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Abstract

:

Whole-body vibration (WBV) is commonly applied in exercise and rehabilitation and its safety issues have been a major concern. Vibration measured using accelerometers can be used to further analyze the vibration transmissibility. Optimal bending angles and rating of perceived exertion (RPE) evaluations have not been sufficiently explored to mitigate the adverse effect. Therefore, the aims of this study were to investigate the effect of various knee flexion angles on the transmissibility to the head and knee, the RPE during WBV exposure, and the link between the transmissibility to the head and the RPE. Sixteen participants randomly performed static squats with knee flexion angles of 90, 110, 130, and 150 degrees on a WBV platform. Three accelerometers were fixed on the head, knee, and center of the vibration platform to provide data of platform-to-head and platform-to-knee transmissibilities. The results showed that the flexion angle of 110 degrees induced the lowest platform-to-head transmissibility and the lowest RPE (p < 0.01). A positive correlation between RPE and the platform-to-head transmissibility was observed. This study concluded that a knee flexion of about 110 degrees is most appropriate for reducing vibration transmissibility. The reported RPE could be used to reflect the vibration impact to the head.
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1. Introduction


Whole-body vibration (WBV) has been studied in the fields of sports and rehabilitation to enhance training outcomes [1,2,3,4]. Over the last two decades, the use of WBV as a physical exercise and therapy has become a promising approach for improving the strength and muscle power of lower extremities [5,6,7,8]. It has been demonstrated in several studies that WBV improves the aging process of bone, cartilage, muscles, and tendons [8,9,10]. However, this has aroused the attention to potential injuries that may occur during vibration exposures and the ideal vibration stimulus magnitudes that one can tolerate and sustain. In fact, if a human body is exposed to vibration over a long period, it is possible to induce head-related (such as vertigo and visual impairment) [11,12,13,14] and joint-related musculoskeletal injuries [15,16]. Because of these negative consequences, in the domain of work sciences, the vibration magnitude and exposure time have been systematically standardized according to ISO 2631-1 [17]. By contrast, in the WBV training applied to athletes, the vibration magnitude is largely beyond the range of the ISO safety requirements [18]. Notwithstanding the potential injury and adverse consequences induced by vibration, WBV training is still being applied routinely to gain possible benefits from the approach. To strike a balance between training effectiveness and one’s well-being, the optimal design of WBV training protocols should be further investigated to provide better training guidelines.



The change of knee joint angle, being a critical factor in the WBV training protocol, not only affects the training stimulation of the knee extensor [19,20], but also modulates the vibration transmission for safety [18,21,22]. To determine the maximized capability of WBV training, most previous studies have investigated the effect of different knee angles (90–150 degrees) on the muscle activation of knee extensors [19,20,23]. These studies have discovered that by performing a squat with deep knee flexion, higher muscle activations of knee extensors can be induced, especially when compared with performing a squat with less knee flexion. Possible reasons of this phenomenon include the muscle activation to counteract increased external loads [22] and increased sensitivity of the muscle spindle to induce tonic reflex vibration due to increased muscle length [24]. On the other hand, for training safety, a few studies have investigated the effect of different knee angles on vibration transmission to the upper and lower segments by means of accelerometers, especially on the head and knee regions. They documented that both the standing position (180 degrees) and small knee flexion angles cause higher vibration transmission to the head and knee regions than a relatively low squat (90–140 degrees) [18,25,26]. It is usually mentioned that the additional damping from knee extensors, induced by WBV during squatting, may alter the vibration transmission from the knee to hip regions [24,27,28].



