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Lower body power and velocity asymmetries and their predictors in university athletes
Abstract
BACKGROUND: Although athletes fully participating in training and competition are often assumed to have no deficits, they frequently return to sport after injury before meeting return-to-play guidelines. Along with other factors, previous injury may contribute to persistent lower limb asymmetry in athletes, and excessive asymmetry may be a detriment to performance. The purpose of this study was to determine whether lower limb asymmetries measured via a GymAware linear-position transducer exist in female and male university athletes, and explore the factors related to these asymmetries. METHODS: Concentric peak and mean velocity, and mean power were measured during a split stance countermovement jump under dowel and 30% body weight conditions in 61 athletes. Mean values were calculated from 2 sets of 3 repetitions for the athlete’s left and right legs, and used to calculate limb asymmetry. Athletes provided demographic information including history of lower body injury, footedness, and training age.  RESULTS: Athletes demonstrated lower limb asymmetries between 4 and 14%, and there were no significant asymmetry differences between female and male athletes (p > 0.05). Injury history, sport, footedness, training age, and body mass were not related to asymmetry. Greater baseline right leg mean power was associated with reduced mean power asymmetry in both women and men (p ≤ 0.05). CONCLUSION: Lower limb asymmetries exist in healthy university athletes, but the practical relevance of the values is questionable. Long term involvement with strength and conditioning programs does not seem to have an influence; however, maximizing baseline muscular power may help to decrease asymmetry.
Keywords: Strength and conditioning, asymmetry, sports injuries

Introduction
Competitive athletes require high levels of strength and power in addition to proficiency in their sport specific skills to achieve success. While strength refers to the neuromuscular system’s ability to generate maximal force, power describes the ability to produce that force quickly 1. The physical requirements of an athlete are greatly dependent on their sport, but generally higher overall strength and power results in a better performing athlete 2. In particular, neuromuscular power and the ability to move quickly seem to be directly related to tasks required for sport proficiency such as sprinting, jumping, and changing direction 2. The ability to produce force rapidly can also differentiate performance levels, as athletes who compete at a higher level, and first-string players, demonstrate greater power-producing ability than their counterparts who play at less competitive levels 2.
A related aspect that may contribute to optimal sport performance is side-to-side symmetry. While some degree of asymmetry may always exist in sports that involve repetition of skills and movements by one side of the body, there is suggestion that excessive asymmetry may be a detriment to performance 3 and contribute to injury 4. A power asymmetry threshold of 10%, as measured by a series of hop tests, was previously suggested for ideal function 5, and one study found a power asymmetry of more than 10% was associated with lower jump heights 6. However, the evidence for asymmetry is not unanimous; some studies found power indices were not related to athletes’ change of direction or sprinting abilities 7-9.
The type of outcome measure undoubtedly affects the ability to detect asymmetry. Power measured via explosive movements may be a more relevant measure for sport performance 10, and better able to reveal asymmetry than isometric or static activities 11. Linear-position transducers have become a common and advantageous method of practically measuring power during functional movements in the weight room 12. The one study found that assessed lower body asymmetry with this type of device involved only a small group of 8 male athletes 8. However, the authors did choose a split stance test movement which more closely mimics unilaterally-biased sport movements like sprinting, increasing the likelihood of detecting existing asymmetries.
Although athletes fully participating in training and competition are often assumed to  have no deficits, they frequently return to sport after injury before they meet return-to-play guidelines 13, and can continue to show neuromuscular deficits including lower limb asymmetry years post-injury 14. In addition to a history of previous injury 14, there may be other factors that contribute to persistent lower limb asymmetry in active athletes. One study showed that the number of training years was associated with the degree of observed asymmetry, with less experienced athletes demonstrating greater strength differences between the right and left legs 15. However, another study showed conflicting results when comparing explosive strength asymmetry between younger and more experienced players 14. Other factors including the athlete’s sex may influence asymmetry, but because female athletes are not included as often as male athletes in study populations 3, the role of sex is not clear. One study found no difference in side-to-side strength between men and women performing a single leg squat; however, the research participants were non-athletes 16. To date, limited research has been carried out to identify factors associated with lower body power and velocity asymmetries in samples of healthy athletes that include both female and male athletes. 
Given that producing force quickly is key to sports actions such as sprinting and jumping, and lower body asymmetry may negatively affect athletic performance, the purpose of this study was to determine whether lower body asymmetries exist in university athletes, and explore the factors related to asymmetry. The specific objectives were to 1) describe and compare power and velocity asymmetries measured via a linear-position transducer during a split stance countermovement jump (CMJ) in female and male university athletes currently participating without restriction in their sport and 2) assess the effects of lower body injury history, sport, footedness, training age, body mass, baseline power, and sex on power and velocity asymmetries measured via a linear-position transducer during a split stance CMJ in university athletes currently participating without restriction in their sport. 
Materials and Methods
Participants 
A cross-sectional design was used to determine the existence of asymmetry and identify contributing factors. Sixty-one participants (25 women, 36 men) representing the university football, basketball, soccer, volleyball, track and field, and ice hockey teams were recruited via posters, email messages from the athletic department, and word of mouth. Participants were required to be at least 18 years of age and were excluded if they had a condition or injury that prevented them from participating fully in their sport. Eight participants were in their competitive season; 36 were within 6 weeks of their competitive season; and 17 were in their off-season, more than 6 weeks post-competition. Participant characteristics are reported in Table 1. Ethics approval was obtained from the University Health Research Ethics Board and informed, written consent was obtained from each participant prior to their engagement in this study.
	TABLE 1. Participant Characteristics.a

