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Abstract

:

Studies evaluating mechanical asymmetry across a range of running velocities during treadmill runs have yielded inconsistent findings, while the impact of additional hypoxic exposure has never been investigated. The aim of this study was to characterize the effects of manipulating running velocity and hypoxic exposure on gait asymmetry during treadmill running. Eleven trained individuals performed seven runs at different velocities (8, 10, 12, 14, 16, 18, and 20 km·h−1) in a randomized order, each lasting 45 s. The running took place on an instrumented treadmill for normoxia (FiO2 = 20.9%), moderate hypoxia (FiO2 = 16.1%), high hypoxia (FiO2 = 14.1%), and severe hypoxia (FiO2 = 13.0%). Vertical and antero-posterior ground reaction force recordings over 20 consecutive steps (i.e., after running ∼25 s) allowed the measurement of running mechanics. Lower-limb asymmetry was assessed from the ‘symmetry angle’ (SA) score. Two-way repeated-measures ANOVA (seven velocities × four conditions) was used. There was no significant difference in SA scores for any of the biomechanical variables for velocity (except contact time and braking phase duration; p = 0.003 and p = 0.002, respectively), condition, or interaction. Mean SA scores varied between ∼1% and 2% for contact time (1.5 ± 0.8%), flight time (1.6 ± 0.6%), step length (0.8 ± 0.2%), peak vertical force (1.2 ± 0.5%), and mean vertical loading rate (2.1 ± 1.0%). Mean SA scores ranged from ∼2% to 5% for duration of braking (1.6 ± 0.7%) and push-off phases (1.9 ± 0.6%), as well as peak braking (5.0 ± 1.9%) and push-off forces (4.8 ± 1.7%). In conclusion, the trained runners exhibited relatively even strides, with mechanical asymmetries remaining low-to-moderate across a range of submaximal, constant running velocities (ranging from 8 to 20 km·h−1) and varying levels of hypoxia severity (between normoxia and severe hypoxia).
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1. Introduction


Humans may not achieve a perfectly symmetrical gait due to leg dominance, resulting in asymmetry owing to various factors, including strength imbalances, leg-length discrepancies, and previous injuries or surgeries [1]. External factors, such as custom foot orthotics, can minimize imbalances in the frontal-plane hip-joint moment when worn bilaterally [2]. Conversely, unilateral muscle biopsy can increase bilateral leg differences for selected stride kinematics and spring–mass characteristics [3]. Varying running velocity can also affect gait asymmetry, as it may require alterations in gait patterns for balance and stability, leading to differences between the left and right sides of the body.



Numerous researchers have examined how manipulating running velocity affects lower-limb biomechanical asymmetry. However, it is worth noting that the majority of this knowledge is derived from clinical populations with unilateral muscle weaknesses. Mixed findings have been reported, with evidence of increased (e.g., ACL reconstruction [4]), unchanged (i.e., children with cerebral palsy [5] and adults with osteoarthritis [6]), and even decreased (i.e., older adults with unilateral stroke [7] and prosthetic walkers [8]) outcomes. In apparently uninjured athletes, ground reaction force (GRF) symmetries are generally maintained across a range of running velocities [9,10]. However, some evidence shows that competitive runners exhibit more symmetrical running at fast velocities for certain mechanical parameters (e.g., flight time and mean vertical loading rate) but not for most of them [11]. A limitation of these studies is that they typically consider a narrow range of running velocities (e.g., 8–12 km·h−1 [12], 10–14 km·h−1 [13], or 11–14 km·h−1 [10]). By evaluating mechanical asymmetry across a wide spectrum of running velocities, we can gain further insight into how manipulating belt speed influences GRF asymmetry during treadmill runs.



