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Abstract 23 

The aim of this study was to empirically examine the interaction of athlete-specific kinematic 24 

kinetic and strength asymmetry in sprint running. Bilateral ground reaction force and kinematic 25 

data were collected during maximal velocity (mean = 9.05 m∙s-1) sprinting for eight athletes. 26 

Bilateral ground reaction force data were also collected whilst the same athletes performing 27 

maximal effort squat jumps. Using novel composite asymmetry scores, interactions between 28 

kinematic and kinetic asymmetry were compared for the group of sprinters. Asymmetry was 29 

greater for kinematic variables than step characteristics, with largest respective values of 6.68% 30 

and 1.68%. Kinetic variables contained the largest asymmetry values, peaking at >90%. 31 

Asymmetry was present in all kinematic and kinetic variables analysed during sprint trials. 32 

However, individual athlete asymmetry profiles were reported for sprint and jump trials. 33 

Athletes’ sprint performance was not related to their overall asymmetry. Positive relationships 34 

were found between asymmetry in ankle work during sprint running and peak vertical force (r 35 

= 0.895) and power (r = 0.761) during jump trials, suggesting that the ankle joint may be key 36 

in regulating asymmetry in sprinting and the individual nature of asymmetry. The individual 37 

athlete asymmetry profiles and lack of relationship between asymmetry of limb strength and 38 

sprint performance suggest that athletes are not ‘limb dominant’ and that strength imbalances 39 

are joint and task specific. Compensatory kinetic mechanisms may serve to reduce the effects 40 

of strength or biological asymmetry on the performance outcome of step velocity.  41 

 42 

Keywords: gait, sprinting, symmetry angle, strength asymmetry 43 

 44 
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Introduction 45 

The analysis of biomechanical asymmetry in gait is useful from performance and injury 46 

(Schache et al., 2009; Carpes et al., 2010; Ciacci et al., 2013), clinical (Beyaert et al., 2008) 47 

and technology (Buckley, 2000) perspectives. Information on a participant’s lower-limb 48 

asymmetry during sprint running may develop insight into individual joint asymmetry within 49 

limbs (Vagenas & Hoshizaki, 1991) as well as informing coaches and athletes about injury 50 

predisposition, enhanced performance of one limb over the contralateral limb and possible 51 

strength imbalances. Asymmetry in walking and submaximal running has been a popular 52 

research topic for many years (Hamill et al., 1984; Vagenas & Hoshizaki, 1991; Zifchock et 53 

al., 2006; Laroche et al., 2012) and has provided information on asymmetry interactions during 54 

these movements. Knowledge of asymmetry in gait of all speeds can be beneficial in 55 

developing understanding of asymmetry present in uninjured and recently injured participants 56 

to allow asymmetry to be used as a metric when recovering from injury or identifying required 57 

rehabilitation interventions (Schache et al., 2009). 58 

Despite the large number of investigations that have focussed on asymmetry in 59 

submaximal running and walking gait (Hamill et al., 1984; Vagenas & Hoshizaki, 1991; 60 

Zifchock et al., 2006; Laroche et al., 2012), asymmetry has rarely been investigated in sprint 61 

running. From a coaching perspective, knowledge of asymmetry in sprint running may inform 62 

the nature of an athlete’s training based on technical differences between the two sides of the 63 

body. Research into asymmetry during submaximal running has identified the presence of 64 

asymmetry for kinematic (Vagenas & Hoshizaki, 1991; Karamanidis et al., 2003) and kinetic 65 

(Cavanagh et al., 1985; Jacobs et al., 2005) indicators of performance and injury including 66 

joint-specific variables such as lower limb joint angles and resultant limb variables such as 67 

ground reaction forces. Furthermore, asymmetry in sprint running has important implications 68 

on biomechanical research with studies of sprint running often collecting data unilaterally due 69 
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to constraints on data collection, such as the positioning of cameras or force platforms (Mann 70 

& Herman, 1985; Bezodis et al., 2008; Gittoes & Wilson, 2010). The presence of kinematic 71 

and kinetic asymmetry in the lower limbs is overlooked in traditional unilateral analyses but 72 

may be indicative of injury predisposition or technical discrepancies within athletes. 73 

Conversely, athletes may exploit ‘functional asymmetry’, whereby asymmetry is used to 74 

enhance overall performance, as a mechanism to maximise the combined performance of the 75 

lower limbs (Vagenas & Hoshizaki, 1991) or to overcome strength imbalances. 76 

 To the authors’ knowledge, limited research has investigated kinematic asymmetry 77 

during maximal velocity sprint running (Ciacci et al., 2010). The presence of kinetic 78 

asymmetry has been previously reported (Exell et al., 2012a; Exell et al., 2012c); however, the 79 

interaction between kinematic asymmetry, kinetic asymmetry and performance has not been 80 

considered. Furthermore, numerous studies investigating acceleration-phase and maximal 81 

velocity sprint running have performed unilateral analyses (Johnson & Buckley, 2001; Bezodis 82 

et al., 2008). Additionally, the presence of asymmetry has implications on the conclusions that 83 

can be drawn from unilateral experimental data and also methodological considerations when 84 

planning field-based data collection. In a study into the braking and propulsive phases of sprint 85 

running (Ciacci et al., 2010), the authors did not present asymmetry results, but, following a 86 

preliminary asymmetry assessment of a sub-group or participants, the authors noted that no 87 

differences were apparent between left and right sides. However, not all the athletes included 88 

in the study were tested for asymmetry, which, due to the individual nature of asymmetry 89 

