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Abstract

:

It is well-established that processes involving changing direction or turning in which either or both standing and walking turns are utilized involve coordination of the whole-body and stepping characteristics. However, the turn context and whole-body coordination have not been fully explored during different turning amplitudes. For these reasons, this present study aimed to determine the effects of turning amplitude on whole-body coordination. The findings from this study can be utilized to inform the rationale behind fall prevention factors and to help design an exercise strategy to address issues related to amplitude of turning in older adults. Twenty healthy older and twenty healthy younger adults were asked to complete standing turns on level ground using three randomly selected amplitudes, 90°, 135° and 180°, at their self-selected turn speed. Turning kinematics and stepping variables were recorded using Inertial Measurement Units. Analysis of the data was carried out using Mixed Model Analysis of Variance with two factors (2 groups × 3 turning amplitudes) and further post hoc pairwise analysis to examine differences between factors. There were significant interaction effects (p < 0.05) between the groups and turning amplitudes for step duration and turn speed. Further analysis using Repeated Measure Analysis of Variance tests determined a main effect of amplitude on step duration and turn speed within each group. Furthermore, post hoc pairwise comparisons revealed that the step duration and turn speed increased significantly (p < 0.001) with all increases in turning amplitude in both groups. In addition, significant main effects for group and amplitudes were seen for onset latency of movement for the head, thorax, pelvis, and feet, and for peak head–thorax and peak head–pelvis angular separations and stepping characteristics, which all increased with turn amplitude and showed differences between groups. These results suggest that large amplitude turns result in a change in turning and stepping kinematics. Therefore, when assessing the turning characteristics of older adults or those in frail populations, the turning amplitude should be taken into account during turning, and could be gradually increased to challenge motor control as part of exercise falls prevention strategies.
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1. Introduction


Falls are a major problem in the elderly, usually leading to injury or other potential causes of disability. Patla et al. (1999) [1] observed that falls occur in older individuals during standing turns, while Thigpen et al. (2000) [2] reported similar findings and concluded that swaying is commonly experienced among older individuals when performing 180° standing turns. Other difficulties reported as being associated with turning in older adults have been that slow speed of turning is associated with changing in stepping characteristics in terms of smaller and more frequent steps, and also use of an en-bloc strategy while turning [3,4]. It has been indicated that older adults experience instability, impaired balance and reduced whole-body coordination when compared to younger adults. In addition to age, previous research has indicated that sex has an impact on both postural stability, balance and gait speed; that is, males walk faster than women, which is generally ascribed to the longer step and stride length produced by men [5,6]. However, there have been no reports of the differences between the sexes in turning tasks. Furthermore, turning situations associated with daily activities frequently involve hasty and unpredictable movements with limited time for planning. The lack of planning for movement changes are associated with increase in age and with a decline in turning performance. Khobkhun et al. (2021) [7] reported that changes in speed during turns over 180° have a greater impact on segment onset latencies, intersegmental and stepping characteristics in older group compared to younger group. Furthermore, they reported that the upper and lower body move in an en-bloc strategy when turning at slower speeds in older adults, with the intersegmental angular separations in older adults being less than younger adults at faster speeds. These findings have been previously linked to a shorter stride length and potentially, but not exclusively, to a slower gait speed which may be the consequence of an intentional reduction in turning strategy to compensate for perceived postural instability, which may in turn increase the risk of falling in older adults. However, there is only comparable evidence of spatial perception in young healthy adults from a single study which used a 3D motion analysis system [8], considering participants standing blindfolded on a rotating platform which moved randomly to different angles in clockwise and anti-clockwise directions. The results showed that subjects who were at risk consistently overestimated the amplitude of rotation which they typically, consistently duplicated with their own estimation. The authors concluded that their findings highlighted the importance of dynamic motion in the appropriate perception of spatial orientation. More recent studies have suggested monitoring of turning behavior using Inertial Measurement Units (IMUs) as a solution to assess gait, turning and balance in older adults [7,9,10], as these can be used outside of the laboratory setting. This current study used IMUs to assess the movements of different body segments which provided linear accelerations and Euler segment orientations during turning, which allows the exploration of the modulation of turn amplitude on turning characteristics and the spatiotemporal relationships between the body segments. However, there is a paucity of research that has examined and reported the effect of the amplitudes of turning on whole-body coordination in healthy individuals. Therefore, the aim of this present study was to clarify the effects of turning amplitude on turning characteristics in older adults in comparison to younger adults, which may be related to the risk of falling, which have the potential to be utilized to guide fall prevention strategies, particularly for older adults. Our hypotheses were that changes in turning amplitude affect coordination of the whole-body and stepping characteristics in healthy individuals, and that older adults would adapt their turning strategy during amplitude perturbation, which causes systematic changes in turning behavior. In addition, this protocol should be used when determining the impact of turning on overall coordination, specifically with regard to the diagnosis of turning deficits in older adults. When the proficiency of turning is examined with a focus on segmental independence specific exercises may be recommended on an individual basis to prevent falls.