Acute hypoxic exposure during exercise can increase physiological stress, particularly when running at faster velocities as compared with exercising in normal oxygen conditions [14]. However, there is little research on the impact of hypoxia on GRF patterns and gait asymmetries. In one study, the effects of hypoxia exposure (inspired oxygen fraction (FiO2) = 0.15) on biomechanical asymmetry in 19 trained runners who completed perceptually regulated exercise bouts (4 × 4 min treadmill runs; rest = 3 min) at a perceived rating of exertion of 16 on the 6–20 Borg scale were examined [15]. The study found that hypoxic exposure did not affect biomechanical asymmetry, which remained consistent both between and within intervals at an averaged controlled velocity of ~15 km·h−1. Nonetheless, when combined with faster running velocities (i.e., up to 20 km·h−1) and more severe levels of hypoxia (i.e., those typically used in simulated altitude training (FiO2 = 0.13)), there may be more noticeable asymmetry adjustments. It is important to measure GRF directly to confirm that running mechanics adjustments during treadmill runs with graded hypoxia are not different between the body sides.



The majority of asymmetry studies on athletes have focused on vertical GRF data [1], and little attention has been given to antero-posterior GRF assessment in the literature [16]. This is unexpected, since a more pronounced forward-oriented asymmetrical response is typically considered a biomechanical characteristic of fast running (i.e., single sprints [17] or repeated running sprints [18]). In well-trained runners, for instance, during repeated treadmill sprints (8 × 5 s sprints with 25 s of rest), braking GRF asymmetries for phase duration and peak force values were twice as large as push-off GRFs [19]. Therefore, it is necessary to conduct a more comprehensive investigation of the antero-posterior GRF during running with varying degrees of hypoxic exposure to determine how running velocity affects braking and push-off phase asymmetries.



The aim of this study was to investigate the impact of varying running velocity and hypoxic exposure on stride mechanical asymmetries (i.e., phase duration and peak forces) during treadmill running. We hypothesized that there would be greater asymmetries in horizontally derived variables compared with vertically derived ones and that there would be minimal changes in asymmetries across different running velocities, with no additional effect of hypoxic exposure.




2. Materials and Methods


2.1. Participants


Eleven male distance runners (means ± SDs: age, 25.4 ± 6.2 years; body height, 168.3 ± 5.0 cm; and body mass, 58.5 ± 3.6 kg), who were categorized as ‘Trained/Developmental’ (Tier 1) based on established criteria [20], were recruited. They were born and raised near sea level (<1000 m) and had not travelled to altitude (>1000 m) in the 3 months prior to the study. The study was approved by the Human Research Ethics Committee of the National Sports Institute of Malaysia (ISNRE/A/006/2020-001/2020) and conducted in accordance with the Declaration of Helsinki, with written informed consent obtained from the participants.




2.2. Procedures


The experimental design and the main exercise (i.e., arterial oxygen saturation and exercise-related sensations) and running mechanical responses to the study have been previously reported [21]. On separate days, the participants visited the laboratory five times, all at the same time of day. The first session involved familiarizing the participants with the study procedures. The participants then completed four experimental trials, with each separated by at least 72 h. During each visit, the participants executed a standardized warm-up protocol. This warm-up included 5 min of running at 8 km·h−1, followed by 1 min at 12 and 15 km·h−1, and two habituation runs of ∼20 s at 20 km·h−1 in normoxia. Afterward, the participants performed seven runs at different velocities (8, 10, 12, 14, 16, 18, and 20 km·h−1) in a randomized order, with each run lasting 45 s. Before each run, there was a 120 s period of breathing the gas mixture at rest, and each run was separated by 135 s of passive recovery in normoxia [21]. The participants performed the runs in four different conditions: (i) normoxia near sea level (FiO2 = 20.9%), (ii) moderate hypoxia (FiO2 = 16.1%, corresponding to a simulated altitude of ∼2000 m), (iii) high hypoxia (FiO2 = 14.1%, ∼3000 m), and (iv) severe hypoxia (FiO2 = 13.0%, ∼3500 m). The order of the interventions was also randomized.



The participants were equipped with a facemask that was connected to a hypoxic generator (HYP 123, Hypoxico Altitude Training Systems, Gardiner, NY, USA) via corrugated plastic tubing. The hypoxic generator was set to a simulated altitude of approximately 100 m to enhance the blinding effect during the normoxic condition. The participants were instructed to maintain their normal diets and daily routines throughout the experimental period, avoid high-intensity training for 48 h, and abstain from alcohol and caffeine for 24 h prior to all the trials. To maintain euhydration, the participants were advised to drink 4–6 mL of water per kilogram of body weight every 2.5 h on the day before each experimental session, although this was not quantified. Only the participants were blinded to the hypoxic generator’s readings, not the investigators.




