, and these differences occur in multiple planes of motion and across multiple joints (Jenkins et al., 2017; Bruening et al., 2015; Bates et al., 2016). In order to exclude this potential influencing factor, only male older adults were recruited for the present study. 26 older males with genu valgus were recruited in October 2016 from physical therapy clinics (in X City, XX) and were randomized and allocated to experimental (N=13) or control (N=13) groups based on a list of random numbers. During the randomization process, a set of sealed, opaque envelopes was used to ensure the concealment of allocation. Each envelop contained a card indicating to which group the subject was allocated. Also, those evaluating the participants were not aware of the group allocation (i.e. blinding of assessors). Inclusion criteria were an age between 60 and 70 years, a tibial mechanical axis (TMA) less than or equal to 4° from vertical, indicating alignment (Barrios et al., 2016), Q angle > 18° (Magee, 2014), medial malleolus distance > 6 cm (Magee, 2014) and clearance from a doctor or physical therapist to participate. The degree of genu valgus was measured by the distance between the medial malleoli at the ankle (Magee, 2014), Q angle (Magee, 2014) and tibial mechanical axis (TMA) while the participant was standing barefoot, with the feet together to assess whether their knees approximated. If the knees were in contact, their tibial TMA was clinically assessed with a calibrated digital inclinometer smartphone application (iHandy for iOS) (Barrios, Higginson, Royer, & Davis, 2009; Vanwanseele, Parker, & Coolican, 2009). Exclusion criteria were a history of knee injury or surgery, and other degenerative conditions such as severe knee osteoarthritis. The procedures were explained to the participants prior to obtaining informed consent in accordance with the Declaration of Helsinki.
The included participants reported demographic information including: age, limb dominance, and injury history. The dominant leg was defined as the preferred leg used to kick a ball (Jafarnezhadgero, Shad, & Majlesi, 2017). The Pepper Assessment Tool for Disability (PAT-D) (Rejeski, Ip, Marsh, Miller, & Farmer, 2008) was used for quantifying disability during pre (Table 1) and post-intervention. The PAT-D self-administered questionnaire consists of 23 items that include a range of activities that assess mobility, activities of daily living and instrumental activities of daily living. Lower disability score is associated with less disability during daily living. 
Fig. 1 Flow diagram of randomized control trial in this study

Table 1 here

2.2. Drop Landing Assessment and Data Processing
Participants performed five minutes of warm up exercises to become familiar with the experimental environment and the landing task. Following this, 16 reflective markers (14 mm diameter) were placed bilaterally on specific anatomical landmarks on the lower limbs of the participants, according to the guidelines of the Vicon Plug-In-Gait marker set. Participants then performed up to three landing trials to familiarize themselves with the landing task. After the familiarization trials, a researcher instructed the participant to complete five bilateral drop landing trials. The same researcher instructed every participant throughout this study to ensure consistent verbal cues. The participants were instructed to execute a double-leg landing task by stepping off a platform (height=30 cm) and landing barefoot with each foot on each force plate; they were asked to employ their natural landing style (Yeow, Lee, & Goh, 2010). A trial was considered successful when the participant stepped off the platform (without an upward and/or forward jump action, confirmed with kinematic data) and adopted a stable landing posture (Yeow et al., 2010). Each participant repeated the procedure until five successful landings were recorded. Any fatigue effects were mitigated by each subject resting for at least 60 s between each of landing trials (Niu, Wang, He, Fan, & Zhao, 2011).
Position coordinate data of the markers were collected using six Vicon cameras at a sampling rate of 200 Hz (Motion Analysis Corp., Vicon Motion Capture System). In addition, two Kistler force plates (1000 Hz; Type 9281, Kistler Instrument AG, Winterthur, Switzerland) were used to record the GRF components during bilateral drop landing. Motion analysis and force plate systems were synchronized and monitored with Nexus 1.7.5 software. Kinematic data were low-pass filtered with a 15 Hz cutoff. The GRF data were filtered using a fourth-order low-pass Butterworth filter with a 50 Hz cutoff frequency. We temporally normalized the landing phase to 101 points using cubic spline interpolation (MatlabR2012a).
