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A B S T R A C T   

Finding the reflex circuitry responsible for high-frequency vibration-induced muscle contraction takes work. The 
main challenge is to determine the effective stimulus time (EST) point at which continuous (sinusoidal) stimu
lation (i.e., vibration) triggers the reflex response. A novel “cumulated averaging method” has been previously 
proposed for estimating the EST point. In the current study, we aimed to test the reliability of the cumulated 
average method. We used five different whole-body vibration (WBV) frequencies in two experiments. The 
consistency between the EST points estimated from the first and second experiments was analysed with the 
intraclass correlation (ICC) and technical error of measurement (TEM). The ICC coefficient with 95% CI for the 
EST point estimation was 0.988 (0.950–0.997). The relative TEM was 1.3%. We concluded that the cumulated 
average method is highly reliable in estimating the effective stimulus time point for high-frequency continuous 
sinusoidal signals.   

1. Introduction 

It is known that whole-body vibration (WBV) has beneficial effects 
on neuromuscular performance and increases muscle strength (Aydın 
et al., 2020; Cidem et al., 2014); therefore, there is considerable interest 
in WBV exercises in sports, rehabilitation, and fitness. Although the 
physiological mechanisms underlying the beneficial neuromuscular ef
fects of WBV are not fully understood, researchers have suggested that 
spinal responses and spinal reflexes can explain part of this effect (Cakar 
et al., 2015; Karacan et al., 2017, 2016; Karacan et al., 2009; Karacan 
and Türker, 2020; Ritzmann and Mileva, 2020; Yildirim et al., 2020). 

Reflex latency measurement is often used in clinical and neuro
physiological research to understand the receptors and circuitries 
responsible for the reflex. Although the effects of WBV are well dis
cussed, the latency of the reflex induced by WBV is often ignored 
because the period between two consecutive vibration stimuli is shorter 
than the reflex latency expected in a neuronal circuit, and the vibration 
is a continuous sinusoidal stimulus. Researchers have used the cumulant 
density function method of Halliday and co-workers (1995) to solve 

such problems (Sowman et al., 2006). This method reveals the rela
tionship between the two synchronously recorded signals due to their 
lag (Halliday and Rosenberg, 1999). Although the cumulant density 
function effectively uses the peaks of signals to estimate the lag time, 
this method does not indicate the exact time of the effective stimulus 
(effective stimulus time; EST) in the signal. 

Providing the EST, i.e., the exact location of the effective mechanical 
stimulus in time along one period of a vibration cycle, is crucial to 
indicate the exact reflex latency. It was previously suggested that the 
EST induced by WBV could be estimated using a novel technique, the 
cumulated averaging method (Karacan et al., 2014). Although this 
method was tested successfully (Karacan et al., 2014) against the only 
other available method for the same purpose (cumulant density function 
analyses of Halliday et al., 1995), no reliability study was performed 
previously. A reliability study is needed since we had several assump
tions for developing the cumulative averaging method: Firstly, we 
assumed that the receptors respond to the acceleration of the vibration. 
Earlier studies support this assumption for muscle spindle primary 
endings (Poshina et al., 1976). Secondly, we assumed that each 
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vibration frequency activates the receptors at the same level of accel
eration no matter what the vibration frequency was. Thirdly, we 
assumed that the exact effective stimulation point could be found by 
trigger averaging the acceleration data using the peaks of rectified EMG 
as triggers. Finally, we assumed that the peaks of rectified EMG repre
sent reflexly activated motor units. We have previously published this 
method and used simulations to test its usefulness in indicating the 
effective stimulus time point and its superiority over the other methods 
(Karacan et al., 2014). We wished to test its reliability in the current 
study since we had several assumptions in developing this technique. In 
this study, we attempted to test the reliability of this method two times 
and compare the effective stimulation time point and the entire error 
curves using intraclass correlation (ICC) and the technical error of 
measurement (TEM). Repeating the same protocol twice is justified since 
it is well-known that muscles can develop a given force in many different 
ways, as force comprises the contraction of several agonists and antag
onists. Each time a force is developed, a contributing muscle uses its 
abundance of choice to recruit different portions of muscles, and no two 
contraction uses identical portions (van Eijden et al., 1990; Scutter and 
Türker, 1998). Repeating the same stimulus twice, as was done in the 
current study, is expected to recruit different portions of different 
muscles. We hypothesised that the effective stimulation time point and 
error curves would differ between the two attempts. 

2. Materials and methods 

The study protocol was registered with ClinicalTrials.gov 
(NCT05129982). 