2.3. Running Mechanics


The participants ran on a dual-belt instrumented treadmill (Bertec, Columbus, OH, USA), set at 0° incline, located in an indoor facility (∼24 °C and 67 ± 3% relative humidity). Vertical and anterior–posterior GRFs were recorded at a sampling rate of 500 Hz. The force-plate data were filtered using a fourth-order, zero-phase, low-pass Butterworth filter with a cut-off frequency of 20 Hz. A total of twenty consecutive steps, consisting of ten right- and ten left-leg foot contacts, were recorded, starting from the 25th second of each 45 s running bout. Spatio-temporal variables, including contact time, flight time, and step length, were calculated. Peak braking and push-off forces, expressed as a fraction of body weight, were determined along with the duration of braking and push-off phases (in seconds). Finally, the vertical mean loading rate was calculated by taking the mean value of the time derivative of the vertical force signal within the first 50 ms of the support phase.




2.4. Symmetry Angle


For each participant, inter-leg symmetry was measured using the symmetry angle (SA) equation [22]:


Symmetry angle (SA) =










      45 ° −     t a n   − 1       l e f t   r i g h t           90 °   × 100  










  but   if  










    45 ° −   t a n   − 1       l e f t   r i g h t       > 90 °  










  then  










      45 ° −     t a n   − 1       l e f t   r i g h t     − 180 °       90 °   × 100  











The SA is an arctan function of the ratio of two bilateral values, where an SA score of 0% indicates perfect symmetry and 100% indicates perfect asymmetry.




2.5. Statistical Analysis


Values are presented as means ± SDs. Two-way repeated-measures analysis of variance (condition (normoxia, moderate hypoxia, high hypoxia, and severe hypoxia) and velocity (8, 10, 12, 14, 16, 18, and 20 km·h−1)) was used, after verification for normally distributed data (Shapiro–Wilk test). The assumption of variance was assessed using Mauchly’s test of sphericity for all ANOVA results. In cases where the assumption was violated, a Greenhouse–Geisser correction was applied to adjust the degrees of freedom. Post hoc pairwise comparisons with Bonferroni-adjusted p-values were conducted when a significant main effect was observed. The effect sizes were reported as partial eta-squared values (η2, with η2 ≥ 0.06 representing a moderate effect and η2 ≥ 0.14 a large effect). Statistical analysis was performed using SPSS (v28; CED, Cambridge, UK), and the significance level was set at p < 0.05.





3. Results


There were no significant differences in SA scores for any of the biomechanical variables for velocity (p ≥ 0.199 (except contact time and braking phase duration; p = 0.003 and p = 0.002, respectively)), condition (p ≥ 0.103), or interaction (p ≥ 0.132).



Mean SA scores varied between ∼1% and 2% for contact time (1.5 ± 0.8% [CI95% 1.0–2.0]), flight time (1.6 ± 0.6% [CI95% 1.2–2.0]), step length (0.8 ± 0.2% [CI95% 0.6–0.9]), peak vertical force (1.2 ± 0.5% [CI95% 0.8–1.6]), and mean vertical loading rate (2.1 ± 1.0% [CI95% 1.5–2.8]) (Figure 1).



Mean SA scores ranged from ∼2% to 5% for duration of braking (1.6 ± 0.7% [CI95% 1.1–2.0]) and push-off phases (1.9 ± 0.6% [CI95% 1.5–2.3]), as well as peak braking (5.0 ± 1.9% [CI95% 3.8–6.4]) and push-off forces (4.8 ± 1.7% [CI95% 3.6–6.0]) (Figure 2).




4. Discussion


4.1. Summary of Main Findings


In line with our hypothesis, SA scores were generally consistent (except for contact time) across a range of slow-to-fast treadmill running velocities, and the hypoxic exposure did not exert any additional influence. The asymmetries observed in the stride mechanical variables were consistently low-to-moderate across the range of velocities tested. This occurred despite the presence of obvious velocity-related spatio-temporal (i.e., increases in step length and frequency and shorter contact times) and kinetic alterations (i.e., increases in peak vertical forces and mean loading rates) with increasing belt speed between 8 and 20 km·h−1, as described elsewhere [21]. Overall, manipulating exercise intensity and hypoxic severity during submaximal, constant-velocity treadmill running did not subject one side of the body to greater mechanical constraints than the other.




