ﬂ Sensors

Article

Test-Retest and Between—-Device Reliability of Vimaxpro IMU
at Hip and Ankle for Vertical Jump Measurement

Lamberto Villalon-Gasch, Jose M. Jimenez-Olmedo *, Javier Olaya-Cuartero and Basilio Pueo

Citation: Villalon-Gasch, L.;
Jimenez-Olmedo, ].M.;
Olaya-Cuartero, J.; Pueo, B.
Test-Retest and Between-Device
Reliability of Vinaxpro IMU at Hip
and Ankle for Vertical Jump
Measurement. Sensors 2023, 23, 2068.
https://doi.org/10.3390/s23042068

Academic Editors: Felipe
Garcia-Pinillos, Diego Jaén-Carrillo

and Alejandro Pérez-Castilla

Received: 31 January 2023
Revised: 9 February 2023
Accepted: 10 February 2023
Published: 12 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

Research Group in Health, Physical Activity, and Sports Technology (Health-Tech), Faculty of Education,
University of Alicante, San Vicente del Raspeig, 03690 Alicante, Spain
* Correspondence: j.olmedo@ua.es

Abstract: The ability to generate force in the lower body can be considered a performance factor in
sports. This study aims to analyze the test-retest and between-device reliability related to the loca-
tion on the body of the inertial measurement unit Vmaxpro for the estimation of vertical jump. Eleven
highly trained female athletes performed 220 countermovement jumps (CM]). Data were simulta-
neously captured by two Vmaxpro units located between L4 and L5 vertebrae (hip method) and on
top of the tibial malleolus (ankle method). Intrasession reliability was higher for ankle (ICC = 0.96;
CCC=0.93; SEM =1.0 cm; CV = 4.64%) than hip ICC = 0.91; CCC = 0.92; SEM = 3.4 cm; CV =5.13%).
In addition, sensitivity was higher for ankle (SWC = 0.28) than for the hip method (SWC = 0.40). The
noise of the measurement (SEM) was higher than the worthwhile change (SWC), indicating lack of
ability to detect meaningful changes. The agreement between methods was moderate (rs = 0.84; ICC
=0.77, CCC=0.25; SEM = 1.47 cm). Significant differences were detected between methods (-8.5 cm,
p <0.05, ES = 2.2). In conclusion, the location of the device affects the measurement by underesti-
mating CM]J on ankle. Despite the acceptable consistency of the instrument, the results of the relia-
bility analysis reveal a significant magnitude of both random and systematic error. As such, the
Vmaxpro should not be considered a reliable instrument for measuring CM]J.

Keywords: intra-session; intersession; between-session; sensibility; countermovement jump; CMJ;
agreement; error

1. Introduction

The ability to generate force in the lower body can be considered a performance fac-
tor in sports. One way to assess and monitor this force and power is through the vertical
jump (V]) [1]. The countermovement jump (CM]) has been used to monitor the fitness of
athletes [2-4] and fatigue [5,6]. There are many protocols and instruments used to carry
out the analysis and monitoring of V] [7], the most reliable of which are those that employ
the double integration of reaction forces using force platforms and marker tracking with
motion capture systems (MoCAP) [8]. However, these instruments are expensive, com-
plex to set up and calibrate, and difficult to operate, and their use is therefore restricted
to research use. They also have the added problem that data cannot be collected outdoors
or on certain sport-specific surfaces such as grass or sand, which is also a problem with
jump mats [9].

Accelerometers represent an alternative method that partially addresses the limita-
tions of force platforms and motion capture (MoCAP) systems. Due to their smaller size
and cost-effectiveness, accelerometers have seen a significant increase in usage in recent
years for the study of human movement [10,11]. Inertial measurement units (IMUs) are
electromechanical measurement systems that can combine time-accurate data acquisition
with algorithms collected from all its sensors (i.e., accelerometer, gyroscope, and magne-
toscope) to track position in three dimensions, without affecting the natural movements
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of athletes [12]. As a result, accelerometers are highly ecologically valid instruments, as
they allow for data collection in a less obtrusive manner.