(Cavanagh et al., 1985), may have led to asymmetry being overlooked for some athletes. 90 

However, the inclusion of a preliminary test of asymmetry prior to data collection can allow 91 

greater conclusions to be made about an athlete’s technique based on data collected from one 92 

limb. For example, if unilateral data are available for an athlete in competition when 93 
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performing at their best, knowledge of that athlete’s asymmetry could indicate whether the 94 

analysed limb may or may not reflect the results of the unanalysed limb. 95 

 A further consideration and potential cause of biomechanical asymmetry during sprint 96 

running is asymmetry of limb strength. Strength asymmetry has been considered in relation to 97 

movement speed in team-sports athletes (Lockie et al., 2014), and was found to not influence 98 

overall speed performance in change of direction tasks. Menzel et al. (2013) investigated 99 

isokinetic strength asymmetry of individual lower limb joints and overall strength asymmetry 100 

during vertical jumps. These authors reported strength asymmetry to be present in both tests, 101 

but did not consider variability within each joint. Furlong and Harrison (2014) investigated 102 

asymmetry of plantarflexor activity during controlled jumping movements performed 103 

unilaterally, including the important consideration of whether asymmetry was meaningful 104 

relative to within-side changes by incorporating statistical significance testing. These authors 105 

reported that asymmetries exist in external force characteristics during jumping activities, 106 

which are compensated for to reduce asymmetry in the outcome movement. The results 107 

presented by Furlong and Harrison (2014) regarding external force asymmetry produced by the 108 

plantar-flexors did not agree with previous work reporting no overall force asymmetry between 109 

limbs (Flanagan & Harrison, 2007), further supporting the idea of individual joint 110 

compensation to reduce overall limb asymmetry. Previous studies investigating strength 111 

asymmetry have reported that it does exists during extensor/ plantar-flexor type activities; 112 

however, strength asymmetry has not been investigated in sprint running in relation to 113 

asymmetry of biomechanical performance determinants (i.e. step characteristics and influential 114 

kinematic and kinetic variables). 115 

Quantification and understanding of performance and strength asymmetry during the 116 

maximum velocity phase would be beneficial to both researchers and coaches. Therefore, the 117 

aim of this study was to empirically examine the interaction of athlete-specific kinematic 118 
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kinetic and strength asymmetry in sprint running. The overall purpose of this study was to 119 

scientifically inform the development of coaching programmes for sprint-based athletes and to 120 

inform future biomechanical research regarding the use of bilateral analyses. It was 121 

hypothesised that: 1) asymmetry profiles would be athlete-specific, 2) that there would be a 122 

positive relationship between kinematic, kinetic and strength asymmetry for each athlete, with 123 

asymmetry in kinematic variables reflected in associated kinetic variables and 3) that athletes 124 

displaying greater explosive strength asymmetry would be more asymmetrical during sprint 125 

running. 126 

 127 

Methods 128 

Participants and Experimental Protocol 129 

Ethical approval for the study was gained from the University’s Research Ethics 130 

Committee and written informed consent obtained from all participants. Eight male sprint 131 

trained athletes with a minimum of two years competitive experience performed 9-12 132 

(mean±SD = 11±2) maximum effort 60 m sprint runs. Athletes’ mean (±SD) age, mass and 133 

stature were 22±5 years, 74.0±8.7 kg and 1.79±0.07 m, respectively.  134 

Time synchronised three-dimensional positional (200 Hz) and force (1000 Hz) data 135 

were collected from the 36 – 44 m section of each run using a motion capture system (CODA 136 

cx1, Charnwood Dynamics, UK) with two integrated force plates (Kistler 9287BA, Kistler, 137 

Switzerland) covered with the same track surface as the surrounding running lane. Scanners 138 

were positioned 4.20 m from the centre of the running lane, at a separation of 4.00 m along the 139 

lane. The scanner setup maximised the length of the field of view in the sagittal plane 140 

(approximately 8.20 m) to ensure that a minimum of two full steps (up to a length of 2.73 m) 141 

were collected from every trial. Twelve active markers were secured to participants’ left and 142 

right sides during each trial, detailed in Figure 1. The CODA and force plate systems were 143 
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simultaneously aligned with the x, y and z axes defined as medio-lateral, antero-posterior and 144 

vertical, respectively. 145 

 146 

============FIGURE 1 NEAR HERE============= 147 

 148 

Marker positional data were collected whilst athletes performed the 60 m sprint runs. 149 

Athletes wore their own sprinting spikes and were instructed to run with maximal effort 150 

through the data collection area to the 60 m finish line. The CODA system was triggered 151 

manually following athletes’ first movements from their crouched starting position. Athletes 152 

performed trial repetitions in alignment with their regular sprint training regime. Six athletes 153 