4.2. Constant Asymmetry with Varying Running Velocity


We observed that SA scores for both vertical and posterior–anterior GRF variables remained largely consistent as running velocity increased on the treadmill. Although we did observe statistically significant differences in the magnitude of asymmetry for contact time (between 8 and 16 km·h−1 only) and duration of braking forces at different velocities, these differences were small and unlikely to be practically relevant. Regardless of running velocity, SA scores for braking and push-off phases were relatively similar. This indicates that changes in foot-strike pattern across a range of low-to-moderate velocities were not specifically amplified on one leg side by braking more in the early stance phase and pushing less forcefully forward. Our findings align with previous studies that investigated various athletic populations, including female collegiate cross-country runners [23], novice [12] and trained male runners [9], and a mix sample of international race walkers [10], as well as collegiate athletes [24], which also reported that running at faster velocities has a minimal influence on gait asymmetries. Notably, our participants ran in fresh conditions for short periods at each velocity, with adequate rest between running bouts to prevent fatigue development. Although pre-existing fatigue has been reported to accentuate asymmetry in some studies [25,26] when participants ran at constant low-to-moderate treadmill velocities (10–14 km·h−1), it is uncertain whether asymmetries may be magnified by increasing running velocity and/or run time in fatigued runners. Our results, supported by growing evidence [9], suggest that analyzing bilateral leg differences for selected gait parameters at just one running velocity may be sufficient, even during high-velocity treadmill runs, to assess asymmetry in healthy runners.




4.3. No Influence of Hypoxia Exposure on Asymmetry


A novel observation was that SA scores for all biomechanical variables and running velocities remained consistent between normoxia and moderate-to-severe hypoxia. However, the comparison of these findings with those of previous studies was limited due to the restricted number of studies that have assessed the effects of additional hypoxia exposure on bilateral leg differences. One of the few available studies was conducted on trained runners who completed perceptually regulated interval treadmill runs (4 × 4 min treadmill running bouts interspersed with 3 min passive recoveries) with hypoxic exposure (FiO2 = 0.15), which caused slower running velocity than in normoxia [15]. Consistent with our findings, these authors found that inhaling an oxygen-deprived gas mixture did not accentuate natural low-to-moderate biomechanical asymmetry, both between and within intervals, when assessed at constant velocity. Thus, our results suggest that gait variables exhibit a high degree of symmetry and remain insensitive to hypoxic exposure, including severe levels, at least in the current circumstances and within this athletic cohort. Practitioners can confidently incorporate hypoxic exposure into their running exercise sessions across various treadmill velocities, as it is unlikely to result in significant changes in bilateral leg differences.




4.4. Asymmetry Is Metric-Dependent


The mean SA scores for time-based gait parameters (i.e., contact and flight times and braking and push-off phase durations) and peak vertical force were relatively low, ranging from 1 to 2%. However, the peak forces for the antero-posterior signal showed the highest asymmetries, with values exceeding 4%. This finding aligns with previous studies in the literature, which have shown a wide variation in the magnitude of SA scores across different biomechanical variables of interest among participants running at a constant submaximal pace [24,27]. Similar to recent investigations on perceptually regulated interval running [15], adjustments made during the braking and push-off phases resulted in comparable SA scores. However, other studies demonstrated two-to-three times larger deviations from symmetry (i.e., for peak force) during braking as opposed to push-off phases during the completion of repeated treadmill sprints [18,19] and for a range of low-to-high constant velocities [9]. The present study did not measure compensatory strategies at increasing belt speeds, which may have magnified some lower-limb kinematic variables while reducing others [13], potentially resulting in preserved SA scores for the analyzed gait variables. To further support our findings, additional studies examining joint kinematics and incorporating specific gait metrics, such as moments, angles, and velocities, are warranted. Our results suggest that the magnitude of side-to-side differences is ultimately metric-dependent, with variables derived from the antero-posterior GRF signal being the most asymmetrical, regardless of running velocity or hypoxic exposure.