The validity of the Vmaxpro has been examined in the context of loaded jumps and
has been determined to be valid in these studies [13,14]. However, no validation studies
have been conducted specifically for the measurement of unloaded (CM]J). [13,14]. In
terms of reliability, IMUs typically exhibit values that are considered reliable. This trend
is supported by studies such as that of Rago et al. [15], which analyzed the reliability of
the Myotest IMU. They detected CV values of 4.2%, test-retest ICC of 0.97, and SEM values
of 0.5 cm, as well as SWC of 0.8, indicating this IMU to be a valid instrument. Lower reli-
ability indices were reported by Brooks et al. [16], who detected standardized SEM values
of 0.3% which they considered moderate, and test-retest ICC of 0.86. However, the au-
thors still considered the IMU to be reliable, despite the standardized SEM exceeding
0.2%.

Many studies place the IMU on the hip during data collection; however, the findings
of Spangler et al. [17] suggest that placement of the IMU on the torso does not significantly
affect test-retest reliability, as they observed ICC values of 0.85 and CV of 6.7% for the
Catapult GPS IMU. In contrast, Rantalainen et al. [18] detected lower reliability values (ICC
=0.686 and CV = 8.7%) for the same device on the torso. Similarly, Garnacho-Castario et
al. [19] placed the Stride IMU on the ankle and detected values similar to those on the hip
(ICC=0.90; CV =4.7%).

The surface on which the jumps are performed can also impact the reliability of the
measurements, as surfaces such as sand or grass can introduce additional variability and
potentially alter the technical execution of the movement [9]. For example, a study by
Schleitzer et al. [20] examined the jumping performance of beach volleyball players on a
sand surface using the Movesense IMU, and detected ICC values of 0.866 [20]. Hence, stud-
ies in which the IMU is not placed on the hip, or those conducted on surfaces that are less
stable, tend to have lower reliability values compared to studies where the IMU is placed
on the hip. The ICC values are usually above 0.95 and CV values are around 3.5% in these
studies [15,21-23]. Consequently, IMUs can be considered reliable instruments in the
measurement of V], although factors such as biological variability, surface, or location of
the instrument may influence their reliability [24].

To the best of our knowledge, the reliability of the Vmaxpro for measuring V] has not
been evaluated. Additionally, there are currently no studies that have examined the im-
pact of the location of the accelerometer on different body segments for measuring CMJ
on reliability. Further research is necessary to determine the reliability of Vmaxpro in meas-
uring V] and to establish whether the instrument can consistently produce measurements
that are of sufficient quality to be useful for practitioners. Therefore, the aim of this study
is to evaluate the test-retest and inter-device reliability of the Vmaxpro, when placed at the
ankle or hip, in measuring countermovement jump (CM]) in highly trained female ath-
letes.

2. Materials and Methods
2.1. Study Design

This observational study utilized a repeated measures design to determine the test—
retest and between-device reliability of the IMU-based Vmaxpro for V] measurements.
Data were simultaneously collected by two identical specimens of Vimaxpro, located on the
right ankle, 1 cm above the malleolus of the tibia, and on the back above the hip between
the first and fifth lumbar vertebrae. This design allows to compare the results of the jump
estimation obtained by both instruments and to study the absolute error, the degree of
agreement and the existence of differences between them. The sample size was deter-
mined using G*Power (v3.1.9.7, Heinrich-Heine-Universitat Diisseldorf, Diisseldorf, Ger-
many), estimating a minimum of 220 jumps for the Wilcoxon test (« = 0.05, two-tailed, ES
> 0.25), and for correlations of two paired variables (power of 90%, a = 0.05, two-tailed
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and ES > 0.4). For this purpose, 11 participants performed 10 jumps with countermove-
ment, resting 2 minutes between attempts in each session, resulting in a total of 220 valid
jumps.