Studies have investigated the effect of different knee flexion angles on transmissibility to the head and knee, and the influences remain controversial. A previous study of Muir, Kiel, and Rubin [18] found slight attenuation of vibration transmission to the head but marketable attenuation of that to the knee at 90 degrees, compared with that at 135 degrees. In contrast, Tankisheva et al. [27] study reported no difference in the vibration transmissibility to the head and knee regions between the knees flexed at 110 and 135 degrees. Therefore, the comparisons of transmissibility among different flexion angles from half to partial squats (90–140 degrees) have not yet been well understood. Muscle activation and muscle stiffness mutually regulate vibration transmissibility. Muscle activation of knee extensors has been mentioned to mitigate vibration transmission [27]. High muscle stiffness (more rigid) produces a lower damping effect in response to perturbation, leading to a great magnitude of vibration transmission [29,30]. Although muscle activation increases from a partial to a half squat [19,23], concurrently, muscle stiffness becomes higher, thereby lowering the dissipating vibration energy. If these conditions are taken into account, the suitable knee flexion angle may not be at a knee flexion angle of 90 degrees, but probably between the knee flexion angle of 90 and 140 degrees. Moreover, long-term WBV training has been widely utilized to improve the physical and functional abilities of the elderly [31] and knee injury individuals [4]. The higher and accumulative vibrations could potentially cause acute and chronic injuries to the head and fragile joints [12,13,16,18]. Therefore, maintaining proper knee angles to diminish vibration transmission to the head and knee is important and desirable.



For designing training protocols, an objective assessment of vibration exposure is needed to provide important information; in clinical practice, subjective evaluation is a potential approach for monitoring training programs. The subjective rating of perceived exertion (RPE) is considered an index to assess the training loads and intensity after WBV vibration due to a positive relation with muscle activation [32]. However, there is little evidence of the RPE for the assessment of safety. The human perception of vibration signals is a comprehensive analysis of multiple signals, including the level of vibration stimulation [32,33] and the sensation of body [33,34]. Accordingly, subjective RPE measurement may also provide useful information for practical application to evaluate the vibration impact on the body segments of each individual. The vibration of musculoskeletal structures can be an effective exercise intervention, but the intensity and safety of vibration treatment and training should be evaluated, not only objectively, but also from a personalized perspective to avoid any unwanted effects. Therefore, the purposes of this study were (1) to compare the effect of varying knee flexion angles (from 90 to 150 degrees with an increase of 20 degrees) on vibration transmissibility to the knee and head, the RPE during WBV exposure, and further to determine which knee bending angle is better for reducing the transmissibility to the knee or head; (2) to investigate the relationship between the RPE and the transmissibility to the head or knee. We hypothesized that the knee flexion angle would be a major factor of vibration transmissibility and RPE would be correlated with the vibration transmissibility to the head of the exercising subject.




2. Materials and Methods


Sixteen male college students (age: 20.3 ± 1.1 years; height: 171.7 ± 5.3 cm; weight: 65.8 ± 7.9 kg) participated in this study and engaged in about three 60 min recreational activities per week, such as jogging and cycling. This study was approved by the Institutional Review Board of the local university. Written informed consent was given to each participant and was signed prior to the experiment. Each participant was informed of the details of the procedures and the experimental risks of motion sickness. During the experiments, if the participants felt uncomfortable or experienced dizziness or nausea, the experiments were terminated.



Each participant squatted with four different knee flexed angles at 90, 110, 130, and 150 degrees (Figure 1) in a random and counterbalanced order on the vertical WBV platform (Zen Pro 6903, Tonic Fitness Technology Inc., Tainan, Taiwan). A goniometer was used to ensure the knee was placed in the right angular position. The receiving vibration stimulation was set at a frequency of 20 Hz and a peak-to-peak amplitude of 0.55 mm [16,21]. The procedure was as follows: prior to the vibration trials, each participant performed a warm-up for 10 min (5 min running with 5 min static stretching) and subsequently received 30 s vibration stimulation under each condition. After that, the RPE was measured immediately. The time interval between the conditions was 2 min.