The GRF values were recorded along vertical (z), mediolateral (x) and anteroposterior (y) directions as follows: The peak of the vertical GRF (FzMAX); the positive (FxMAX) and negative (FxMIN) peaks of the mediolateral curve; and the positive peak in the anteroposterior direction (FyMAX). These parameters and their TTP have previously been used to evaluate normal and pathological human drop landing (Carcia, Kivlan, & Scibek, 2012; Hargrave, Carcia, Gansneder, & Shultz, 2003; Podraza & White, 2010). Loading rate was defined as the slope between the initiation and FzMAX of the vertical GRF curve (Munro, Miller, & Fuglevand, 1987). Impulse was also computed, defined using the trapezoidal integration method for x, y, and z axes as follows (Robertson, Caldwell, Hamill, Kamen, & Whittlesey, 2013):

Free moment of the foot was calculated as follows (Almosnino, Kajaks, & Costigan, 2009):

where Mz is the moment about the vertical axis; x and y are the horizontal components of the center of pressure (COP); Fx and Fy are the horizontal components of the GRF. 
For the free moment curve, the first peak (negative; abductor moment) and the second peak (positive; adductor moment) were recorded. All GRF and free moment values were normalized with respect to the body weight (BW) and BW× Height, respectively. Lower limb joints angles (peak knee abduction, peak knee external rotation, peak hip flexion) were computed using functional hip joint centre and a mean helical knee axis models (Besier, Sturnieks, Alderson, & Lloyd, 2003) within the software Bodybuilder (Vicon Peak, Oxford, UK). 
2.3. Corrective Exercise Intervention
Elastic resistance bands (Thera-Band®, Akron, Ohio, US) ranging from very low to very high resistance (yellow, red, green, blue, black and silver) were used in this intervention. The 1 m long elastic bands were stretched to twice their resting length prior to each exercise (Andersen et al., 2010; Patterson, Jansen, Hogan, & Nassif, 2001). During the first two weeks of the intervention, the experimental group performed stretching exercises for the hip adductor, biceps femoris and tensor fascia latae muscles, performed in four sets of 30s for each movement (Pollock et al., 1998), based on recommendations for corrective training interventions (Clark & Lucett, 2010). Following these first two weeks of stretch training, the experimental group performed resistance band exercises for both legs three times per week for fourteen weeks (i.e., 42 strength training sessions). The participants were familiarized with the exercises prior to training. Each exercise session consisted of a general warm-up of 10 minutes, followed by a resistance training session (35-40 minutes) and was completed with a cool-down routine. Following an adaptation phase of four weeks using low external resistance (yellow Thera-Band®, unless the participant was obviously unchallenged, 1 set of 14 repetitions per exercise (Franzke et al., 2015; Page & Ellenbecker, 2005)), exercise intensity was progressively increased by adapting the resistance of the elastic band (based on the Thera-Band® force-elongation table (Page & Ellenbecker, 2005) from yellow to red, and further to black. In addition, the exercise volume was extended by increasing the number of sets from one to two. Rate of progression was based on individual improvements (band colour was changed if participants were able to perform 16 repetitions or more in the second set) and reported that they were below seven on the OMNI resistance for active muscle scale (0 extremely easy to 10 extremely hard (Lagally & Robertson, 2006)). The movement velocity during exercises was very low. The intervention in the experimental group was conducted individually in a physiotherapy clinic, with every session being supervised by a physiotherapist to ensure correct technique or to modify the exercise or the progression to suit the participants' needs. After the intervention, participants of the experimental group were re-evaluated following the same procedures as the first evaluation. The re-evaluation was scheduled six days after the final intervention session to guarantee that acute physiological responses to training did not interfere with the measurements (Clarkson & Hubal, 2002). The control group did not perform any exercise and were re-evaluated after 16 weeks. All participants were asked not to participate in any other forms of sports or exercise during the intervention period. The training exercises for the experimental group are described in Table 2 and illustrated in Fig. 2. 
Table 2 here
Fig. 2. Foot and hip exercises used in the intervention. Hip abductor strength training (A1, A2, A3 and A4). Foot invertor strength training (B).
2.4. Statistical Analysis
Normality of the distribution for outcome measures was confirmed by the Shapiro-Wilk test. Statistical within and between group differences were assessed by paired sample t tests and independent sample t tests, respectively. In addition, the effect sizes (d) were computed as a ratio of the mean difference divided by the pooled standard deviation, with effect sizes of 0.2, 0.5 and 0.8 indicating small, moderate and large effect sizes respectively. Statistical significance was set at P<0.05. Data were analyzed using the SPSS version 16 software (SPSS Inc., Chicago, IL). All values are reported as mean (standard deviation).