2.2. Procedure

The experimental procedure was conducted in accordance with a randomized,
within-subjects design, in which participants were assessed in three separate sessions sep-
arated by a seven-day interval. To control for potential effects associated with circadian
rhythms, all testing sessions were conducted at the same time of day. During the initial
testing session, participants were provided with familiarization of the experimental pro-
tocols and anthropometric measurements were collected. In the second and third testing
sessions, the same procedures were repeated in the same order: first, a standardized
warm-up consisting of five minutes of continuous running was completed, followed by
three minutes of dynamic range-of-motion exercises, and then two minutes of familiari-
zation jumps in which subjects were instructed in the initial and final positions of the
jump. After the warm-up, a four-minute rest period was implemented during which the
inertial device was set up and the jumping protocols were reviewed. Participants then
completed 10 CM] with two minutes of rest between each attempt to control for the effects
of fatigue [25].

To avoid displacements in the transverse and frontal plane, take-off and landing
jumps were executed completely within the limits. CMJ were executed according to es-
tablished protocols, with a rapid descent to a depth self-selected by each participant
[26,27], followed by an immediate and powerful ascent to achieve take-off [26,27]. All tests
were performed with the hands placed on the iliac crests in the Akimbo position [28] to
avoid variability generated by the action of the arms. Participants were instructed to jump
as high as possible on each attempt, and, in addition, to land on tiptoe imitating the posi-
tion adopted by the ankle joint in the take-off phase, thus attempting to minimize the error
produced by variations in the angle of the ankle flexion in the landing phase [29]. The
jumps were monitored by a trained instructor to ensure proper execution, and attempts
were deemed invalid if any of particular criteria were not met, namely if the subjects did
not land within the established boundaries, if they did not land on the balls of their feet,
or if they separated their hands from the iliac crest at any point during the jump. All rec-
ords were collected simultaneously by two units of the Vmaxpro.

2.3. Participants

Eleven highly trained female volleyball players [30] from the Spanish Superliga 2
voluntarily participated in this validation study. All participants met the following criteria
to be included as highly trained athletes [30]: (i) competing at the national level, (ii) being
part of a team competing in the second division of the Spanish national volleyball league
(Superliga 2), (iii) completing structured and periodized training and developing towards
(within 20%) of maximal or nearly maximal norms within volleyball, (iv) developing pro-
ficiency in skills required to perform volleyball. The descriptive data of the sample can be
seen in Table 1.

Table 1. Characteristics of highly trained female volleyball players. Data are presented as M + SD.

N=11 Mean SD

Age (years) 23.10 3.10

Height (m) 1.73 0.05

Body mass (kg) 64.0 7.80

Fat percentage (%) 17.30 2.70
BMI (kg/m?) 21.30 1.90
Training experience (years) 9.30 1.80

BMI: Body Mass Index; SD: Standard Deviation.
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All participants signed an informed consent document informing them of the char-
acteristics of the intervention, as well as the strictly scientific use of the data obtained in
the intervention as specified in the World Medical Association (WMA) Declaration of Hel-
sinki; Ethical Principles for Medical Research Involving Human Subjects 1975 (revised in
Fortaleza, Brazil in 2013). In addition, this research was approved by the ethics committee
of the University of Alicante (UA-2018-11-17).

All participants met the three inclusion criteria for participation in this study: being
female, aged over 18 years, having 3 years minimum of training experience in volleyball,
being familiar with CM]J. The exclusion criteria included presenting a current or previous
pathology that entailed a medical contraindication for physical activity, presenting a pre-
vious musculoskeletal injury or one acquired during the experimental phase, not partici-
pating in all the interventions included in the study, and ingesting alcohol or drugs in the
48 h before the tests.