(Athletes 1 to 6) performed twelve trials over two equal sessions and the remaining two athletes 154 

were available for one session and performed nine runs in that session. Trials were rejected if 155 

an athlete noticeably altered their running style during the data collection area, or if any markers 156 

became dislodged, or were out of view for a period of eight or more epochs (0.040 s). Recovery 157 

time between trials was self-selected and typically lasted for approximately 10 minutes. Step 158 

velocity was compared for trials completed in separate sessions by the same athlete to check 159 

that there were no significant (p<0.05) inter-session differences before data were pooled from 160 

different sessions for these athletes. To measure explosive limb strength, athletes performed 161 

five maximal effort squat jumps with each foot placed on a separate force plate, which were all 162 

used for analysis. Due to constraints on data collection, position data were not available during 163 

these jump trials. 164 

 165 

Data processing 166 

Position and force data were processed using custom code (MATLAB, Mathworks, 167 

Natick, USA). For sprint trials, sections of marker data where markers became occluded for 168 
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seven or fewer epochs were filled using an interpolating cubic spline. For foot contacts that 169 

overlapped the two force plates, centre of pressure data were combined using the method of 170 

Exell et al. (2012a) to calculate values relative to the CODA system coordinate frame. Instants 171 

of touchdown and take-off from the force plates were defined as the first epochs that the vertical 172 

force rose above and fell below the mean plus two standard deviations value of the unloaded 173 

plates, respectively. For foot contacts that did not occur on the force plates, touchdown and 174 

take-off were identified using the toe marker acceleration (Bezodis et al., 2007). The 175 

dominance of sagittal plane movements in the late acceleration and maximal velocity phases 176 

of sprint running has led to the majority of analyses focussing on this plane (Johnson & 177 

Buckley, 2001; Hunter et al., 2004; Bezodis et al., 2008). Therefore, three-dimensional 178 

kinematic data were projected onto the sagittal plane for analysis. Kinematic and kinetic data 179 

were filtered using a low-pass Butterworth filter, with cut-off frequencies (typically ~20 Hz) 180 

for each trial determined using the autocorrelation method (Challis, 1999). Bilateral two-181 

dimensional inverse dynamics analyses were performed to calculate joint moments acting 182 

about the ankle, knee and hip joints combining athlete-specific inertia data as described by 183 

Hunter et al.  (2004). Joint power data were calculated as the product of joint moment and 184 

angular velocity. 185 

Strength data were analysed using the limb-specific ground reaction force profiles. For 186 

each trial, vertical velocity of the centre of mass (CM) was calculated from the total net force 187 

applied to both plates after subtracting body weight, that was assumed to be applied equally to 188 

each plate. Cumulative impulse was then divided by the participant’s mass (Harman et al., 189 

1991). Individual limb power was calculated by multiplying CM vertical velocity by the 190 

vertical ground reaction force applied to each force plate, having subtracted half of the 191 

bodyweight value from each plate. Peak vertical force (FjMAX) and power (PjMAX) values were 192 
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calculated for each limb in addition to net work (WjNET) performed by each limb, calculated 193 

by integrating the power-time profiles. 194 

Asymmetry was calculated using the symmetry angle (θSYM) (Zifchock et al., 2008) for 195 

all discrete variables:  196 

 197 

𝜃𝑆𝑌𝑀 =
(45° − arctan(𝑋𝑙𝑒𝑓𝑡 𝑋𝑟𝑖𝑔ℎ𝑡⁄ ))

90°
× 100% [1] 

 198 

θSYM = symmetry angle value (ranging from -100% to 100%, with 0% indicating perfect 199 

symmetry) 200 

Xleft = left side value for variable being quantified 201 

Xright = right side value for variable being quantified 202 

 203 

However, if:  204 

(45° − arctan(𝑋𝑙𝑒𝑓𝑡 𝑋𝑟𝑖𝑔ℎ𝑡⁄ )) > 90° 205 

then [2] was substituted:  206 

𝜃𝑆𝑌𝑀 =
(45° − 𝑎𝑟𝑐𝑡𝑎𝑛(𝑋𝑙𝑒𝑓𝑡 𝑋𝑟𝑖𝑔ℎ𝑡⁄ ) − 180°)

90°
× 100% [2] 

 207 

Calculation of composite asymmetry scores 208 

Composite asymmetry scores were used to allow comparison of overall athlete asymmetry and 209 

performance. Methods used to calculate the scores are summarised below with full explanation 210 

provided by Exell et al. (2012b). These methods of calculating asymmetry scores incorporate 211 

the important consideration of intra-limb variability in the quantification of asymmetry so that 212 

asymmetry is only considered for variables displaying a significant difference between left and 213 

right side values, termed ‘significant asymmetry’. Following identification of the significantly 214 
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asymmetrical variables for each athlete, symmetry angle values can then be summed for those 215 

variables to give an overall athlete asymmetry score. Eight variables were included in the 216 

composite kinematic asymmetry score (KMAS) based on association with successful technique 217 

(Hunter et al., 2004) and identification by expert sprint coaches (Thompson et al., 2009). A 218 

pseudo mass centre (pseudoCM), calculated as the mid position of left and right iliac crest 219 

markers, was used in the calculation of variables relative to athlete’s mass centres. Variables 220 

were defined and calculated as follows, with a step defined from the instant of touchdown of 221 

one foot to the instant of touchdown of the contralateral foot (Bezodis et al., 2007): 222 

Step velocity (SV): mean horizontal rate of change in position of the pseudoCM. 223 