Three accelerometers with the Dactron Photon II spectrum analyzer (PCB Piezotronics Inc., Depew, NY, USA) were attached on the vibration platform, the left knee, and the head of the participants. According to the accelerometer placement of previous studies [18,27], the accelerometer (model: 353B34, weight: 27 g, sensitivity: 100 mV/g, amplitude range: ±50 g) of the vibration platform was fixed on the top surface and at the center. Moreover, the knee and head accelerometers (model: Y352C22/030C10, weight: 0.5 g, sensitivity: 10 mV/g, amplitude range: ±500 g) were fixed, respectively, at lateral epicondyle of the femur and at a bite bar, which was clenched between the opposing molar teeth. Each accelerometer was aligned with the same orientation and the acceleration of the axis was aligned to the direction of gravity and then recorded for data analysis. The sampling rate was set at 1000 Hz. During WBV exposure, the acceleration data obtained for analysis were from the 10th to 20th seconds when the participants reached a stable phase. The raw data collected were first smoothed using a Butterworth low-pass filter with a cutoff frequency of 80 Hz. The root-mean-square values of the acceleration for a 10 s window were calculated to quantify the vibration magnitude at the head, knee, and vibration platform during each WBV trial. The unit was represented as “g” (Earth’s gravitational acceleration). The vibration transmission was computed as the ratio of root-mean-square acceleration of the head or knee to that of the vibration platform and represented as the transmissibility of each segment. A transmissibility above 1.0 represented that the vibration acceleration transmitted to the segment was magnified, while a transmissibility below 1.0 represented that the vibration acceleration transmitted to the segment was mitigated from the platform.



Furthermore, after completing each condition, the participants were asked of their perceived magnitude of vibration immediately on overall discomfort, and the results were recorded according to the Borg CR10 Scale from 0 (“nothing at all”) to 10 (“extremely strong/almost maximal”) [35].



All values were represented by mean and standard deviations. SPSS 19 software (IBM, Armonk, NY, USA) was used for statistical analysis. One-way repeated measures ANOVA was conducted for comparisons of each variable among different angles. When significant differences were observed, Bonferroni corrections were applied for pairwise comparisons. Pearson’s correlation was used to probe the correlation between the magnitudes of RPE and the platform-to-head or platform-to-knee transmissibilities. The correlations were performed separately in different angles, since the knee angles were a confounding factor. The significance level was set at p ≤ 0.05. The effect sizes for all pairwise comparisons of each variable were calculated using Cohen’s d (d) and were computed using the G*Power analysis program (Version 3.1.9.2, Heinrich Heine Universität, Düsseldorf, Germany). Moreover, based on the scale for the magnitude of Cohen’s d difference, effect sizes of 0.20, 0.50, and 0.80 were respectively considered small, medium, and large [36].




3. Results


All of the participants completed each experimental condition without reporting any extreme discomfort or unusual symptoms during the experimental period. The accelerations of the platform ranged from 0.26 to 0.28 g and no significant difference of the acceleration among conditions was observed (p = 0.39), which indicated that the vibration intensity of each condition was the same.



After comparison of the platform-to-head transmissibility (Table 1 and Figure 2), the ANOVA test showed a significant difference among all conditions (p < 0.01). Further post-hoc analysis showed that when the knee joint angle was maintained at 110 degrees, the platform-to-head transmissibility was the lowest among all conditions (all p < 0.01 versus 110 degrees, d = 1.40 to 2.25). Moreover, when the knee joint angle was maintained at 150 degrees, the platform-to-head transmissibility was the greatest among all conditions (all p < 0.01 versus 150 degrees, d = 1.42 to 2.25). Regarding the comparison of the platform-to-knee transmissibility among all conditions (Table 1 and Figure 2), the ANOVA test showed a significant difference (p < 0.01). The post-hoc analysis reported that the knee flexed at 130 degrees induced smaller transmissibility than at 90 degrees (p < 0.01, d = 1.03).



For the comparison of the RPE (Table 1 and Figure 2), the ANOVA test showed a significant difference among all conditions (p < 0.01). The post-hoc analysis reported that the knee flexed at 150 degrees had the significantly highest RPE (p = 0.02, p < 0.01, and p = 0.02 of the knee flexed at 90, 110, and 130 degrees versus 150 degrees, d = 0.86 to 1.21). The knee flexed at 110 degrees had the significantly lowest RPE (p = 0.01, p = 0.03, and p < 0.01 of the knee flexed at 90, 130, and 150 degrees versus 110 degrees, d = 0.92 to 1.21).



The Pearson’s correlation results (Table 2) revealed a significantly positive correlation between the RPE and the platform-to-head transmissibility only under the condition of the knee flexed at 150 degrees (r = 0.508, p = 0.04), while no statistically significant correlation was observed between the RPE and the platform-to-knee transmissibility (p > 0.05).