2. Materials and Methods


2.1. Study Design and Participants


A sample size of 16 participants per group was determined using G*Power statistical software using head onset latency data based on a previous study [5]. This was based on a statistical power of 80% at a significance level of 5% to detect any outcome differences between groups. In order to account for possible dropouts or missing data, a target sample size of 20 individuals per group was used. The inclusion criteria included: (1) to fall within one of two age groups; the younger adult group (aged between 18 to 29 years) and the older adult group (aged between 60 to 75 years); (2) able to understand and follow commands and instructions; (3) be able to walk independently without any assistive devices; (4) score ≥24/30 in the mini-Thai mental state examination, indicating sufficient cognitive ability to engage with the activities [11]. The exclusion criteria included: (1) had a verified clinical diagnosis of a condition that could influence turning movement, for example vestibular dysfunction, and (2) had a comorbidity with severe systemic illness, severe signs and symptoms of musculoskeletal issues, such as having a knee-/hip prosthesis that may influenced turning performance. The study protocol was approved by the institutional ethics committee of the Institutional Review Board on Human Experimentation at Mahidol University, (COA No. MU-CIRB 2021/136.0806) and complied with the ethical standard guidelines of the Declaration of Helsinki. Informed consent was explained, signed and received from all individuals.




2.2. Turning Protocol and Data Collection


Inertial Measurement Units (IMUs) (MVN, Xsens Technologies, Enschede, The Netherlands) were securely strapped to the center of the head, the middle of the thorax, the pelvis, and the center of the left and right feet (Figure 1), which were recorded at a sampling frequency of 100 Hz. Participants were given a visual cue using an animated clock arm which was controlled by LabVIEW software and showed in the projector screen; they were then instructed to reproduce the direction and amplitude of the visual cue. The animation from a video illustrating the turn was presented prior to each trial. Participants were instructed to turn as fast as they could whilst still feeling safe with three randomly determined amplitudes: 90°, 135°, and 180°. For each amplitude the participants had a starting position facing towards the projector screen and were instructed to “turn around”. Additionally, the directions were randomly selected to the left and right sides, therefore, a total of six trials for each participant were recorded. Participants were given a 1-min break at the end of each trial or they were permitted to take a rest anytime they needed until they indicated they were ready to start the new trial.




2.3. Data Processing


All dependent variables were analyzed and extracted from MATLAB (R2020b) using a previously validated methodology [7,12,13]. A MATLAB (R2020b) program was used to analyze all measures from the kinematic datasets, using the following as dependent variables as follows;



	
The mean onset time of the head, trunk, pelvis and feet were defined as the yaw angular displacement and velocity profiles by selecting the time which corresponded to the rotation onset for each segment were amplitude greater than 0° and less than 15° with a positive velocity [7]. In addition, the yaw angular displacement was defined as the angle of rotation onset for each segment in the yaw plane.