Step length (SL): the change in horizontal position of toe markers. 224 

Step frequency (SF): the inverse of step time. 225 

Minimum hip height (zHMIN): minimum vertical position of the mid-hip markers during ground 226 

contact. 227 

Maximum knee lift (zKMAX): maximum vertical position of knee for non-stance leg during 228 

ground contact. 229 

Minimum knee angle (θKFLEX): minimum knee angle for non-stance leg during swing phase. 230 

Maximum hip extension (θHEXT): maximum stance leg hip extension angle during ground 231 

contact. 232 

Touchdown distance (yTD): horizontal displacement between toe and pseudoCM at point of 233 

touchdown. 234 

 235 

Seven discrete variables were included in the kinetic asymmetry score (KAS) due to their 236 

association with successful sprint running and the kinematic variables analysed, all measured 237 

from the stance leg during ground contact: 238 

Net horizontal impulse (IMPH): net ground impulse measured in the antero-posterior direction. 239 
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Net vertical impulse (IMPV): net ground impulse in the vertical direction. 240 

Maximum vertical force (FzMAX): maximum ground reaction force in the vertical direction. 241 

Mean support moment (MSUP): mean value of the sum of joint moments acting about the ankle, 242 

knee and hip (extension defined as positive). 243 

Net ankle/ knee/ hip work (WA/K/HNET): net joint work performed at the ankle/ knee/ hip. 244 

 245 

Kinematic asymmetry score 246 

 Data were tested for normality using the critical appraisal approach (Peat & Barton, 247 

2005). Measured variables were found to be normally distributed for all athletes. Therefore, 248 

parametric statistics were used for within athlete analyses to test for significant (p<0.05) 249 

differences between left and right limbs for each variable, termed the ‘absolute difference 250 

factor’ (ADF). Variables showing significant left-right differences were considered as 251 

demonstrating ‘significant asymmetry’. Kinematic asymmetry was also calculated with respect 252 

to step velocity to reduce the effect of inter-step velocity changes. The ‘relative difference 253 

factor’ (RDF) included significant differences between the θSYM magnitude for step velocity 254 

and the other kinematic variables. Variables not displaying ‘significant asymmetry’ were 255 

omitted from the composite asymmetry scores. Each athlete’s KMAS was calculated based on 256 

the product of the θSYM, ADF and RDF: 257 

 258 

𝐾𝑀𝐴𝑆(𝑥𝑛) = (𝐴𝐷𝐹 + 𝑅𝐷𝐹) ⋅ 𝜃𝑆𝑌𝑀(𝑥𝑛) [3] 

 259 

KMAS(xn) = kinematic asymmetry score for variable ‘xn’ 260 

ADF = either 0 or 1, with 1 indicating a significant difference between left and right 261 

values 262 
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RDF = either 0 or 1, with 1 indicating a significantly greater θSYM for variable ‘xn’ than 263 

for SV 264 

θSYM(xn) = symmetry angle for variable ‘xn’ 265 

 266 

 KMAS values for each variable were rectified to be positive. The overall KMAS 267 

value or each athlete was then calculated as the sum of the scores for all variables: 268 

 269 

𝐾𝑀𝐴𝑆 =∑|𝐾𝑀𝐴𝑆(𝑥𝑛)|

𝑛

𝑖=1

 [4] 

 270 

KMAS = overall kinematic asymmetry score for participant 271 

 272 

Kinetic asymmetry score 273 

To provide a more in-depth analysis of the mechanics underpinning the kinematic 274 

asymmetry, the KAS included both discrete (event) and profile data. Event asymmetry scores 275 

involved summing θSYM values for discrete variables displaying a significant difference 276 

between left and right limbs. Profile asymmetry scores considered continuous data of the ankle, 277 

knee and hip sagittal plane joint kinetics during stance. Joint power was selected as the basis 278 

for the kinetic profile analyses due to the inclusion of the ability to both propel and control the 279 

lower limbs (Sadeghi et al., 2000), which are important for success in sprint running. Joint 280 

power profiles for each trial were normalised to 100% of stance using an interpolating spline. 281 

Athlete mean power profiles were calculated for both limbs with profile asymmetry scores 282 

comprising four characteristics of the power curves; phase, magnitude, time and overall 283 

difference (Exell et al., 2012a).  284 
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Mean step velocity, KMAS and KAS values were compared across all athletes to 285 

examine the association between kinematic and kinetic asymmetry and step velocity. Strength 286 

asymmetry data were normally distributed; therefore, relationships between strength 287 

asymmetry, step characteristics, peak force and net joint work during sprint trials were analysed 288 

using Pearson’s Product-Moment Correlation. Athlete KMAS and KAS values were not 289 

normally distributed (Peat & Barton, 2005). Therefore, Spearman’s rank correlation coefficient 290 

values were calculated for each pair of variables, with significance set at p<0.05. 291 

 292 

Results 293 

Mean velocity across all athletes was 9.05 ± 0.37 m∙s-1. Composite asymmetry scores 294 

(KMAS and KAS) are presented for each athlete in addition to the magnitude of θSYM for each 295 

individual variable and each athlete’s mean (± SD) velocity across all trials, as an indicator of 296 

performance. Kinematic θSYM values (Table 1) were all <10.00%, with the largest value 297 