	Age (years)
	20.5 (2.9)

	Height (cm)
	176.5 ± 12.9

	Mass (kg)
	75.7 (30)

	Years of strength and conditioning
	4 (4)

	Waterloo footedness score
	6.5 ± 6.8

	Months since last lower body injury
	16 (29.8)


aData are presented as mean ± standard deviation for normally distributed data or median (interquartile range) for non-normally distributed data.
 
Procedures
Participants attended a familiarization session followed by a test session approximately 48 hours later. The first 15 recruited participants performed a second test session about 72 hours following the first to assess the reliability of the testing protocol. The participants were instructed to avoid intense physical activity prior to their test sessions, and come to their sessions rested. To have sufficient power (0.8) for objective #1, data from 18 athletes were required, based on an expected asymmetry of 5%, standard deviation of 8% 11, and with significance value set as p ≤ 0.05 for a one-tailed t-test.
All participants at all test sessions were assessed by the same trained senior year Kinesiology student. At the beginning of the familiarization session, participants’ height and body mass were measured with a stadiometer and scale (Seca GmbH & Co., Hamburg, Germany), and they completed 3 self-report questionnaires: a demographics questionnaire, the Waterloo footedness questionnaire 17, and an overall wellness scale. The demographics questionnaire included information related to their date of birth, biological sex, the number of years they had engaged in resistance training activities, and lower body injury history. The Waterloo footedness questionnaire consisted of 10 items asking the athlete to report which leg they would use for a variety of activities, including both stability and manipulative tasks 17. The overall wellness scale was obtained from the University’s athlete monitoring tool (Athlete Monitoring, FITSTATS Technologies, Inc., Moncton, NB) and required participants to rate themselves on a seven point scale for each of fatigue, general health, muscle soreness, sleep quality and quantity, and mood. Ratings were used to determine whether athlete wellness impacted performance on test day.
	Following a dynamic warm-up that consisted of 5 minutes of stationary cycling and 5 minutes of dynamic stretches (e.g. leg swings, high knees), participants were taught the appropriate form and cues for the test movement, a rear-foot elevated split stance countermovement jump (CMJ). The movement was familiar to all the participants, as it was used on a regular basis before team weightroom sessions to assess training readiness and intensity. To perform the split stance CMJ, each athlete was set up in a standardized way based on previous work 8. The athlete placed the toes of the back foot on top of a wooden box, which was adjusted to be half the height from the floor to the athlete’s lateral knee joint line. The front foot was placed far enough forward of the box to allow the front knee to remain over top of the toes when they squatted to a depth of 90°; that position was marked with a piece of tape. The 90° front knee angle was confirmed for each athlete using a manual goniometer, and foam blocks placed under the back knee at that height served as a cue as to when the athlete had reached the correct split stance depth. Once positioning was confirmed, the participant removed the dowel from the rack and held it on the shoulders behind the head with elbows flexed at 90°. The back foot was placed on the box and the front foot lined up with the tape mark. From this position, the participant descended into a split stance until the back knee came into contact with the foam blocks. They then extended the front leg explosively to jump vertically while keeping the back foot in contact with the box. Participants completed 3 sets of 5-10 practice repetitions starting with an unloaded (dowel) condition, followed by a loaded  (30% bodyweight) condition. During the first practice set of each condition, the participant was instructed to move slowly through each repetition and to concentrate on their form throughout. For the second and third sets, the participant progressively increased their speed until repetitions were performed with maximal effort and good form. The familiarization session lasted approximately 60-75 minutes.
	Participants attended their test session at least 48 hours after their familiarization session and at the same time of day. They completed the wellness scales, the same dynamic warm-up routine as the familiarization session, and then a warm-up set of 3 repetitions at 80% effort for each of the two conditions with a 2 minute rest between sets. Participants were then given a 5 minute rest period before the test sets which consisted of 2 maximal effort sets of 3 repetitions for each of the dowel and 30% bodyweight conditions with 3-5 minutes of rest separating each set. The first leg to be tested for each participant was randomized and counterbalanced using a random number generator. The test leg was considered to be the front leg of the split stance.
	The first 15 participants attended a third test session, where they completed the same protocol. This session occurred 72 hours after their first test session and at the same time of day. All participants were reimbursed for transportation and parking costs.
Dependent and Predictor Variables
Lower body concentric mean power and velocity and concentric peak velocity were recorded using a GymAware PowerTool linear-position transducer (LPT; 50-Hz sample period with no data smoothing or filtering; Kinetic Performance Technology, Canberra, Australia) 9. This LPT has demonstrated good to excellent reliability in previous studies measuring jump squat velocity and power 18,19, and values recorded for velocity and power (at lower loads) are not significantly different when using 1 LPT compared to the optimal set-up of 2 LPTs and a force plate 20. The LPT retractable cable was attached to the dowel or barbell as per typical practice, approximately 6.35 cm lateral to the participant’s left hand grip 18. The transducer was positioned directly underneath the dowel or barbell and secured magnetically onto a weight plate. The test movement was performed under both a dowel and a 30% bodyweight condition as asymmetry may be more evident under higher loads 14,21. Data were transmitted wirelessly to an iPad tablet (Apple Inc., Cupertino, CA), from which the values for each repetition were manually recorded on the participant’s data collection sheet. 
	Data for the predictor variables included months since most recent lower body injury, sport, footedness, number of years participating in an organized strength and conditioning program, body mass, and baseline power.