	
The peak segment angular separations were defined as the angle rotation subtracted between segments (the head and thorax and the head and pelvis), which were used as measures of axial segment and intersegment coordination. Although traditionally, a lack of differences in the timing of axial segment reorientation onset has been used to characterize turning as en-bloc, measuring the rotation of the head with respect to the lower body during the duration of the turn also gives a more complete description of which body segments lead which during the turning rotation [7].



	
Stepping characteristics parameters including step frequency (the number of steps counted divided by step duration), step size (the yaw rotation of the foot during the swing phase which was calculated for each step), and step duration (calculated as the time lapse between step onset and step placement).



	
The turn speed was calculated and defined by the turning amplitude divided by the duration.







2.4. Statistical Analysis


IBM SPSS statistics version 24 was used for all statistical analyses (IBM Corporation, Armonk, NY, USA). Shapiro–Wilk tests were used to determine data distribution, and all data were found to be normally distributed and suitable for parametric testing. In addition, the sphericity of data was considered using Mauchly’s test of sphericity, and where the sphericity assumption was violated Greenhouse–Geisser corrections were used. Analysis of the data was carried out using Mixed Model Analysis of Variance (MM ANAOVA) with two factors (2 groups (older and younger groups) × 3 turning amplitudes (90° and 180°, 135°)) and further post hoc pairwise analysis to examine differences between factors. If there were significant interactions between the two components, Repeated Measures Analysis of Variance (RM ANOVA) was used to analyze if there were differences between the three turning amplitudes within the two groups. Furthermore, the effect size was indicated using partial eta squared (ηp2). The statistical significance level was established at p < 0.05, and a Bonferroni adjustment was used for multiple comparisons (p < 0.004).





3. Results


Forty-four healthy adults (22 older adults and 22 younger adults) were recruited to this study. However, two individuals from the older adult group did not meet the criteria leading to their exclusion from the study and two individuals from the younger adult group did not complete all the tasks due to their declaration of discomfort during testing. Therefore, 20 participants for each group were gender matched and included in the analysis. Demographic data of the 20 older adults included 10 males and 10 females, aged 67.0 ± 4.37 years, with a mass of 61.8 ± 12.97 kg, height of 1.63 ± 0.09 m, and Body Mass Index = 23.59 ± 4.58 kg/m2. The 20 healthy younger adults also included 10 males and 10 females, aged 21.59 ± 2.41 years, with a mass of 60.61 ± 9.94 kg, height of 1.64 ± 0.11 m, and Body Mass Index = 23.21 ± 2.91 kg/m2.



3.1. Segment Onset Latencies


The MM ANOVA revealed that that there were no significant interactions (p < 0.05) between groups and turn amplitudes for all segment onset latencies (Table 1). Significant main effects were seen for the group and turn amplitude. The significant main effects between the groups were; head (F(2,40) = 9.29, p = 0.003, ηp2 = 0.22), leading foot (F(2,40) = 36.59, p < 0.001, ηp2 = 0.24) and trailing foot (F(2,40) = 94.34, p < 0.001, ηp2 = 0.85), with the older group showing longer onset latencies. The significant main effects for turn amplitude were the mean onset latencies for all segments with the exception of the trailing foot, specifically; for the head (F(2,40) = 56.24, p < 0.001, ηp2 = 0.07), thorax (F(2,40)= 52.35, p < 0.001, ηp2 = 0.55), pelvis (F(2,40) = 9.85, p < 0.001, ηp2 = 0.21), and leading foot (F(2,40) = 6.84, p = 0.002, ηp2 = 0.15). Further post hoc pairwise comparisons found significant differences in amplitude for the head onset latency between 90° and 180°, 135° and 180°, and 90° and 135°. For the thorax onset latency, significant differences were seen between turn amplitudes at 90° and 180°, 135° and 180°, and 90° and 135°, and for the pelvis onset latency between turn amplitudes at 90° and 135°, and 90° and 135°, with the leading foot also showing significant differences between 90° and 180° (Table 2 and Figure 2). Onset latencies were shortest during the smallest amplitude (90°) and longest during the largest amplitude (180°).