(6.68%) reported for touchdown distance.  298 

 299 

============TABLE 1 NEAR HERE============= 300 

 301 

Step characteristics (SV, SL and SF) all contained small amounts of asymmetry 302 

(<1.70%) compared with the other kinematic variables, with the largest significant asymmetry 303 

value (6.68%) reported for yTD. Kinetic variables included larger θSYM values, with the largest 304 

significant value (76.94%, Table 2) displayed for net knee work. Significant asymmetry 305 

between left and right limbs was evident for fewer discrete kinetic variables (13/56, 23%) than 306 

for the kinematic variables (24/64, 38%). No significant relationships were found between 307 

kinematic asymmetry, kinetic asymmetry and mean step velocity. Each athlete’s left and right 308 

limb results for kinematic and kinetic variables are available in the supplementary tables online. 309 
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 310 

============TABLE 2 NEAR HERE============= 311 

 312 

Strength asymmetry results are presented in Table 3. Three athletes showed significant 313 

asymmetry for peak power (Athletes 1, 3 & 6) and peak vertical force (Athletes 3, 6 & 7), while 314 

one athlete demonstrated significant (p<0.05) asymmetry for net work (Athlete 1). Significant 315 

correlations between strength and performance variables were only found to exist for net ankle 316 

work during sprint running (between WANET and FzMAX (r = 0.895) and WANET and PMAX (r = 317 

0.761)). 318 

 319 

============TABLE 3 NEAR HERE============= 320 

 321 

The lack of relationship between overall asymmetry and mean velocity across athletes is 322 

demonstrated in Figure 2 (ρ = 0.19 & 0.40). All athletes demonstrated individual asymmetry 323 

profiles in terms of the variables that displayed significant asymmetry. 324 

 325 

============FIGURE 2 NEAR HERE============= 326 

 327 

Discussion 328 

The aim of this study was to develop understanding of the interaction between 329 

kinematic and kinetic asymmetry during maximal velocity sprint running and overall limb 330 

strength asymmetry, with the purpose of increasing mechanical understanding of asymmetry 331 

and informing future research and coaching in sprint running. Asymmetry was quantified using 332 

recently developed composite asymmetry scores (Exell et al., 2012a) based on the θSYM and 333 

incorporating the important consideration of intra-limb variability (Giakas & Baltzopoulos, 334 
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1997; Exell et al., 2012c). Using the composite scores and the detailed asymmetry results 335 

contained within them, the first hypothesis of individual athlete-specific asymmetry profiles 336 

was supported. Although there was support for interaction between kinematic and kinetic 337 

asymmetry for some variables (e.g. mean support moment and minimum hip height for Athlete 338 

5), this interaction was not consistent across all athletes and variables. Therefore, the second 339 

hypothesis was rejected in favour of individual athlete asymmetry interactions. The third 340 

hypothesis is partly accepted, as strength asymmetry (FzMAX and PMAX) was positively 341 

correlated with kinetic asymmetry during sprinting, but only for net work performed at the 342 

ankle, indicating the importance of the ankle joint in asymmetry regulation. 343 

The θSYM score for step velocity, the performance outcome in sprint running, was small 344 

(<1%) for all athletes when compared to the other variables analysed. However, half of the 345 

athletes (Athletes 1, 2, 3 & 6) displayed significant asymmetry in step velocity, indicating a 346 

consistently higher velocity in one step than the other. These findings related to step velocity 347 

indicate that asymmetry in underlying variables do contribute to asymmetry in the performance 348 

outcome but that the magnitude of that difference is small compared to other variables, perhaps 349 

to reduce the inefficiency of larger acceleration and deceleration between consecutive steps. 350 

Two of the athletes (Athletes 2 & 6) that displayed asymmetry for step velocity also displayed 351 

significant asymmetry for both step length and frequency, one (Athlete 1) displayed significant 352 

asymmetry for just step length and one (Athlete 3) for neither step length nor frequency. 353 

Conversely, Athlete 4 displayed significant asymmetry for both step length and frequency but 354 

not for velocity, due to the opposing direction of asymmetry for step length and frequency. The 355 

individual nature of step characteristic asymmetry agrees with the athlete-specific step 356 

characteristic reliance previously reported (Salo et al., 2011). Furthermore, these findings 357 

indicate that athletes may have differing step characteristic demands for left and right sides, 358 

which could influence performance differences between sides and training specificity. 359 
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Asymmetry was generally lower for step characteristics than the other kinematic 360 

variables, with θSYM values being less than 1.80%. The direction of asymmetry was opposite 361 

for step length and frequency for each athlete, whereby the step displaying a larger step length 362 

value exhibited the smaller step frequency. The lower asymmetry evidenced for step 363 

characteristics indicated that asymmetry in some variables served to reduce overall asymmetry 364 

by acting as compensatory mechanisms (Vagenas & Hoshizaki, 1991). The purpose of these 365 

compensatory mechanisms might be to reduce asymmetry present in the lower order 366 

performance variables (i.e. step characteristics) to increase control and consistency of 367 

performance. 368 

Inter-athlete asymmetry differences were present for the remaining kinematic and 369 

kinetic variables analysed in the group of athletes tested. The most asymmetrical variables were 370 

not consistent across athletes, with significantly asymmetrical variables being athlete specific. 371 