3. Results
No significant between-group differences were found at baseline for all examined variables (p>0.05) (Table 1 and 3; Fig. 4). The reduction of Q angle (p=0.002; d=2.13), malleolus distance (p=0.036; d=1.23), and disability score (p<0.001; d=3.23) in EG were significantly greater than that of the CG (Table 1). Moreover, the increment in TMA in the EG were significantly higher than the CG after the training intervention (Table 1).
GRF variables for both pre and post-test during drop landing are presented in Table 3 and Fig. 3. The EG displayed lower FzMAX, FxMAX, FxMIN, and FyMAX by approximately 29% (p=0.008; d=1.27), 71% (p=0.006; d=1.42), 19% (p=0.021; d=1.06), and 36% (p<0.001; d=2.13), respectively during post-test compared to the pre-test. For the CG, GRF amplitudes were similar between pre and post-test (p˃0.05). The TTP for both groups can be seen in Table 3. In EG, the TTP for FxMIN (by 19%; p=0.044; d=0.53) during post-test were significantly smaller than that of pre-test. Other TTP variables in EG were not significantly different between pre and post training (p>0.05). For the CG, no significant group differences in the TTP variables were found (p>0.05). No significant within or between group differences were found for the vertical loading rate (Table 3), impulse variables (x, y, and z) (Table 3), and peak positive and negative FM amplitudes (Table 3 and Fig. 3A) (p>0.05). 
Table 3 here
Fig. 3 Time-normalized traces of the ground reaction forces of experimental group (in pre and post-test) during bilateral drop landing. Data are mean (standard deviation). *: Significant difference in positive or negative peak values (p<0.05)
The peak knee abduction and external rotation and also peak hip flexion angles for both groups during pre and post-test can be seen in Fig. 4. In EG, the peak knee abduction during post-test (0.62±0.83) was significantly smaller than that of the pre-test (1.40±0.98; by 56%; p=0.005; d=0.86; Fig. 4B). Also, in EG, the peak hip flexion angle during post-test (48.92±4.89) was significantly greater than that at pre-test (45.37±3.43; by 8%; p=0.011; d=0.85; Fig. 4D). Peak knee external rotation in EG was not significantly different between pre (6.22±1.36) and post (5.83±1.70) training (p=0.337; Fig. 4C). For the CG, no significant within group differences in the peak knee abduction (p=0.345; Fig. 4B), external rotation (p=0.159; Fig. 4C) and peak hip flexion (p=0.284; Fig. 4D) angles were found. 

Fig. 4 (A) Time-normalized traces of the free moment, (B) peak knee abduction angle, (C) peak knee external rotation, and (D) peak hip flexion angle for the experimental group during pre and post-test. All data are means (standard deviations). *: Significant difference (p<0.05)
4. Discussion
The objective of this study was to investigate the effects of corrective training using elastic resistance bands on landing GRF and kinematic characteristics in older individuals with genu valgus. To our knowledge, this is the first study to observe a decreased FzMAX during drop landing after corrective training in participants with genu valgus. Our first hypothesis, that GRF components in three dimensions would be reduced and their TTP would be increased after corrective training, was partly confirmed, as lower peak vertical, peak anterior and posterior, and peak medial ground reaction force components (by 29%, 71%, 19% and 36%, respectively) were found for the experimental group during the post-test compared to the pre-test. However, the TTP for FxMIN was significantly smaller post compared to pre-test in the experimental group. Our second hypothesis, that vertical loading rate, impulses and free moments would be reduced after corrective training, could not be confirmed, as no significant differences in the experimental group were found after the training. Finally, our third hypothesis, that increased peak hip flexion and decreased peak knee abduction and peak knee external rotation would be observed as a result of the training protocol, was partly confirmed, as the peak knee abduction during post-test was significantly smaller than that of the pre-test and the peak hip flexion angle during post-test was significantly higher than that at pre-test. However, no change was observed in peak knee external rotation.