2.4. IMU-Based Vmaxpro

The Vmaxpro (Blaumann & Meyer-Sports Technology UG, Magdeburg, Germany)
consists of a triaxial accelerometer, a gyroscope, and a magnetometer, weighing 16 g and
measuring 4.5 x 2.7 x 1.2 cm. It has a sampling rate of 1000 Hz [31] and can be attached to
metal surfaces by magnets or placed elsewhere using an elastic strap. This IMU is primar-
ily designed for velocity-based resistance training [32], obtaining data from acceleration
integration, so it can provide values for related variables such as peak velocity, average
velocity, peak eccentric velocity, average eccentric velocity, percentage of force develop-
ment, percentage of eccentric force development, average propulsive velocity, distance,
and duration. The height of a jump can be calculated based on the velocity of the jumper’s
center of mass at take-off [33]. By applying the law of conservation of mechanical energy
to the flight phase of the jump, a relationship between jump height and take-off velocity
can be established. In the case of vertical jumping, air resistance is considered minimal, so
the jumper can be treated as a projectile in free flight. Taking into account the changes in
kinetic energy and gravitational potential energy from the moment of take-off to the peak
of the jump, the jump height reached can be calculated by

vs

V] = 29
where v is the take-off velocity. Therefore, by measuring the peak velocity data with the
IMU, the vertical jump height can be calculated as this corresponds to the take-off velocity
[1]. The data are sent instantly via Bluetooth wireless connection (65 Hz) to a smartphone
or tablet device with the Vmaxpro app (BM Sports Technology GmbH, Magdeburg, Ger-
many) installed, allowing the data to be viewed instantly and exported to a spreadsheet
in CSV format. Before each measurement, each device was calibrated on all six faces by
placing it on a completely flat surface for a sufficient period of time, allowing the software
to recognize and establish the local three-dimensional coordinates. Once calibrated, the
first unit was placed on an elastic band to be as close as possible to the center of mass, at
the subject’s hip, according to the manufacturer’s specifications [34] (hip device). The sec-
ond unit was placed by securing it with pre-bandage tape on top of the tibial malleolus
(ankle device). In this study, a smartphone with the same version of the app was utilized
for each sensor to simultaneously collect take-off velocity data on each jump. The paired
data were then organized into a spreadsheet format and analyzed using a statistical soft-
ware package. The complete setup is shown in Figure 1.
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Figure 1. Experimental setup showing the locations of the two Vmaxpro devices: hip (close to the
center of mass, as indicated by the manufacturer), and ankle (tibial malleolus). Data are sent to
smartphones via Bluetooth and the take-off velocity vo is used to conduct the reliability analysis.

2.5. Statistical Analysis

Descriptive data are shown as the mean and standard deviation. The Kolmogorov—
Smirnov test was used to analyze the normality of the sample, resulting in a non-normal
distribution for the Vmaxpro data group located at the hip. The reliability of Vmaxpro was
determined through various tests aimed at estimating the level of agreement and the mag-
nitude of the error in the measure under test-retest and between the different device lo-
cations (hip or ankle devices) [35]. Given the non-parametric nature of the sample, the
correlation analysis was carried out using the Spearman’s coefficients (rs),

_ cov(R(X),R(Y))
ORX)OR(Y)
where cov(R(X), R(Y)) is the covariance and orx) and or() are the standard deviations of

the rank variables. The intraclass correlation coefficient (ICC) (3,1) was used to determine
the intra-session reliability of each of the instruments (consistency),

N

MSR - MSE

ICCBD = w5, + (= misy

while ICC (2,k) was used to establish the reliability between instruments [36],

MSR - MSE
MSC - MSE’
n

ICC(2,) =
MSg +

where MSr and MSc are the mean square for data in rows and columns, respectively; MSe
is mean square for error; n is the number of subjects; and k is the number of measurements
[36]. The Lin concordance index (CCC) was calculated to determine the degree of agree-
ment between the two device locations,

2pay0y,

CCC= )
(,le - .uy)z + O-)? + Oy

where p is the correlation coefficient, y and 0? are the means and variances for x and y.
CCC can be split into two terms CCC = p x Cy», which indicates the degree of similarity
between the jump height data obtained from the two devices, where p represents the pre-
cision of the measurement and C» represents the accuracy of the measurement. An ideal
scenario, where x =y, would result in a CCC of 1.0 [37]. The results obtained for the dif-
ferent correlation coefficients were classified as trivial (<0.1), small (0.1-0.29), moderate
(0.3-0.49), high (0.5-0.69), very high (0.7-0.89), and practically perfect (>0.9) [38].