Statistical Analyses
	Data were checked for normality and conveyed via descriptive statistics using mean ± standard deviation (SD) or median ± interquartile range (IQR) as appropriate. Reliability of the testing protocol was determined with Intraclass Correlation Coefficients (ICC2,6) and their corresponding 95% confidence intervals. To determine asymmetry in female and male participants, data were analyzed by sex. Limb asymmetry was calculated as follows 11 from the mean value of the 2 sets of 3 repetitions.
For mean power:
weaker leg – stronger leg  x 100
stronger leg
For mean and peak velocity:
slower leg – faster leg  x 100
faster leg
The absolute value (in percent) was used in a one-sample t-test for normally distributed data or a one-sample signed rank test for non-normally distributed data with 0 as the reference value to determine the existence of asymmetry. An independent samples t-test or Mann Whitney Rank Sum test was used, as appropriate, to investigate differences in asymmetry between female and male participants. Pearson Product Moment Correlation analyses explored the presence of any relationships between dependent variables and wellness scores and between dependent and predictor variables. If significant, predictor variables were entered into a simple linear regression to evaluate the effect on power or velocity asymmetries. Statistical significance level was considered to be p ≤ 0.05.
Results
	Data were complete except for missing responses for 2 participants on the Waterloo footedness questionnaire. Mean power, and mean and peak velocity of the right and left legs demonstrated good to excellent reliability 22, with ICC values greater than 90% for 9 of the 12 variables, and ≥75% for the remaining 3 variables. Asymmetry was significantly different than 0 for all dependent variables under both loading conditions for women and men; however, there were no asymmetry differences between female and male participants (Table 2). Wellness scores were not significantly correlated with any of the dependent variables. None of the dependent variables were significantly related to months since the most recent lower body injury, sport, footedness, years of participation in strength and conditioning, or body mass for women (Table 3) or men (Table 4). Baseline right leg mean power was significantly correlated with mean power asymmetry under the dowel condition in male participants, and the 30% bodyweight condition in female participants, with greater asymmetry associated with lower baseline power. When entered into a regression analysis, statistical significance remained, with an R2 value of 0.10 (p = 0.04) for the men and 0.18 (p = 0.02) for the women.