The inter-athlete differences in overall KMAS and KAS and the significantly asymmetrical 372 

variables that contributed to them reinforce the importance of individual analyses (Dufek et al., 373 

1995; Salo et al., 2011). This finding is important from an athlete coaching perspective as 374 

athletes appear to employ different mechanisms for contralateral limbs to achieve similar 375 

outcomes in performance. 376 

Other than step velocity, the kinematic variables that displayed significant asymmetry 377 

for the most athletes (n = 4) were minimum knee flexion and maximum hip extension angles. 378 

Possible causes of the large occurrence of asymmetry in these sagittal plane angles compared 379 

with the other linear variables could have been strength imbalances around the joints (Vagenas 380 

& Hoshizaki, 1991) or asymmetry in the range of motion at the joint (Warren, 1984). The 381 

significant asymmetry reported for joint kinetics during sprinting in this study provides further 382 

support for possible strength imbalances. Touchdown distance was significantly asymmetrical 383 

for the least number of athletes (n = 1), with minimum hip height during stance being the next 384 
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least (n = 2). Small amounts of asymmetry in minimum hip height have also been reported 385 

during submaximal running (Karamanidis et al., 2003). The low prevalence of asymmetry for 386 

minimum hip height may be due to asymmetry being undesirable for this variable as it could 387 

lead to collapse of the contact limb whilst the athlete is in contact with the track or increased 388 

energetic demand. However, asymmetry may exist in the individual joints of the lower limbs 389 

and be compensated for by the other joints so that the overall effect is minimised, as suggested 390 

by the support moment theory (Winter, 1980). This notion is supported by the fact that, despite 391 

seven of the eight athletes in the current study displayed significant asymmetry for net work 392 

performed at a joint, no athletes displayed significant asymmetry in this variable for more than 393 

one joint and only one athlete demonstrated significant asymmetry for support moment. 394 

The largest kinematic asymmetry value for one variable was 6.68% for touchdown 395 

distance between the foot and mass centre of Athlete 4. Increased touchdown distance has been 396 

associated with greater braking forces at touchdown (Mann & Herman, 1985); however, the 397 

asymmetry in this variable for Athlete 4 was not paired with a significant difference in net 398 

horizontal impulse. One explanation for the inconsistency between asymmetry of related 399 

kinetic and kinematic variables is the possible compensatory mechanisms acting at some joints 400 

to counteract imbalances or weaknesses at other joints, as discussed in previous studies 401 

(Sanderson & Martin, 1996; Bezodis et al., 2008). These compensatory mechanisms may be 402 

employed by the athlete to overcome strength or physical imbalances, as could be the case 403 

when kinetic asymmetry leads to an apparent reduction in kinematic asymmetry. 404 

No relationship was found between athletes’ KMAS and KAS scores. Some athletes 405 

(e.g. Athletes 6 and 7) displayed similarly low scores for both KMAS and KAS in relation to 406 

the other athletes, whereas Athlete 2 displayed a large amount of kinetic asymmetry and a 407 

moderate KMAS in comparison to the other athletes. The lack of a relationship between 408 

kinematic and kinetic asymmetry reinforces the individual nature of sprint running as athletes 409 
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displayed an individual interaction between kinetic and kinematic asymmetry. Kinetic 410 

asymmetry may be the cause of kinematic asymmetry in some variables for some athletes; 411 

whereas for others, kinetic asymmetry may reduce kinematic, and hence step characteristic, 412 

asymmetry and may be a required compensatory mechanism due to strength or physical 413 

imbalances (Vagenas & Hoshizaki, 1991; Beyaert et al., 2008).  414 

Examples of the athlete-specific relationships between asymmetry and sprint velocity 415 

can be seen for Athletes 4 and 7, who displayed similar mean velocities (8.55 and 8.63 m·s-1) 416 

but the kinematic asymmetry for Athlete 3 (27.60) was more than six times the magnitude of 417 

that for Athlete 7 (4.52). In addition, Athletes 6 and 7 showed similar amounts of kinetic 418 

asymmetry (KMAS = 62.54 & 69.25, respectively); however, Athlete 6’s mean step velocity 419 

(10.15 m·s-1) was much larger than Athlete 7’s (8.63 m·s-1). The inconsistency between 420 

asymmetry and performance suggests that asymmetry may be both functional and 421 

dysfunctional for different athletes. In athletes that have an imbalance in strength or mobility 422 

around specific joints, asymmetry may be explained through the concepts of self-organisation 423 

(Kugler & Turvey, 1988) and be a functional requirement to optimise performance. 424 

Conversely, for other athletes, asymmetry may be seen as noise and indicate that one side of 425 

the body is not performing as optimally as the other, requiring technique adjustment. 426 

For the limb strength variables calculated, four of the eight athletes showed significant 427 

asymmetry for at least one of the variables; however, the magnitude of these significant 428 

asymmetries was small (<2.5) compared with those presented during sprint running. When 429 

comparing strength and performance asymmetry, the only significant relationships were found 430 

between net ankle work during sprinting and peak force and power values in the jump tests. 431 

This finding indicates that the ankle joint is key in regulating asymmetry at the athlete-ground 432 

interface. Conflicting findings were reported for FzMAX during sprint and jump trials, with 433 