2.1. Participants 

Ten healthy volunteers between the ages of 25 and 30 (six males and 
four females) agreed to participate in this study. A participant with 
dizziness during the WBV application was excluded from the study. The 
mean age of the participants who completed the study was 27.2 ± 1.8 
years, and the mean height was 174.5 ± 10.7 cm. All participants pro
vided informed consent prior to participation. All experimental pro
cedures were designed with the Helsinki declaration in mind and 
approved by Kanuni Sultan Suleyman Training and the Research Hos
pital Ethics Committee (the number/I.D. of the approval: 289 / 2021). 

2.2. Testing and analysis procedures 

Surface electromyography (sEMG) electrodes were placed on the 
right soleus muscle belly. Two sets of experimental WBV were applied. 
The vibration stimulus was recorded using an accelerometer fixed on the 
WBV platform. Using the cumulated average method, the reflex response 
induced by the WBV and the effective stimulus time (EST) of the vi
bration stimulus that initiated this response were determined (Karacan 
et al., 2014). The reliability of this method was analysed using the 
intraclass correlation (ICC) and the technical error of measurement 
(TEM). 

2.2.1. Data acquisition 
Participants were barefooted, and no sponge or foam was placed 

between the vibration platform and their feet. The participants stood 
upright on the vibration platform with their hips and knees in a neutral 
position. First, 30 Hz, low amplitude (2 mm) vibration with 30 s was 
applied to each participant for familiarisation. After three minutes of 
rest, two sets of experimental WBV were applied. In each WBV set, the 
vibration frequencies (30, 35, 40, 45, 50 Hz) were applied randomly. 
WBV was applied at each frequency for 30 s with low amplitude (2 mm). 
The WBV application was delivered using a PowerPlate Pro5 device 
(PowerPlate International, Amsterdam, The Netherlands). 

The vibration stimulus was recorded using an accelerometer 
(ADXL326, 3-Axis ± 16 g, Analog Devices, Wilmington, MA, USA) 

mounted on the WBV platform. To record the reflex responses induced 
by the vibration stimulus, disposable self-adhesive bipolar Ag/AgCl 
electrodes (Covidien Kendall, Dublin, Ireland) were attached to the skin 
on the right soleus muscle belly. The electrodes (10 mm in diameter, 
inter-electrode distance of 40 mm) were arranged in the direction of the 
muscle fibres (Tucker and Türker, 2005). Before the electrodes were 
attached, the skin hairs were shaved, lightly rubbed, cleaned with 
alcohol, and moisturised with electrode gel. All data were sampled at 40 
kHz. sEMG signals were amplified (Dual Bio Amp ML 135, ADInstru
ments, Oxford, United Kingdom) with a bandwidth frequency ranging 
from 0.3 Hz to 1000 Hz. Records were obtained using the PowerLab data 
acquisition system (ADInstruments, Oxford, United Kingdom) and ana
lysed using the LabChart7 software (ver. 7.3.7, ADInstruments, Oxford, 
United Kingdom). 

2.2.2. Determination of the effective stimulus time 
The effective stimulus time (EST) point is the mechanical stimulation 

threshold (Karacan et al., 2014). The coordinate of the mechanical 
threshold on the sinusoidal mechanical stimulus curve (the phase angle 
of the mechanical threshold in the vibration sine) depends on the 
magnitude of the acceleration provided by the WBV. For each frequency, 
the phase angle of the EST on the sine curve is different (Cidem et al., 
2017; Karacan et al., 2014; Rittweger and Taiar, 2020). The cumulated 
average method takes advantage of the different phase angle for each 
frequency. It can determine the exact point of the EST using vibration 
acceleration data applied to at least three different frequencies (Karacan 
et al., 2014). 

To determine the EST using the cumulated average method, EMG 
data were bandpass filtered at 80–500 Hz to reduce vibration-induced 
movement artifacts, and then full-wave rectified (Sebik et al., 2013). 
The peaks of spikes in the rectified EMG were marked as the trigger 
points to be used in a spike-triggered averaging scheme. Spike-triggered 
averaging was performed using these peaks in the EMG data as triggers 
and vibration records (acceleration data) as sources. The averaging 
process covered 75 ms of the vibration data preceding the trigger and 15 
ms after. This process was performed separately for each of the five vi
bration frequencies. Then, the average curves plotted for each frequency 
were superimposed to obtain a cumulated average method. The stan
dard error (S.E.) of the averaged acceleration data of the five vibration 
frequencies covered by the cumulative averaging curve was calculated 
for every 3000 bins in the averaging window, from − 75 to + 15 ms of 
the trigger. The lowest S.E. point was determined in the S.E. curve to 
indicate the EST point in the cumulative averaging curve of the accel
eration. The reflex latency was calculated as the period between the 
effective stimulus time point and the onset of reflex response. Therefore, 
similar averaging procedures were applied to EMG recordings to 
determine the “onset of reflex response” time. The lowest point in the S. 
E. of the cumulative averaging curve of rectified EMG was marked as the 
onset of the reflex response (Fig. 1). 