Additionally, a linear dependence analysis was performed on the paired observa-
tions using the Passing—Bablok linear regression method [39]. This method was used to
determine the slope and intercept necessary for obtaining the fitting equation between the
two instruments. The standard error of the estimate (SEE) was also determined to evaluate
the degree of fit of the data to a linear model,
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SEE = M,
n

where x is the measured values, x’is the values predicted by the multiple regression model
and 7 is the number of pairs of measures. The magnitude of the error was estimated by
calculating the standard error of the measure SEM,
Sdaifs

7
where Sdayr is the standard deviation of the difference [40]. This statistic provides infor-
mation on the error in absolute terms from the analysis of the dispersion of values around
the true value [41]. SEM can also be expressed in its standardized form interpreting those
values of SEM as trivial (<0.2), small (0.2-0.59), moderate (0.6-1.19), large (1.2-1.99), and
very large (>0.2) [41]. The relative reliability of the measurement was established by cal-
culating the coefficient of variation (CV) as

SEM =

SEM
CV=100- T,
where u is the mean value. The CV outcomes were then classified according to previous
studies [38,42] as follows: low (>10%), moderate (5-10%), good (<5%). To determine if the
method is highly reliable, it was established that ICC should be greater than 0.90 and CV
should be less than 5% [37,41,43].
Sensitivity of the measurement was evaluated using the smallest worthwhile change
(SWCQC), which allows for determining the minimum improvements that present a practical
impact [44],

SWC = 0.2 -2 - SEM,

by knowing the SWC, the signal-to-noise ratio can be determined. If the signal-to-noise
ratio (SWC/SEM) is greater than unity, the data can be considered reliable [43—45].

To determine the significant differences (systematic bias) in the values shown by the
two Vmaxpro devices placed on hip and knee, a Wilcoxon test for paired samples was per-
formed, along with the bias-corrected Hedges effect size g (ES) [46]

Uy — Uy
\j(nl —1)s? + (ny, — 1)s2

g:

n—D+Mm,—1)

where ¢ and s denote the mean and standard deviation of paired samples 1 and 2. This
test was used to evaluate the statistical significance and magnitude of the difference be-
tween the two devices [46]. The level of significance was established at p < 0.05, and the
differences expressed as ES were interpreted according to Hopkins et al. [46] as trivial
(<0.2), small (0.2-0.59), moderate (0.6-1.19), large (1.2-1.99), very large (0.2-3.99), and
huge (>4.0). The degree of agreement between the height data obtained from the two
paired devices was evaluated using Bland-Altman plots. These plots allow visualizing
the systematic error and the limits of agreement (LoA) for 95%,

LoA = +1.96 - SDy;f /-

The maximum allowed differences were calculated from the CV of each method us-
ing the following expression V(CV2methodt + CV2method2) [47]. The presence of disagreement
between the two methods was determined by analyzing the 95% confidence limits of the
upper and lower LoA. If the upper limit is below the minimum allowed difference and
the lower limit is above the maximum allowed difference, the methods are considered in
agreement [48]. Additionally, the presence of proportional error was identified if the Pear-
son product-moment correlation coefficient (r2) is greater than 0.1 [41,49]. This infor-
mation was used to evaluate the level of agreement and identify any potential sources of
error between the two devices.
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The level of agreement and potential errors between the two devices were calculated
in multiple situations. The reliability between the devices was calculated using paired
data from devices located at the hip and ankle, and the intra-session reliability of each
device was studied using data from each jump and for each device separately. Addition-
ally, the test-retest reliability between sessions was calculated using data from separate
sessions separated by seven days.

Statistical analysis was carried out using the MedCalc Statistical Software (v 20.100,
MedCalc Software Ltd., Ostend, Belgium) and the validity and reliability analysis spread-
sheet available in Sportsciences [50].