4. Discussion


The objective results of this study showed that squatting at certain knee angles produced distinct effects on the vibration transmission to the head and knee. The important finding of this study is that the knee flexed at 110 degrees induced lower transmissibility to the head than the other relatively high or low squat conditions. Changing the knee flexion angle has been reported as a critical role for the attenuation of vibration to protect the head region, and the two possible influential factors usually mentioned are muscle activation and muscle stiffness [27,30]. Increasing the knee flexion angle, leading to more muscle activation, could potentially damp the vibration transmission during WBV [24,27,28]. Thus, the knee flexion of 110 degrees could be a suitable posture to minimize the vibration impact, compared with that of 130 and 150 degrees. However, the knee flexed at 90 degrees did not induce lower transmissibility to the head than at 110 degrees in this study. The negated damping effect may result from increased muscle stiffness [29]. Despite additional muscle activation at the condition of 90 degrees, the net trade-off between muscle activation and muscle stiffness appears to reduce the damping capability of muscles when they are in a lengthened position. Certainly, such phenomena are necessary to investigate in further studies.



In the study of Tankisheva et al. [27], no significant difference between the knee flexion of 110 and 135 degrees was observed in the vibration transmissibility to the head, but was in that to lumbar. In contrast, our results showed that a higher transmissibility to the head was found in the knee flexion of 110 degrees than 130 degrees. This difference may be due to different posture instructions of the upper body. The previous study instructed the participants to hold handles during WBV, leading to a higher transmissibility to the lumbar; however, the participants of our study were not holding anything. Despite holding a handle that could alter the vibration transmission to the upper body, the knee flexion of 110 degrees could mitigate the vibration impact on the upper body.



Sports medicine research has found that WBV is a promising approach for the elderly [31] and individuals with knee injuries to enhance their strength and balance [1,3,4], and could be an alternative treatment for glucocorticoid-induced osteoporosis and osteoarthritis [10]. However, some studies have paid attention to vibration loading applied on knee joints. The accumulative vibration impact has the potential to impair musculoskeletal system [15,16], especially in individuals with knee-related injuries. The transmissibility to the knee has been paid less attention than that to the head because of inducing less perceived discomfort. Therefore, the appropriate training angle to protect the knee joint should be considered and addressed when designing a WBV protocol for long- and short-term training. The present study documented that a knee flexion of 90 degrees induced greater vibration transmissibility to the knee than that of 130 degrees. This result was the same as the outcome of the previous study [18]. Based on these results, WBV training with a knee flexion of 90 degrees should be noted for the elderly and individuals with knee-related injuries. Instead, a knee flexed at 130 degrees is suggested.



RPE is a rapid method to evaluate the training intensity or perceived effort of each individual [35]. A high positive relationship has been found (r = 0.79) between RPE after WBV and muscle activation of the lower extremity during WBV, which can be used to qualify training loads and stimulation [32,33]. It has been found in past studies that the knee angle could be used to significantly modulate the head transmissibility during WBV exposure [22], which is in agreement with our finding. The factor of knee angle has a confounding effect on the association between the RPE and the head transmissibility. In our current study, correlations were conducted separately for different angles to specifically observe the association between head transmissibility and RPE. Under the condition of the knee flexed at 150 degrees (with a high mean transmissibility value [0.76]), the change of RPE was associated with the platform-to-head transmissibility (r = 0.508), while there were no significant correlations under the other conditions (with low mean transmissibility values [0.32–0.47]). The overall discomfort produced by the WBV protocol in different knee angles was relatively mild (mean RPE < 5). This means that measuring RPE after WBV exposure may be, at least partially, affected by the discomfort sensation of the head when the platform-to-head transmissibility reaches a certain level. Such a finding indicates an important application for training safety, though the correlation was moderate. When performing a training protocol that includes sets with the same intensity in long- and short-term WBV training, the transmissibility to the head may be increased by some factors (such as poor posture control and muscle fatigue). High-intensity WBV (2.5 g) causes unpleasant experiences in adults [14] and is considered unsafe if the magnitude of vibration transmitted to the head exceeds 1 g [37]. Excessive magnitudes of vibration stimulus to the head could increase susceptibility to motion sickness, vertigo, and visual impairment [11,12,13,14]. The magnitude of head vibration can be monitored by the change of vibration transmission to the head. The RPE after each training set may reflect the magnitude of head vibration transition during vibration exposure and is a clinical sign that can be used to evaluate the potential risk of head trauma. It is worthwhile to further investigate if RPE can be used as an alternative of conventional vibration measurement methods to evaluate the risk of developing head vibration-related symptoms.