2.3. Statistical analysis 

The normal distribution of the data was confirmed using the Sha
piro–Wilk test. The arithmetic means and standard deviations (S.D.s) 
were calculated for each variable. The ICC test analysed the agreement 
between the recorded data from the first and second experiments. The 
ICC coefficient with 95% confidence intervals (CI) was calculated using 
a single-rating, absolute-agreement, 2-way mixed-effects model (Koo 
and Li, 2016). The relative TEM test analysed the differences. The 
relative TEM, a variation index, was calculated using the TEM method 
(Goto and Mascie-Taylor, 2007). The statistical significance was set at P 
< 0.05. The software package used for data analysis was PASW Statistics 
for Windows, Version 18.0 (SPSS Inc, Armonk, NY). 
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3. Results 

The mean reflex latency (±S.D.) was 34.6 (± 4.8) ms in the first 
experiment and 34.3 (±4.0) ms in the second experiment. The EST was 
40.6 (±4.9) ms in the first experiment and 40.4 (±4.4) ms in the second, 
with p > 0.05 for both measurements. 

The ICC coefficient with 95% CI for the EST points, estimated for the 
first and second experiments, was 0.988 (0.950–0.997), p < 0.0001. The 
relative TEM was 1.3 % for the EST points. Fig. 2 shows a correlation 
between the EST points estimated for the first and second experiments. 

The ICC coefficient with 95% CI for the S.E. curve data obtained from 
the first and second experiments was 0.932 (0.930–0.933; Fig. 3), p <
0.0001. The relative TEM was 12.1 %. 

The ICC coefficient with 95% CI for the cumulative averaging ac
celeration curve data obtained in the first and second experiments was 
0.931 (0.929–0.932). The relative TEM was 1.2%. 

4. Discussion 

The present study aimed to test the reliability of the cumulated 
averaging method used to determine the EST point. Following this, the 
ICC and TEM methods tested the consistency between acceleration data 
obtained from the first and second experiments. The results have proved 

that the cumulative averaging method is highly reliable in estimating 
the EST point of high-frequency vibration-induced reflex responses. This 
is because both intraclass correlation (ICC) and the technical error of 
measurement (TEM) showed significant matches between the results of 
the two experiments. Therefore, we reject our original hypothesis that 
the effective stimulation time point and error curves would differ. 

The only other method available for estimating the reflex response 
latency using high-frequency vibration is that of the cumulant density 
function of Halliday and co-workers (1995). Their method uses peaks of 
signals to determine a lag time between two synchronously recorded 
signals. It reveals the signal relationship as a function of the lag time 
(Halliday and Rosenberg, 1999). However, this analysis does not pro
vide a solution for determining the effective stimulus time and response 
onset points. This is because, although the cumulant density method 
effectively uses the peaks of signals to estimate the lag time, it does not 
indicate the exact time of the effective stimulus and the time of the 
initial response in the signal. Since the cumulative averaging method 

Fig. 1. Estimation of the effective stimulus time (EST) point. a. Five averaged 
rectified EMG traces, each representing five different vibration frequencies. b. 
The S.E. curve of rectified EMG. c.Five averaged acceleration sinusoidal curves, 
each representing five different vibration frequencies. d. The S.E. curve of ac
celeration. The empty circle and Line 1 represent the peak of spikes of the 
rectified EMG as the trigger point. The spike peaks were used as triggers to 
average acceleration data and rectified EMG data from a − 75 to + 15 ms 
segment. Line 2 represents the lowest value on the S.E. curve for the EMG data, 
indicating the initiation of the EMG response to the vibration stimulus. Line 3 
represents the S.D. curve’s lowest value for the acceleration data, indicating the 
effective stimulus time (EST) point. S.E.: standard error. 

Fig. 2. Correlation between the EST points estimated for the first and second 
experiments. 

Fig. 3. Matching the standard error curves of the acceleration data obtained 
from the first and second experiments. Both curves are in a “V” pattern: S.E. 
decreases systematically between − 75 ms and 0 ms. The point where the 
standard error is lowest indicates the EST point. The divergence between the 
two curves decreases as they approach the representative EST point. Blackline is 
the first experiment, and Greyline is the second experiment. Each curve is 
composed of 3000 bins. 
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provides this missing information essential to estimate the circuitry of 
the reflex response, and since the current study provided evidence for its 
high reliability, it would be helpful for other researchers who attempt to 
use high-frequency vibration in their research. 

Mildren and co-workers (2017) used a different method (noisy 
tendon vibration) for the same purpose. They found that compared to 
the classical cross-correlation method, our previously published method 
(Karacan et al., 2014) and their method was more precise in indicating 
the earliest reflex-onset latency. They concluded that: “trigger averaging 
to either transient or sinusoidal stimuli could provide clearer identifi
cation of the earliest reflex-onset latency (mediated by the fastest con
ducting axons) compared with correlational techniques”(Mildren et al., 
2017). 