3.2. Intersegmental Coordination


In the case of intersegmental coordination, there were no significant interactions between groups and turn amplitude seen in the MM ANOVA. A significant main effect was seen for group for peak head–pelvis angular separations (F(2,40) = 13.26, p < 0.001, ηp2 = 0.11), with the older group showing significantly greater (p < 0.001) turn amplitude at 90°, 135° and 180 degrees with differences in peak head–pelvis angular separation of 10°, 13.6° and 18.8°, respectively. Furthermore, the older group showed fewer peak segment angular separations than the younger group. In addition, a significant main effect was seen for turn amplitude for peak segment angular separations for both peak head–thorax and peak head–pelvis (p < 0.001), Table 1. Further post hoc pairwise comparisons for turning amplitude showed significant differences between the 90° and 180° turn peak head–pelvis angular separation (p < 0.004), showing that peak segmental separation increased with an increase in turn amplitude (Table 2 and Figure 3).




3.3. Stepping Characteristics


No significant interactions were observed between direction and amplitude for step size, total step count and step frequency. A significant main effect was seen for group for total step (F(2,40) = 140.06, p < 0.001, ηp2 = 0.58) and step size (F(2,40) = 21.4, p < 0.001, ηp2 = 0.17). The older group showed a significantly greater number of total steps (p < 0.001), with differences at 90°, 135° and 180 degrees of 2.78, 3.48 and 4.33 steps, respectively. The older group showed a smaller step size (°) (p < 0.001), with differences at 90°, 135° and 180 degrees of 60.81°, 71.21°, and 80.28°, respectively. In addition, significant main effects were seen for turn amplitude for total step (F(2,40) = 148.35, p < 0.001, ηp2 = 0.77) and step size (F(2,40) = 16.32, p < 0.001, ηp2 = 0.27) (Table 1, Table 2 and Figure 4). Post hoc pairwise comparisons showed significant differences in total step and step size for turn amplitude between 90° and 180°, 135° and 180° and 90° and 135° (p < 0.001) with both increasing with increasing turn amplitudes (Figure 4). No significant main effects were seen for group or turn amplitude for step frequency.



The analysis of step duration with MM ANOVA demonstrated a significant interaction between groups and turn amplitudes (p < 0.001) (Table 1). In addition, RM ANOVA found a main effect of turning amplitude on step duration within the older adults group (F(2,40) = 23.46, p < 0.001, ηp2 = 0.41) and in the younger group (F(2,40) = 55.67, p < 0.001, ηp2 = 0.26) (Table 2). Post hoc pairwise comparisons showed that the step duration increased significantly (p < 0.001) with all increases in turning amplitudes in both groups (Table 1 and Figure 4).




3.4. Turning Speed


The MM ANOVA revealed a significant interaction (p < 0.001) between groups and turn amplitudes for turning speed (Table 1). Further RM ANOVA tests found a main effect of turning amplitude on the turning speed in the older adults group (F(2,40) = 11.41, (p < 0.0001), ηp2 = 0.61) and the younger adults group (F(2,40) = 84.97, p < 0.0001, ηp2 = 0.24). Post hoc pairwise comparisons showed that the turning speed decreased with an increase in turn amplitude (p < 0.004) between 90° and 135°, 90° and 180°, and 135° and 180° in the younger adult group, however, the older adults group only showed differences in turn amplitudes between 90° and 180° (Figure 5).