Athletes 1, 3 and 6 demonstrating significant asymmetry for the variable during the squat jumps 434 
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but not during sprint running trials. Conversely, Athletes 4 and 8 were significantly 435 

asymmetrical for FzMAX during sprint running, but not during the jump tests. A possible 436 

explanation for this disagreement is the inclusion of a touchdown phase during a sprinting step 437 

that is not included during the propulsive phase of a squat jump. Another possible explanation 438 

for the differences in asymmetry between the jump tasks and sprint running and for the small 439 

asymmetry magnitude reported for jump asymmetry is intra-limb compensation that could 440 

serve to reduce asymmetry in overall limb performance (Flanagan & Harrison, 2007; Furlong 441 

& Harrison, 2014). 442 

Peak explosive power is often used to assess sprint-specific strength (Harman et al., 443 

1991). During jump tests, significant peak power asymmetry was reported for Athletes 3, 6 and 444 

7; however, there was no consistent link with step characteristic asymmetry. Athlete 3 445 

demonstrated significantly greater power for the left limb, with significantly larger step 446 

velocity also reported off of the left limb. Conversely, Athlete 6 demonstrated significantly 447 

larger peak power for the right limb during the jump tests but with significantly larger step 448 

velocity from the left take-off during sprinting. An interesting observation for Athlete 6 was 449 

the significantly larger step length from right take-off whereas the opposite was reported for 450 

step frequency. The results for Athlete 6 indicate that the larger peak power generated by the 451 

right limb could lead to larger step length following right take-off; however, this asymmetry is 452 

not reflected in step velocity due to the opposing asymmetry for step frequency. 453 

Only one athlete (Athlete 1) showed significant asymmetry for net vertical work during 454 

the jump tests, despite all athletes except one (Athlete 3) having significant asymmetry for net 455 

joint work at either the ankle, knee or hip during sprint trials. This finding further supports the 456 

notion of Vagenas and Hoshizaki (1991), that individual joint asymmetry may provide more 457 

insight than limb dominance when evaluating strength and performance. The lack of a 458 

consistent link between strength and performance asymmetry demonstrates that asymmetry in 459 
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sprint running is not solely due to overall limb strength imbalance. However, net strength 460 

asymmetry measures such as those presented could be used in athlete screening and monitoring 461 

protocols to identify and track strength imbalances following injury.  462 

From a data collection perspective, the asymmetry reported in the study should inform 463 

study design, specifically when choosing between unilateral and bilateral analyses. Asymmetry 464 

was inconsistent between variables and athletes and every variable included in these analyses 465 

demonstrated significant asymmetry for at least one athlete. Therefore, symmetry should not 466 

be assumed when collecting biomechanical data during sprint running. An example of the 467 

potential lost information when employing unilateral analyses can be seen for touchdown 468 

distance. If data were collected unilaterally from Athlete 4, the difference in touchdown 469 

distance between left and right sides of 0.06 m would have been hidden. Conversely, there was 470 

no difference in touchdown distance between sides for Athlete 8; however maximum knee lift 471 

results, which were not significantly asymmetrical for Athlete 4, displayed a significant 472 

difference of 0.04 m for Athlete 8. Furthermore, pooling or averaging data for both limbs may 473 

present a large amount of variability and results in ‘mythical average’ data that are not 474 

representative of either limb (Dufek et al., 1995). A screening test quantifying athletes’ 475 

asymmetry would allow an informed decision to be made on whether unilateral data are 476 

representative of both limbs, when data are only available from one side, such as when 477 

collecting competition data for example. A profile of each athlete’s asymmetry would also be 478 

beneficial from a coaching perspective as it could inform athletes and coaches about specific 479 

strength imbalances, compensatory mechanisms and rehabilitation following injury. 480 

A limitation of this study was the comparison of overall lower-limb strength during 481 

jump tests with individual joint asymmetry during sprint performance. Building on the 482 

presented findings, future work in this area should consider the influence of strength 483 

asymmetry at individual joints of the lower limb and how these contribute to overall limb 484 
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asymmetry as well as the influence of structural asymmetry. 485 

 486 

Perspective 487 

This research highlighted the individuality of asymmetry, with all athletes displaying 488 

significant asymmetry for different variables. Despite small asymmetry magnitudes for step 489 

velocity, all athletes demonstrated increased asymmetry for other variables. Comparing 490 

kinematic and kinetic asymmetry with sprint running performance showed no significant 491 

relationships. The interaction between related kinematic and kinetic variables also varied 492 

between athletes. These individual interactions indicate that asymmetry may be functional or 493 

dysfunctional for different athletes rather than limiting performance, supporting the limited 494 

previous research in this area (Lockie et al., 2014). Furthermore, asymmetry at specific joints 495 

may be used as a compensatory mechanism to improve performance. Based on the individual 496 

nature of asymmetry reported, it is recommended that athletes are not assumed to be 497 

symmetrical when coaching or collecting biomechanical data during sprint running. In 498 

situations, such as competition, where only unilateral data are available, biomechanists and 499 

coaches should be aware of the potential differences in the unanalysed limb. Asymmetry 500 

profiles for strength measures were also athlete-specific. However, there appears to be a 501 

positive relationship between asymmetry of lower-limb strength and net ankle work performed 502 