3. Results

Table 2 shows the descriptive results of jump heights from both sessions and loca-
tions, expressed as mean and 95% confidence intervals. In addition, the differences be-
tween sessions and between devices are shown. Statistically significant differences were
observed for the values between devices (hip and ankle) with large ES, while no signifi-
cant differences were observed between sessions with trivial ES.

Table 2. Descriptive results and differences observed between sessions and between devices (hip
and ankle).

Mean Diff. between

Device Total (cm) Session1 (cm) Session 2 (cm) . ES (9)
Sessions (cm)
Vmaxpro Hip 27.9 27.1 27.7 -0.1 0.04 (Trivial)
(C195%) (27.1t028.65) (27.2t028.6)  (26.9 to 28.5) (0.7 t0 0.3) (-0.22 t0 0.31)
Vmaxpro Ankle 19.3 19.5 194 -0.39 0.07 (Trivial)
(C195%) (18.8t019.8) (18.8t020.2) (18.8t019.9) (-0.9t0 0.1) (-0.19 to 0.34)
Mean diff. between devices (cm) -85* -8.4% -85* - -
(C195%) (-8.7t0-82) (-88t0o-79) (-8.8to-8.1) - -
ES () —-2.2 (Large) -2.2 (Large) —-2.2 (Large) - -
(C195%) (-25t0-1.8) (-2.5t0-1.9) -2.5t0-1.9) - -

* Significant difference for 95% confidence interval (p <0.001); CI = confidence interval; ES =Hedge’s
effect size.

3.1. Intra-Session Test—Retest Reliability

Intra-session test-retest reliability was calculated by using data from the first five
jumps obtained in the first session. The results were obtained by pairing consecutive
jumps and determining the mean test score for both devices, i.e., with the IMU at the hip
and at the ankle. These results are presented in Table 3.

The ICC values indicated near-perfect test-retest correlations in both cases, higher
for the ankle (ICC 0.91 and 0.96 for the hip and ankle, respectively). The CCC values indi-
cated greater reliability for the IMU placed at the ankle (CCC =0.93) compared to the IMU
placed at the hip. Both devices displayed near-perfect precision and accuracy as deter-
mined by CCC.

Table 3. Intra-session test—retest reliability (intra-session consistency) for hip and ankle devices.

Hip Ankle
2-1 3-2 4-3 54 Mean 2-1 3-2 4-3 5-4 Mean
Mean change (cm) 0.70 -048 -037 -0.05 - 071 -0.67 0.07 0.25 -
CI-95% lower -051 -1.83 -197 -1.19 - 005 -174 -121 -037 -
CI-95% upper 1.91 0.87 1.23 1.09 - 1.38 0.39 1.35 0.87 -

(@

CI-95% lower
CI-95% upper

0.92 0.90 0.86 0.93 0.91 0.98 0.95 0.92 0.96 0.96
0.72 0.65 0.53 0.75 0.80 0.92 0.82 0.73 0.89 0.89
0.98 0.97 0.96 0.98 0.97 0.99 0.99 0.98 0.99 0.99
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CCC
CI-95% lower
CI-95% upper
p (precision)
Cv (accuracy)
SEM (cm)
CI-95% lower
CI-95% upper
SEMsta
CI-95% lower
CI-95% upper
CV (%)
SWC (cm)
CI-95% lower
CI-95% upper