4. Discussion


The present study aimed to investigate the effect of the amplitude of turning on whole-body coordination during standing turns in healthy older adults in comparison to younger adults and to observe the impact of turning amplitude on whole-body coordination and stepping characteristics. We expected to see systematic changes in the characteristics of turning kinematics and stepping behavior. However, only step duration and turn speed were found to differ significantly between older and younger adults. Other variables appeared to be modulated identically in both groups during the differences in turn amplitudes. It is important to note that the data shows that an increase in turn amplitude had a significant effect as regards segment onset latencies (head, thorax, pelvis and feet), peak segments angular separation, stepping characteristics, and also turning speed in the older adult group in comparison to the younger adult group.



Our study found that the larger turn amplitude significantly affected the order of the reorientation of mean onset latency by delaying the onset of all segments. This delay was consistent between turns to each amplitude, as was segmental onset latency, suggesting that onset latency of segments is regulated by a central nervous system (CNS) regulatory synergy [14,15]. In addition, onset latency of segments in our study consistently shows a top-down sequence which starts with the head and proceeds to the trunk, pelvis, leading foot and trailing foot [12,16,17,18,19], which indicates that a motor program for movement may be altered to handle similar motor activities in order to maintain balance and ongoing movement [15,20]. This would also imply that the CNS has a dominant control synergy schema, with the CNS employing the upper body to guide lower-body responses [21]. It stands to reason that the whole-body coordination strategy might have an effect on turning abilities. When the path of movement is disrupted increasing the turning amplitude allows the motor cortex and motor planning more time to absorb sensory information and deliver correction orders to stabilize the body. Turning amplitude only impacts a small portion of the age-phase shift connection, and segment onset latency may not always be the best explanation of turning characteristics in healthy older and younger adults. However, a limitation of this study is that we did not measure eye movements which are described as a trigger of whole-body coordination in both standing and walking turns which could impact on the completion of turning [12,15]. In future work, the characteristics of eye movement need to be evaluated to clarify the effect of changing amplitude during turning.



In this study, we found a significant main effect of turn amplitude (p < 0.001) for peak head–thorax angular separations. In addition, significant main effect for both groups (p < 0.001) and turning amplitude (p < 0.001) were found on peak head–pelvis angular separations. Previous studies found that an en-bloc strategy has been observed in terms of a reduction in head on trunk rotation and a delay in the initiation of body segment rotation during 360° turns in older adults [14,16]. It has been suggested that the en-bloc strategy during turning may be adjusted increasing control and compensation in cases of decreased stability and impaired balance in older adults [3] and individuals with movement disorders such as Parkinson’s disease [14]. It is noted that a reduction in angular separation between segments during turning in older adults may represent the normal coordination process associated with smaller turning amplitudes, a by-product of response due to the onset of age-related slowing of movement, self-confidence, balance ability, muscle weakness and individual capacity.



An increase in turn amplitude was associated with an increase in step size, the total number of steps, and step duration. These findings are consistent with Mancini et al. (2016) [22]. These modifications might be attributed to biomechanical factors such as step size, which increased considerably with each increase in the amplitude of turning in both healthy older and younger adults. To verify these results, an analysis of stepping strategies in exercises in which turns were being carried out with full vision and investigating the impact during different turn amplitudes would be necessary. The results of step duration were found to be consistent across an increase in turn amplitude. The explanation is most likely that the central pattern generators in the spinal cord regulate the step variables, especially the temporal step strategies observed during turning. These generators encode the rhythmic pattern employed during walking [23,24]. In addition, placement of the step strategy during pre-planned turns may be a deliberate process or reactive and depends on the individual’s visual perception of the environment [15,19]. Changes in turn amplitude appear to be formulated and carried out during pre-planned turns by modifying the temporal stepping characteristics. Furthermore, changes in the amplitude of the turns appear to be mediated by adjusting the size of the steps. Given that stepping frequency is not affected by turn amplitude, our proposal is that changes in step frequency can be achieved by increasing step size during turning.