In the current study, the intervention led to a reduction in peak vertical, peak anterior and posterior, and peak medial ground reaction force components. A lower FzMAX along with lower disability score and lower static knee joint valgus alignment after corrective training may indicate that the corrective training enabled more effective bilateral drop landing. This may be explained by the increased degrees of hip flexion in the experimental group (see Fig. 4), as well as potentially less co-contraction (Podraza & White, 2010), providing resilience to compression forces. This finding is potentially important, as a decreased hip flexion has previously been reported during drop landing in individuals with genu valgus (Barrios et al., 2016). Less hip flexion at initial contact tends to lead to a more vertical position of the entire lower limb and may result in a stiffer landing strategy, as well as an increased injury vulnerability (Chappell et al., 2007). In addition to a decreased FzMAX, we found that FyMAX (peak medial GRF) decreased after corrective training (Table 3 and Fig. 3). This coincided with a reduction in peak knee abduction angle. A potential increase in hip abductor strength may explain this finding (Dai, Heinbaugh, Ning, & Zhu, 2014; Turban, Culas, & Deley, 2014). Since excessive hip adduction during landing can cause the knee joint to move medially and increase the knee abduction angle (Powers, 2003, 2010), increased hip abductor strength can create an internal hip abduction moment to decrease the medial displacement of the knee and knee abduction angle (as seen in Fig. 4). Therefore, landing with a small knee abduction angle may possibly decrease mediolateral GRF, as well as ACL loading and the risk of ACL injuries (Hewett et al., 2005). Based on our results, corrective training could decrease peak vertical and medial GRF, increase peak hip flexion angle and decrease peak knee abduction angles during drop landing in older adults with genu valgus. Finally, considering the FxMAX (peak anterior GRF) and FxMIN (peak posterior GRF) results, it is important to note that the current resistance band training intervention found significant reductions in these variables (Table 3 and Fig. 3). Previous studies have reported that an increase in posterior GRF requires an increase in knee extensor moment for balance, and this increase in knee extensor moment is a main contributor to higher peak proximal tibia anterior shear force that probably increases ACL loading (DeMorat et al., 2004; Yu & Garrett, 2007; Yu et al., 2006). Therefore, reduction of FxMIN after corrective training may have a clinical importance for older adults with genu valgus.
Previous work has demonstrated that genu valgus is associated with earlier peak anteroposterior GRF timing during impact absorption phase of crossover cutting (Nyland & Caborn, 2004). However, TTP of GRF components in older adults with genu valgus were not evaluated in previous studies. In the present study, the TTP values of the experimental group on all GRF components (except for FxMIN) were not changed after the training intervention. Therefore, the current exercise intervention appears not to have been a sufficient stimulus to encourage a favorable change in the TTP of GRF variables. Similarly, no significant changes were observed in bilateral loading rate and impulse (all axes) after the corrective training intervention. Despite intervention-related reductions in impact peak (FzMAX), the loading rate remained similar. Therefore, based on our findings, the corrective training protocol used in the current study may provide some degree of shock attenuation by reduction of impact peak, but this finding should be interpreted with caution, due to the lack of significant change in loading rate.
The results of the present study showed that similar peak positive and negative FM amplitudes in both CG and EG during pre and post-intervention. FM has a relationship with applied torsional loads during translations of the body (Milner, Davis, & Hamill, 2006). In comparison to the vertical, anteroposterior and mediolateral components of the GRF, FM around the vertical axis is a better indicator for identifying the vulnerability of the body tissues (Li, Wang, Crompton, & Gunther, 2001; Umberger, 2008). However, our results did not show any significant difference in change values of peak negative and positive FM amplitudes between EG and CG after the corrective training program. 
Several methodological limitations of the current study should be acknowledged. Our data in the present study were restricted to the GRF characteristics and lower limb kinematics. However, three dimensional kinematics and kinetics of lower and upper extremity, as well as the trunk, are considered by many to be a critical factor in landing induced injuries (Ali, Robertson, & Rouhi, 2014; Blackburn & Padua, 2008). Therefore, future work should also consider the influence of training on such factors. Secondly, males were exclusively used for this study and it is not clear how such training interventions would affect the landing kinetics and kinematics in female participants. Furthermore, comparison of electromyographical activity (Iida, Kanehisa, Inaba, & Nakazawa, 2011) across these populations before and after corrective training could provide further insight into the intervention effects, and may be interesting with respect to clinical implications.

5. Conclusions
The current study found that a 16 week corrective training intervention using resistance bands led to a reduction in FzMAX, FxMAX, and FxMIN of dominant lower limb during bilateral drop landing in older individuals with genu valgus disorder. In addition, the peak knee abduction during post-test was significantly smaller than that of pre-test and the peak hip flexion angle during post-test was significantly smaller than that of pre-test. Taken together, the results may indicate a reduced injury risk for the intervention group. 
Ethical approval All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Informed consent Informed consent was obtained from all individual participants included in the study.
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