0.89 0.88 0.83 0.92 0.88 0.96 0.92 0.89 0.97 0.93
0.66 0.62 0.51 0.92 0.68 0.86 0.74 0.67 0.90 0.79
0.96 0.99 0.99 0.99 0.98 0.98 0.93 0.99 0.99 0.97
091 0.89 0.83 0.84 0.90 0.97 0.93 0.91 0.97 0.95
0.98 0.99 0.97 0.99 0.99 0.98 0.99 0.98 0.99 0.98
0.70 1.12 1.35 0.65 1.41 1.19 1.29 1.08 1.15 1.00
0.49 0.78 0.94 0.46 1.13 0.90 0.97 0.82 0.87 0.80
1.22 1.97 2.37 1.14 1.88 1.80 1.95 1.64 1.74 1.33
0.32 0.36 0.44 0.29 0.34 0.17 0.27 0.34 0.17 0.24
0.23 0.25 0.31 0.20 0.27 0.12 0.19 0.24 0.12 0.19
0.57 0.63 0.77 0.51 0.45 0.30 0.47 0.59 0.29 0.32
4.64 5.04 6.08 4.64 5.10 3.63 5.62 7.00 3.63 5.13
0.36 0.40 0.48 0.34 0.40 0.20 0.32 0.38 0.18 0.28
0.25 0.28 0.33 0.24 0.32 0.14 0.22 0.27 0.13 0.23
0.63 0.71 0.84 0.60 0.53 0.35 0.56 0.67 0.32 0.38

CI = confidence intervals for 95%; ICC = intraclass correlation coefficient; CCC = Lin’s concordance
coefficient; p = CCC-derived precision; C» = CCC-derived accuracy; SEM = standard error of meas-
urement; SEMsiw =standardized standard error of measurement; CV = coefficient of variation; SWC
= smallest worthwhile change.

The random error or noise of the measure, quantified by SEM, was determined to be
1.41 cm for hip and 1.00 cm for ankle. In both cases, the standardized SEM was greater
than 0.2, indicating that the random error was not insignificant. The relative reliability
was determined to be consistent for both instruments, with CV values above 5% observed
for both devices (5.10% and 5.13%). The sensitivity of the instruments was determined by
the SWC, which was 0.40 cm and 0.28 cm for the hip and ankle, respectively. In both cases,
the noise was greater than the SWC, resulting in a signal-to-noise ratio of less than 1.

Consistency between jumps was also studied using Bland-Altman plots, as shown
in Figure 2. A high degree of concordance was observed in the test-retest analysis per-
formed on the same day, as nearly all pairings were within the bounds of the upper and
lower LoA. Additionally, the systematic error, represented by the mean difference, was
determined to be low across all charts, with slightly higher values for the hip (0.7 to 0.3
cm) than for the ankle (0.2 to 0.5 cm). No significant trends were observed that suggest
heteroscedasticity for a particular device or jump pairing, as the slope values, which indi-
cate proportionality of error, ranged from 5-x 10 to —0.2. The Bland—Altman plots also
reveal wider confidence intervals for the hip, suggesting greater measurement noise in
this device.
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Figure 2. Bland-Altman plots for differences between jumps with the Vmaxpro placed on the hip
(left) and ankle (right). Solid lines: mean differences (systematic error); dashed lines: upper and
lower LoA (random error); dotted lines: regression line of the differences between devices.

3.2. Between-Session Test—Retest Reliability

The reliability of Vmaxpro was assessed through analysis of results obtained in two
sessions with a one-week interval. No significant differences were detected between the
two sessions in any of the devices, as indicated by the results of the Wilcoxon test (p > 0.05;
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trivial ES). The SEM values for the hip and ankle were 1.5 cm and 1.7 cm, respectively,
with trivial (0.1) and moderate (0.46) SEMsd. The between-session correlations were al-
most perfect for the hip (ICC = 0.98) and high for the ankle (ICC = 0.79).

3.3. Between-Device Reliability (Vmaxpro in Hip vs. Vmaxpro in Ankle)

Table 4 displays the results of the reliability analysis between the devices placed on
the hip and ankle. The differences were significant, with a value of -8.5 cm and large ES.
The random error was characterized by SEM of 1.47 cm, and a standardized value of 0.4,
indicating moderate disagreement (greater than 0.2, the threshold for trivial disagree-
ment). In contrast, the relative reliability was high, with CV values ranging from 14.5% to
19.2% for both groups, and the sensitivity was reflected in the SWC value of 0.4 cm, which
represents the minimum jump increment that Vmaxpro can detect above the noise of meas-
ure.

Table 4. Between device reliability for the Vmaxpro inertial measurement unit.