Another explanation is that when head–trunk separation decreases, stepping characteristics change to preserve balance and stability throughout the turn [18,23,25]. Our findings support the idea that reducing head-on-trunk rotation has an effect on the stepping characteristics which are important for the essential capacity to maintain postural balance at various turn amplitudes [25,26]. Previous studies suggest that a narrow step width might be the result of the generation of insufficient force to accelerate the center of mass (COM) in the direction and amplitude of the turn, resulting in a destabilizing impact and adaptation in step strategy [23,24,26].



Regardless of variations in turn amplitude, we found that turn speed in the older adults group remained constant. In contrast, in the younger adult group, the turn speed decreased as the intended turn amplitude increased. A previous study found that when the radius of the curve increases, the velocity of the COM during steering falls systematically in older adults. However, segmental velocity appears to increase with higher turn amplitude in both healthy older and younger adults while the radius is constant as a standing turn [27]. This is likely to be due to the standing turns requiring the COM need to remain balanced within a rotation while a sufficient base of support is needed and is controlled via stepping mechanisms and postural demands more significantly in older adults in comparison to younger adults. Other characteristics, including muscle and brain activity, should be investigated in future research into turning kinematics in order to expand our understanding of turning strategies.




5. Conclusions


Whole-body coordination and stepping characteristics during different turn amplitudes are preserved by step duration and turning speed. However, in both groups, young and older adults, an increase in turn amplitude was associated with changes in turning kinematics such as segment onset latency, peak segment angular separation, stepping characteristics, and also turning speeds. Furthermore, changes in turn amplitudes had significant effects in the older adult group compared to the younger adult group. Variations in turning amplitude altered whole-body coordination and stepping characteristics, indicating a potential interaction between the area of the base of support and the body segment rotation during standing turns. These results indicate that turning amplitude is a critical factor in turning and is related to the regulation of the turning strategy, particularly for the maintenance of balance and stepping movement control. Therefore, this factor may be beneficial for the identification of individuals who are increasingly at risk of falling while changing direction, and it may subsequently be used to advise and educate more effective exercise in the healthy elderly or those in frail populations, particularly with regard to turning to enhance quality of life and prevent falling and the risk of disability.
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Figure 1. The experimental set up. (a) Inertial measurement unit attachment and (b) a visual cue using an animated clock arm. 
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Figure 2. A bar chart demonstrating the mean onset latencies of angular displacement with turn amplitudes. The significant main effect of turn amplitude was found on the timing of onset for all segments. ** Denotes main effects of group from Mixed Model Analysis of Variance. * Denotes main effects of turning amplitude from Mixed Model Analysis of Variance. 
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Figure 3. The effects of turning amplitude on mean peak head-segments angular separation in both younger adults and older adult groups. ** Denotes main effects of group from Mixed Model Analysis of Variance. * Denotes main effects of turning amplitude from Mixed Model Analysis of Variance. 
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Figure 4. Bar graph showing the effect of group and turn amplitude on stepping characteristics; total number step, step size, step frequency, and step duration. Values are mean ± SEM. ✓ Denotes a significant interaction (p < 0.05) from Mixed Model Analysis of Variance. * Denotes post hoc pairwise comparisons of turning amplitudes within group from Repeated Measure Analysis of Variance. ** Denotes main effects of group and amplitude from Mixed Model Analysis of Variance. 
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Figure 5. Bar graph showing the effect of group and turn amplitude on turn speed variable. Values are mean ± SEM. ✓ Denotes a significant interaction (p < 0.05) from Mixed Model Analysis of Variance. * Denotes post hoc pairwise comparisons of turning amplitudes within group from Repeated Measure Analysis of Variance. ** Denotes main effects of group and amplitude from Mixed Model Analysis of Variance. 
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Table 1. Shows the mean and standard deviations (SD) for turning variables, as well as the interaction between group and turning amplitude, as determined by Mixed Model Analysis of Variance.
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Variables