TABLE 2. Percent asymmetry between right and left legs, and comparing women and men.a
	
	Women
	Men
	P value

	MP dowel  
	14.1 ± 8.3
	11.3 ± 6.4
	0.15

	MP 30% bodyweight
	6.2 (3.4, 10.4)
	7.0 (3.5, 11.4)
	0.66

	MV dowel
	4.4 (2.8, 7.1)
	4.2 (1.6, 10.0)
	0.85

	MV 30% bodyweight
	5.2 (1.6, 6.5)
	5.3 (2.8, 7.2)
	0.31

	PV dowel 
	6.2 (2.3, 11.3)
	5.9 (2.6, 9.3)
	0.46

	PV 30% bodyweight    
	4.5 (1.5, 7.2)
	4.2 (2.5, 7.3)
	0.25


aData are presented as mean ± standard deviation for normally distributed data or median (interquartile range) for non-normally distributed data. MP = mean power, MV = mean velocity, PV = peak velocity.


TABLE 3. Correlation coefficients between percent leg asymmetry and predictor variables for female participants (n=25)a
	
	S & C years
	Months since injury
	Sport
	Footedness
	Body mass
	Baseline left leg
	Baseline right leg

	MP dowel
	-0.23
	-0.18
	0.10
	-0.22
	-0.04
	0.22
	-0.15

	MP 30% bodyweight
	0.37
	-0.13
	-0.14
	-0.38
	0.05
	-0.31
	-0.46b

	MV dowel
	0.08
	0.40
	0.05
	0.11
	-0.05
	0.33
	0.00

	MV 30% bodyweight
	0.28
	-0.13
	-0.06
	-0.09
	-0.27
	-0.17
	-0.30

	PV dowel
	-0.11
	-0.30
	0.01
	-0.13
	0.10
	0.37
	-0.13

	PV 30% bodyweight
	0.30
	0.10
	0.10
	-0.30
	-0.13
	0.04
	-0.18


aMP = mean power, MV = mean velocity, PV = peak velocity, S & C = strength and conditioning. bp ≤ 0.05.


TABLE 4. Correlation coefficients between percent leg asymmetry and predictor variables for male participants (n=36)a
	
	S & C years
	Months since injury
	Sport
	Footedness
	Body mass
	Baseline left leg
	Baseline right leg

	MP dowel
	-0.14
	0.07
	0.30
	0.22
	-0.21
	-0.16
	-0.35b

	MP 30% bodyweight
	0.12
	0.01
	0.02
	-0.07
	-0.11
	-0.14
	0.16

	MV dowel
	-0.07
	-0.19
	-0.19
	0.13
	0.17
	-0.09
	0.20

	MV 30% bodyweight
	0.01
	-0.10
	0.02
	0.12
	-0.14
	-0.16
	0.12

	PV dowel
	-0.05
	0.09
	0.27
	0.02
	-0.30
	0.22
	0.01

	PV 30% bodyweight
	0.17
	0.08
	0.09
	0.01
	-0.19
	0.03
	0.29


aMP = mean power, MV = mean velocity, PV = peak velocity, S & C = strength and conditioning. bp ≤ 0.05.