whilst sprinting. This relationship with strength asymmetry suggests that the ankle joint is key 503 

in regulating asymmetry in sprinting. 504 

  505 
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Tables 606 

Table 1 Athlete mean velocity and kinematic θSYM values for variables contributing to the 607 

kinematic asymmetry score. 608 

  609 

Athlete 
Mean 

velocity 
SV SL SF zHMIN zKMAX θKFLEX θHEXT yTD KMAS 

1 
8.65 ± 

0.13 

0.8 ±  

0.5* 

1.3 ±  

0.6* 

1.1 ±  

0.8 

0.6 ±  

0.5 

1.0 ±  

0.8* 

3.7 ±  

2.9*# 

0.7 ±  

0.4 

2.6 ±  

2.6 
10.53 

2 
8.87 ± 

0.20 

0.6 ±  

0.5* 

1.16 ±  

0.5* 

1.68 ±  

0.6*# 

0.43 ±  

0.3 

0.92 ±  

0.6* 

1.6 ±  

1.4 

0.92 ±  

0.7* 

3.76 ±  

2.7# 
10.73 

3 
9.00 ± 

0.08 

0.3 ±  

0.3* 

0.8 ±  

0.5 

0.8 ±  

0.6 

0.7 ±  

0.4 

0.8 ±  

0.5 

1.8 ±  

1.4*# 

0.7 ±  

0.5* 

2.6 ±  

1.8# 
7.22 

4 
8.56 ± 

0.07 

0.2 ±  

0.2 

1.3 ±  

1.1*# 

1.4 ±  

1.1*# 

0.3 ±  

0.2 

0.7 ±  

0.6 

4.1 ±  

2.4*# 

0.4 ±  

0.2* 

6.7 ±  

2.5*# 
27.6 

5 
9.30 ± 

0.08 

0.2 ±  

0.2 

1.0 ±  

0.9 

1.1 ±  

0.9# 

0.5 ±  

0.3* 

0.6 ±  

0.4 

3.5 ±  

1.8*# 

0.6 ±  

0.4# 

1.8 ±  

1.6# 
11.07 

6 
10.15 ± 

0.15 

0.4 ±  

0.3* 

1.0 ±  

0.7* 

1.4 ±  

0.8*# 

0.7 ±  

0.4* 

1.4 ±  

0.7# 

3.5 ±  

2.1# 

0.5 ±  

0.7 

2.6 ±  

2.0 
9.86 

7 
8.69 ± 

0.06 

0.3 ±  

0.6 

0.6 ±  

0.4 

0.7 ±  

0.4 

0.2 ±  

0.1 

0.8 ±  

0.6 

1.4 ±  

0.6# 

0.2 ±  

0.1 

3.1 ±  

2.5# 
4.52 

8 
9.19 ± 

0.10 

0.3 ±  

0.1 

0.6 ±  

0.7 

0.6 ±  

0.8 

0.6 ±  

0.4 

1.8 ±  

0.8*# 

1.5 ±  

1.1 

1.2 ±  

0.3*# 

2.6 ±  

1.3# 
8.64 

* = significant (p<0.05) difference between left and right values, # = significantly (p<0.05) larger asymmetry 

compared to SV. 
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Table 2 Kinetic θSYM values for variables contributing to the kinetic asymmetry score. 610 

Athlete IMPH IMPV FzMAX MSUP WANET WKNET WHNET PRO KAS 

1 25.07* 1.27 2.14 3.54 42.95* 8.48 5.47 124.89 193.5 

2 2.99 0.73 0.38 4.59 11.64 76.94* 11.28 209.76 286.7 

3 13.44* 1.97 2.32 3.48 6.07 23.23 21.63 159.17 173.16 

4 9.38 0.79 3.01* 5.06 21.57* 42.67 3.42 49.04 73.62 

5 1.55 0.06 1.12 5.30* 23.74 23.82* 24.25 40.49 69.61 

6 0.18 0.83 0.9 2.68 14.54* 22.86 13.83 48 62.54 

7 10.25 1.84 0.71 3.99 41.25* 56.43 66.43 28 69.25 

8 2.39 5.95* 4.33* 7.47 93.23 79.56 44.99* 67.65 122.92 

* = significant (p<0.05) difference between left and right values. 

  611 
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Table 3 Asymmetry of strength variables for all athletes 612 

Athlete FjMAX PjMAX WjNET 

1 1.69* 0.44 2.34* 

2 -0.20 -1.01 -0.09 

3 -0.70* -1.55* -0.29 

4 -0.38 -0.85 -1.80 

5 0.69 0.19 1.73 

6 1.15* 1.44* 2.30 

7 -1.30 -0.59* -0.26 

8 -2.27 -3.16 -0.87 
* = significant difference between left and right limb values (p<0.05), positive value denotes R>L 613 

   614 



29 

 

 615 

Figure Captions 616 

Figure 1 – Stick figure representation of athlete showing locations of CODA drive boxes (a) 617 

and surface anatomical markers (b) during data collection. 618 

 619 

Figure 2 – Comparisons of KMAS and KAS (a), KMAS and mean velocity (b) and KAS and 620 

mean velocity (c) for Athletes 1-8, ρ = Spearman rank correlation coefficient. 621 