	
Older Adults Group (n = 20)

	
Younger Adults Group (n = 20)

	
Main Effect




	
90°

	
135°

	
180°

	
90°

	
135°

	
180°

	
Group Effect

p-Value (ηp2)

	
Amplitude Effect

p-Value (ηp2)






	
Segment onset latencies (s)

	

	

	

	

	

	

	

	




	
Head

	
0.40 (0.03)

	
0.42 (0.04)

	
0.55 (0.07)

	
0.37 (0.05)

	
0.40 (0.07)

	
0.48 (0.06)

	
0.003 * (0.22)

	
<0.001 * (0.07)




	
Thorax

	
0.49 (0.05)

	
0.52 (0.05)

	
0.55 (0.07)

	
0.43 (0.05)

	
0.45 (0.06)

	
0.53 (0.05)

	
0.062 (0.03)

	
<0.001 * (0.55)




	
Pelvis

	
0.51 (0.1)

	
0.53 (0.09)

	
0.62 (0.11)

	
0.50 (0.09)

	
0.55 (0.1)

	
0.58 (0.09)

	
0.596 (0.02)

	
<0.001 * (0.21)




	
Leading foot

	
0.68 (0.11)

	
0.68 (0.10)

	
0.80 (0.13)

	
0.55 (0.11)

	
0.61 (0.13)

	
0.62 (0.10)

	
<0.001 * (0.24)

	
0.002 * (0.15)




	
Trailing foot

	
1.12 (0.14)

	
1.15 (0.16)

	
1.17 (0.24)

	
0.68 (0.31)

	
0.74 (0.24)

	
0.86 (0.26)

	
<0.001 * (0.48)

	
0.225 (0.04)




	
Peak head yaw velocity (°s−1)

	
103.22 (17.77)

	
117.27 (18.75)

	
139.61 (28.63)

	
123.54 (12.81)

	
151.54 (25.73)

	
172.81 (24.86)

	
<0.001 * (0.19)

	
<0.001 * (0.33)




	
Segment angular separations (°)

	

	

	

	

	

	

	

	




	
Peak head–thorax

	
10.00 (5.21)

	
13.60 (7.13)

	
18.80 (10.04)

	
20.14 (7.73)

	
23.80 (8.30)

	
21.57 (7.00)

	
<0.001 * (0.21)

	
0.025 (0.08)




	
Peak head–pelvis

	
10.86 (5.77)

	
15.10 (7.62)

	
19.63 (11.46)

	
15.59 (7.62)

	
23.42 (11.27)

	
27.63 (12.41)

	
<0.001 * (0.11)

	
<0.001 * (0.20)




	
Total step (n)

	
2.78 (0.38)

	
3.48 (0.44)

	
4.33 (0.49)

	
1.95 (0.15)

	
2.75 (0.44)

	
3.25 (0.41)

	
<0.001 * (0.58)

	
<0.001 * (0.77)




	
Step frequency (Hz)

	
0.60 (0.30)

	
1.17 (0.30)

	
1.53 (0.21)

	
0.52 (0.24)

	
1.10 (0.40)

	
1.34 (0.26)

	
0.123 (0.02)

	
0.979 (0.01)




	
Step duration (s) ✓

	
1.58 (0.26)

	
2.09 (0.38)

	
2.53 (0.66)

	
0.95 (0.15)

	
1.91 (0.36)

	
2.31 (0.28)

	
<0.001 * (0.22)

	
<0.001 * (0.79)




	
Step size (°)

	
60.81(11.88)

	
71.21 (10.59)

	
80.28 (11.62)

	
73.54 (14.31)

	
88.55 (24.40)

	
95.00 (25.95)

	
<0.001 * (0.17)

	
<0.001 * (0.27)




	
Turn speed (°s−1) ✓

	
58.59 (10.46)

	
66.54 (11.70)

	
75.56 (18.31)

	
96.63 (21.30)

	
73.92 (17.87)

	
78.80 (9.73)

	
<0.001 * (0.23)

	
<0.001 * (0.07)








✓ Denotes a significant interaction (p < 0.05). * Denotes significant main effects (p < 0.05) from Mixed Model Analysis of Variance.
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Table 2. Post hoc comparisons for the main effect of groups and amplitudes in the Mixed Model Analysis of Variance where no interactions between groups and turning amplitudes were observed.