The EST point is determined on the averaged sinusoidal acceleration 
curve by calculating the standard error (S.E.) of acceleration data 
recorded during vibration at different frequencies. Therefore, the reli
ability of estimating the EST point using the cumulated average method 
depends on the average acceleration curve’s repeatability and the lowest 
S.E. point on this curve. 

4.1. Repeatability of the lowest S.E. Point 

To test the reliability of the cumulated average method, the S.E. 
curves of acceleration data obtained from the first and second experi
ments were superimposed. As seen in Fig. 3, S.E. curves displayed a “V” 
pattern, where S.E. decreased systematically between − 75 ms and 0 ms. 
The peak of the “V” pattern is where the S.E. was the lowest. The point 
where the standard error was lowest indicated the EST point (Karacan 
et al., 2014). Additionally, the divergence between the two S.E. curves 
decreased as they approached the peak of the V-pattern. The ICC sta
tistics showed that the consistency between the two S.E. curves was very 
high. In parallel with these findings, the test–retest reliability of the 
cumulated average method used to estimate the EST point was high. In 
addition, the relative TEM statistics showed a minimal divergence be
tween the EST points of the first and second experiments. 

4.2. Repeatability of the cumulative averaging acceleration curve 

The cumulative averaging acceleration curve plot technique has 
excellent reliability and low divergence. In the method used in this 
study, the location of the EST point on the cumulative averaging ac
celeration curve was shown with the help of the lowest standard error. 
The acceleration curves obtained from the first and second experiments 
were superimposed to test reliability. The fit of cumulative averaging 
acceleration curves obtained from the first and second experiments 
means perfect harmony of acceleration distribution traces consisting of 
thousands of data points. 

A 75 ms acceleration data window consisting of 3000 bins was 
created by taking the rectified EMG spike peaks as triggers for each WBV 
frequency and acceleration curves as the source. These data windows 
were averaged for each frequency. Very high ICC and acceptable relative 
TEM values for the superimposed acceleration curves, high ICC corre
lations and the V-pattern of the S.E. curve imply that the cumulated 
average method indicates an EST point not by chance but with a high 
level of confidence. 

4.3. Receptor of origin 

High-frequency vibration stimulus can activate several receptors, 
including muscle spindles, Pacinian receptors and inner ear receptors. 
Among these receptors, muscle spindles’ primary endings are exquisitely 
sensitive to high-frequency vibration (Brown et al., 1967; Matthews, 
1976), which is probably why this receptor has been implicated as the 
receptor of origin on reflex responses using high-frequency vibration. 
However, in human studies, it is not easy to estimate the receptor origin 
to support such claims that used animal models (Cody et al., 1972) since 

tendon organs and spindle secondaries were also implicated for 
responding to high-frequency vibration in experiments using micro
neurography (Fallon and Macefield, 2007). It is essential to find the 
reflex latency to gather evidence on the receptor of origin. Our cumu
lative averaging method is unique because it uses several different high- 
frequency vibration levels and accelerations to estimate the reflex la
tency. Since the current study provided evidence that the cumulative 
averaging method is highly reliable, and since the reflex latency we 
obtained is similar to the T-reflex latency (Aydın et al., 2020), we 
conclude that the receptors stimulated in the high-frequency vibration 
are likely to be the muscle spindle primary endings. 

Limitations of the study. 
The main limitation of the present study is that the reliability tests 

were performed only for the soleus muscle. Also, the EST point deter
mined using the cumulative average method may contain a margin of 
error depending on the distance from the vibration platform of the 
muscle. Our previous study showed that this margin of error was 
approximately 0.14 ms for the gastrocnemius muscle and 0.25 ms for the 
rectus femoris muscle (Topkara et al., 2021). In light of the information 
above, it was estimated that the margin of error for the soleus muscle is 
negligibly low. However, the reliability of the cumulated averaging 
technique should also be tested for more proximal muscles. 

5. Conclusions 

The reliability of the methods used in reflex studies where the 
neuromuscular effects of WBV are examined is critical. Nowadays, there 
is no method other than the cumulated average to determine the exact 
time point (i.e., EST) when stimuli in continuous sinusoidal form, such 
as vibration, trigger a reflex response. This study has shown that the 
cumulated average method used to determine the EST point is highly 
reliable. We believe that with this confirmation, the cumulated average 
method will be widely used to study the threshold properties of re
ceptors activated during vibration and the latency and duration of 
vibration-induced reflexes. Further studies are needed to test the 
cumulated average method’s reliability for muscles other than the so
leus, vibration amplitudes, subject positions, and other high-frequency 
sinusoidal stimuli. 
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