4.5. Limitations and Additional Considerations


This study has several limitations. Firstly, the participants were healthy individuals, and it is uncertain whether the findings can be generalized to individuals with compromised loading, such as those who have recently experienced injuries or surgeries or those with chronic musculoskeletal conditions affecting one leg. Secondly, we did not evaluate laterality or leg preference to determine whether limb dominance influenced mechanical side-to-side differences during treadmill runs. Previous research has found that at faster running velocities (24 km·h−1) the dominant leg produced higher leg stiffness than the non-dominant leg, while vertical stiffnesses did not differ [28]. Future studies could benefit from assessing the direction of asymmetry, as previous research has shown the occasional switching of limbs to produce the greatest values for the gait parameters assessed here [29]. In doing so, these studies could consider incorporating running bouts longer than 45 s to ensure that stable running mechanics are assessed. Thirdly, new statistical methods are necessary to quantify fatigue-induced changes in mechanical asymmetry. These approaches include statistical parametric mapping, which represents GRF data as functions of the normalized stance phase durations, rather than as discrete values, such as peak braking or push-off forces (as shown in previous studies [30]). Fourthly, although motorized treadmill running has been demonstrated to possess biomechanical similarities to overground running [31], it has been observed that treadmill running tends to result in smaller asymmetries [32]. This may have led to an underestimation of the magnitude of asymmetry in our study. Nonetheless, future studies should investigate how mechanical asymmetry is affected by various terrains and air resistance levels that characterize running at terrestrial altitudes. Lastly, it is important to note that this study only assessed the acute effects of hypoxia exposure. Therefore, we could not determine whether training in oxygen-deprived conditions, which is known to improve exercise tolerance through hematological and peripheral adaptations [33], also modifies gait patterns. Interestingly, a separate study involving three weeks of ‘live high—train high’ altitude training did not result in significant changes in the running mechanics of middle-distance runners [34]. Nonetheless, minimal asymmetry between legs was assumed by pooling the data from both limbs. Further research is needed, specifically comparing different forms of chronic altitude exposure [33], to determine the effects of altitude training on gait asymmetries assessed at known physiological landmarks, such as the ventilatory threshold and respiratory compensation points [35].





5. Conclusions


The trained runners who participated in this study did not exhibit any noticeable differences in asymmetries for parameters derived from vertical and antero-posterior GRFs when treadmill running velocities were varied between 8 and 20 km·h−1, both in normoxia and different normobaric hypoxia conditions. Generally, bilateral leg differences during the braking and push-off phases, particularly peak forces, were larger than the vertical GRF asymmetries. It can be concluded that faster running velocity and normobaric hypoxia exposure do not have any additional influence on mechanical asymmetries. Practically, manipulating exercise intensity and hypoxic severity during submaximal treadmill running did not impose greater mechanical constraints on one side of the body compared to the other. Sport practitioners can therefore incorporate hypoxic exposure into their running routines without significantly affecting the sensitivity of detecting gait asymmetries. Non-injured, trained runners who engage in treadmill runs across a wide range of velocities, with or without hypoxia, can expect to maintain consistent stride patterns.
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Figure 1. Symmetry angle scores (%) for (A) contact time, (B) flight time, (C) step length, (D) peak vertical force, and (E) mean vertical loading rate at seven running velocities and four altitude conditions. Values are means ± SDs (n = 11). White bars = normoxia (NM); light grey bars = moderate hypoxia (MH); dark grey bars = high hypoxia (HH); black bars = severe hypoxia. ANOVA main effects of condition, velocity, and interaction are stated along with partial eta-squared values for effect sizes in brackets with significant effects (p < 0.05). * denotes a statistically significant difference (p < 0.05) compared to 8 km·h−1. 
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Figure 2. Symmetry angle scores (%) for (A) braking phase duration, (B) push-off phase duration, (C) peak braking force, and (D) peak push-off force at seven running velocities and four altitude conditions. Values are means ± SDs (n = 11). White bars = normoxia (NM); light grey bars = moderate hypoxia (MH); dark grey bars = high hypoxia (HH); black bars = severe hypoxia. ANOVA main effects of condition, velocity and interaction are stated along with partial eta-squared values for effect sizes in brackets with significant effects (p < 0.05). 
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