Table 2. Post hoc comparisons for the main effect of groups and amplitudes in the Mixed Model Analysis of Variance where no interactions between groups and turning amplitudes were observed.





	
Variables

	
Groups Compared

	
Mean Diff (SE)

	
p-Value

	
CI of Diffs




	
Lower Bound

	
Upper Bound






	
Head onset (s)

	
90° vs. 135°

	
−0.029 (0.012)

	
0.046

	
−0.057

	
0.001




	
90° vs. 180°

	
−0.133 (0.013)

	
<0.001 *

	
−0.164

	
−0.102




	
135° vs. 180°

	
−0.104 (0.014)

	
<0.001*

	
−0.139

	
−0.069




	
Thorax onset (s)

	
90° vs. 135°

	
−0.029 (0.012)

	
0.046

	
−0.058

	
<0.001




	
90° vs. 180°

	
−0.127 (0.013)

	
<0.001 *

	
−0.158

	
−0.096




	
135° vs. 180°

	
−0.098 (0.013)

	
<0.001 *

	
−0.131

	
−0.065




	
Pelvis onset (s)

	
90° vs. 135°

	
−0.037 (0.022)

	
0.296

	
−0.091

	
0.017




	
90° vs. 180°

	
−0.101 (0.023)

	
<0.001 *

	
−0.158

	
−0.045




	
135° vs. 180°

	
−0.065 (0.023)

	
0.020

	
−0.121

	
−0.008




	
Leading foot onset (s)

	
90° vs. 135°

	
−0.033 (0.026)

	
0.612

	
−0.096

	
0.030




	
90° vs. 180°

	
−0.096 (0.026)

	
0.001

	
−0.160

	
−0.032




	
135° vs. 180°

	
−0.063 (0.027)

	
0.064

	
−0.129

	
0.003




	
Peak head yaw velocity (°s−1)

	
90° vs. 135°

	
−21.026 (7.016)

	
0.013

	
−38.427

	
−3.625




	
90° vs. 180°

	
−42.830 (7.339)

	
<0.001

	
−61.046

	
−24.614




	
135° vs. 180°

	
−21.804 (9.544)

	
0.075

	
−45.170

	
1.562




	
Peak head–pelvis angular separation (°)

	
90° vs. 135°

	
−6.043 (2.190)

	
0.022

	
−11.409

	
−0.676




	
90° vs. 180°

	
−10.405 (2.331)

	
<0.001 *

	
−16.124

	
−4.687




	
135° vs. 180°

	
−4.363 (2.549)

	
0.273

	
−10.604

	
1.878




	
Total step (n)

	
90° vs. 135°

	
−0.750 (0.084)

	
<0.001 *

	
−0.956

	
−0.544




	
90° vs. 180°

	
−1.425 (0.085)

	
<0.001 *

	
−1.635

	
−1.215




	
135° vs. 180°

	
−0.675 (0.101)

	
<0.001 *

	
−0.921

	
−0.429




	
Step size (°)

	
90° vs. 135°

	
−12.697 (3.629)

	
0.002 *

	
−21.606

	
−3.789




	
90° vs. 180°

	
−20.465 (3.799)

	
<0.001 *

	
−29.799

	
−11.130




	
135° vs. 180°

	
−7.767 (4.354)

	
0.235

	
−18.427

	
2.892








* Indicates a significant difference (p < 0.05), Diff = Difference, and CI = Confidence Intervals.
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