Discussion
The purpose of this study was to investigate whether female and male university athletes fully participating in their sport exhibit power and velocity asymmetries during a split stance CMJ task, and to explore predictors of those asymmetries. Mean asymmetry between the right and left legs ranged from 4-14% for the women and 4-11% for the men, which is similar to values found for vertical jump 9,23 and split squat 8 asymmetry in young athletic men, as well as in combined groups of female and male university athletes 24,25. While all variables were significantly different from the reference value of 0 in the current study, it is questionable whether these asymmetry percentages had a detrimental impact on performance, as all participants reported that they were participating fully in their sport at the university level. Five of the 6 variables demonstrated asymmetry values less than 10%, which has been the suggested safe threshold for returning to sport after injury 13,26, and aligns with the participants’ self-report of having no injuries or conditions that prevented full participation in their sport. 
The highest asymmetry values were observed for mean power under the dowel condition, and were slightly higher in women than men (14% versus 11%). Over half of the participants demonstrated asymmetry of 10% or greater under the mean power dowel condition, and about a third demonstrated that degree of asymmetry in mean power with the 30% bodyweight condition. In contrast, a previous study found only 9 of 167 university athletes with power asymmetry greater than 10% 24. However, asymmetry in that study was assessed via force plate during a bilateral, bodyweight countermovement jump. By using a split stance CMJ, the task was more demanding, more similar to sprinting which is required across a wide range of sports, and was perhaps able to better uncover functional side-to-side differences. Mean power was measured in the current study as opposed to peak power, which has previously demonstrated less reliability than some variables 27 and peak values may be falsely elevated with quick movements by the athlete, and therefore be more susceptible to error 28. 
It was anticipated that using a dynamic, explosive movement would expose larger asymmetries in the participants 11, but for the majority of the tested variables, even the use of a relatively advanced movement in the split stance CMJ did not result in large asymmetries in the group as a whole. This may have partly been due to the fact that the athletes were familiar with the movement as they routinely did split stance CMJs before weight room sessions. However, individual athlete asymmetry ranged from less than 1% to 35%, depending on the variable. Many participants demonstrated considerable leg power and velocity asymmetries, which justified investigation into possible contributing factors. 
	The number of months since the most recent lower body injury was not related to any of the dependent variables. Considering that many athletes return to sport before they meet return-to-play guidelines 13 and can continue to demonstrate neuromuscular deficits years post-injury 14, it was anticipated that injury history would be related to asymmetry. Only 9 of the 61 participants reported never experiencing a lower body injury that prevented them from fully participating in organized sport, and 14 reported having multiple such injuries. Considering that this is a group of athletes who have commonly and repeatedly experienced injury, it is surprising that greater asymmetry was not demonstrated. This could be because their injuries were effectively rehabilitated; however, information related to the nature of their injuries and extent of their recovery was not recorded.
Sport and footedness were also not related to asymmetry, conflicting with previous opinion that athletes naturally develop asymmetry, likely related to limb dominance, as a result of consistently and repetitively participating in their sport over a long period of time 29. By using a relatively complex split stance CMJ task and forcing the participants to rely primarily on one leg at a time, it was thought that the chances of observing any preference for using one leg over the other were maximized, but footedness was not found to be related to asymmetry. It may be that an athlete’s position or role in their sport has a greater impact on lower body asymmetry rather than the sport itself. For example, a left-sided hitter in volleyball may experience more repetitive movements requiring use of one leg than the other compared to the setter who moves around the court in varying directions. These type of data were not collected, which would require a much larger sample size for adequate analyses. 
All participants had been participating in a strength and conditioning program on a regular basis for at least one year, but the length of time was not related to asymmetry. It would seem logical that participating for a longer period of time in formal programming, which typically includes unilateral exercises to ensure a sufficient and comprehensive training stimulus, would lead to less asymmetry. The lack of relationship found in these university athletes suggests that the length of time participating in organized strength and conditioning may be less important than the volume or intensity of the program. If an athlete is currently receiving adequate volume and intensity of exercise and it is applied appropriately and bilaterally, perhaps the fact that they have been working out for years is inconsequential. After all, significant improvements in muscular fitness can be seen within weeks with sufficient training 30,31. 
The uneven distribution of lean muscle mass on the right and left sides of the lower body has been found to significantly contribute to asymmetries in power during a jump task 24; however we did not collect that type of data. Our attempt to identify other predictors of leg asymmetries in the current study was met with limited success. Power asymmetry between the right and left legs was lower in female participants with higher baseline power under the 30% bodyweight condition, and in male participants with higher baseline power under the dowel condition. However, these predictor variables only explained 10-18% of the variability in asymmetry. It seemed to be an advantage to the women to have greater baseline power to control the extra weight added to the split stance CMJ task, and an advantage to the men to have greater baseline power to control the higher velocity of the dowel condition. A measure of strength was not recorded, which may have helped explain some of the disparity in findings between women and men. Our results may also be limited by the fact that resources only permitted access to one linear position transducer. This may have affected the accuracy of the power and velocity readings 20 as horizontal motion may not have been accounted for. However, our reliability analyses demonstrated good to excellent reliability for all variables for both the right and left legs. We also acknowledge that the chosen test movement was not entirely unilateral, as the back foot would have contributed somewhat to the movement. However, we aimed to use a task that was broadly applicable to movement used across sport (i.e. sprinting), and that was familiar to the athletes.
Conclusion
Power and velocity asymmetries between the right and left legs exist in university athletes fully participating in their sport; however, since values were less than or equal to 14%, their clinical relevance is questioned. Long term strength and conditioning programs do not seem to be a prerequisite to acquiring symmetry, and the degree of footedness an athlete reports, their body mass, or the sport they play, do not relate to the amount of asymmetry demonstrated during a split stance CMJ. Mean concentric power was the most commonly asymmetrical variable, and was the only variable to exceed the generally accepted asymmetry threshold of 10%. Maximizing baseline power may help to decrease asymmetries in loaded conditions in female athletes and in unloaded conditions in male athletes. 
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