There are several limitations in this study. First, this study only investigated the low-frequency and peak-to-peak amplitude of 20 Hz and 0.55 mm using a vertical WBV machine. The sample size of this study was relatively small, since the estimation of minimum sample size was 19 using the G*Power analysis program (with an alpha 0.05, effect size 0.80, and power 0.80), and the group consisted of young males only. Accordingly, further research using various vibration protocols, a larger sample size, and different groups is required to confirm and support our findings. Second, to be close to clinical practice, the knee joint angle only was controlled in this study, which may be influenced by other joints, such as hip joints. Third, this may not be sufficient for understanding the whole range between 90 and 150 degrees of knee flexion, although non-linear outcomes were shown among different knee angles (90, 110, 130, and 150 degrees). Thus, further studies in this regard are warranted to entirely fill the gap between 90 and 150 degrees.




5. Conclusions


A knee flexed at 110 degrees was the optimal angle to minimize the vibration transmission to the head during WBV exposure. A knee flexion of 130 degrees induced lower transmissibility to the knee. There was a positive relationship between the vibration transmission to the head and the RPE when the head transmissibility reached a certain level. The present findings provide valuable insights and information of the appropriate posture (knee angle) and vibration-induced injury risks during WBV.



Considering the training safety, a knee flexion of 110 degrees is the appropriate selection for minimizing head impact during vibration exposure. A knee flexion of 130 degrees could be a suitable angle for minimizing knee impact. Apart from adopting static squat postures during WBV training, in view of a previous study [21], performing a dynamic squat is a strategy to avoid high vibration exposure of the same body segments. Accordingly, performing a dynamic squat with a range of knee flexion from 110 to 130 degrees could be used to reduce the vibration exposure of the same region. Measuring the RPE during WBV training could concurrently monitor dangers in the head region. Therefore, the risk of vibration-induced injuries can be managed not only by selecting the appropriate angle of knee flexion, but also by subjectively measuring the RPE.
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Figure 1. Postures of various knee angles under whole-body vibration stimulation. 
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Figure 2. Comparison of the head transmissibility, knee transmissibility, and rating of perceived exertion (RPE) among different knee angle conditions. Data are expressed as mean ± SD. * Represents significant difference with other conditions (p < 0.01). † Represents significant difference with the knee flexion angle of 90 degrees condition (p < 0.01). 
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Table 1. Comparison of the head transmissibility, knee transmissibility, and rating of perceived exertion among knee angle conditions.
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	Knee Angle Condition
	90 Degrees
	110 Degrees
	130 Degrees
	150 Degrees
	F Value





	Head transmissibility
	0.46 ± 0.12
	0.32 ± 0.08
	0.47 ± 0.07
	0.76 ± 0.14
	43.93 1



	Knee transmissibility
	1.86 ± 0.51
	1.61 ± 0.51
	1.38 ± 0.41
	1.47 ± 0.33
	6.77 1



	Rating of perceived exertion
	2.8 ± 1.0
	2.3 ± 0.9
	3.1 ± 1.1
	4.3 ± 1.6
	13.84 1







Data are expressed as mean ± SD. 1 Represents significant difference among the four conditions (p < 0.01).
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Table 2. Correlation (r) between the rating of perceived exertion (RPE) and the head or knee transmissibility. Correlation analyses were separately performed on data from different angles.
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Transmissibility

	
RPE




	
90 Degrees

	
110 Degrees

	
130 Degrees

	
150 Degrees






	
Head

	
0.145

	
0.069

	
−0.136

	
0.508 1




	
Knee

	
0.025

	
−0.129

	
0.040

	
0.127








Data are expressed as mean ± SD. 1 Represents a significant relationship (p < 0.05).
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