Ankle vs. Hip Devices 95% CI
Paired differences (cm) -8.50 * -8.7 to -8.2
ES (paired) -2.2 -25t0-1.8
Icc 0.77 0.74 to 0.82
CccCcC 0.25 0.21 to 0.29
p (precision) 0.87 -
Cbv (accuracy) 0.29 -
SEM (cm) 1.47 1.33 to 1.66
SEMstd 0.39 0.35 to 0.44
CVhip (%) 14.5 -
CVankie (%) 19.2 -
SWC (cm) 0.42 0.37 to 0.47
SNR 0.28 0.26 to 0.30

95% CI = confidence intervals for 95%; ES = effect size; ICC = intraclass correlation coefficient; CCC
= Lin’s coefficient of concordance; SEM = standard error of measurement; SEMsw = standardized
SEM,; p = precision derived from CCC; Cr» = accuracy derived from CCC; CV = coefficient of variation;
SWC = smallest worthwhile change. SNR = signal to noise ratio; * Statistically significant differences
(p <0.001).

The agreement between the two methods was further analyzed using the Passing and
Bablok regression (Figure 3) and the Bland—-Altman (Figure 4) plots. The Spearman corre-
lation derived from the regression showed high values (rs = 0.84, p< 0.001), with with 72 =
0.71. The systematic error between the methods can be quantified using the intercept,
which revealed high values of 6.8 cm, a slope of 1.09 (relative error), and random error
(SEE) of 1.39 cm. The proportionality of the error was confirmed, as indicated by signifi-
cant differences in the linearity observed in the Cusum test (p = 0.44) and greater disper-
sion at higher CM] heights, as visually depicted in Figure 3b.
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Figure 3. Correlation analysis between the Vimaxpro devices placed on hip and ankle through Pass-
ing and Bablok regression and residual plot. (a) Regression analysis. Solid line: fitted line; dashed
lines: 95% CI of the fitted line; dotted line: perfect agreement line, x = y; rs: Spearman’s correlation
coefficient; SEE: standard error of the estimate. (b) Residuals plot.

Additionally, the Bland—Altman plot shown in Figure 4 revealed a high systematic
error, with a significant difference (p < 0.001) of 8.5 cm (95% CI: 8.20 to 8.72 cm) between
devices, and LoA of 4.57 to 12.35 cm. The regression equation showed a slope of 0.0851
(95% CI: 0.02 to 0.15), indicating a degree of proportionality (heteroscedasticity). The dif-
ferences increased with increasing jump values, but a value of 72 =0.03 (less than 0.1) in-
dicated lack of proportionality in the error. Finally, the maximum and minimum differ-
ence allowed was +24 cm with the limits of agreement included in this range, and only
3.4% of the data was outside the limits of agreement.
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Figure 4. Bland-Altman plot for differences between devices placed on the hip and ankle. Solid
lines: mean differences (systematic error); dashed lines: upper and lower LoA (random error); dot-
ted lines: regression line of the differences between devices.

4. Discussion

The aim of the current study was to examine the reliability of the Vimaxpro IMU when
placed in two different positions, the hip, as recommended by the manufacturer and com-
monly used in IMU evaluation studies, and the ankle (tibial malleolus), where simultane-
ous measurements were taken using two devices. The results indicate a variation in the
magnitude and consistency of errors between the two placement locations.

The intra-session reliability was assessed through a test-retest design on the same
day, analyzing the first five jumps of each device, with the differences between consecu-
tive pairs and the mean of the test being calculated for both hip and ankle devices. Results
showed high levels of consistency for the hip with an ICC of 0.91 (ranging from 0.86 to
0.93) and near-perfect reliability for the ankle with an ICC of 0.96 (ranging from 0.92 to
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0.98). Additionally, CCC was also high, with values of 0.88 (ranging from 0.831 to 0.92)
for the hip and 0.96 (ranging from 0.89 to 0.97) for the ankle. The accuracy values obtained
from Lin’s concordance correlation coefficient (Cb) were almost perfect in both locations,
with a score of 0.99. Precision was determined to be the most significant factor in the final
accuracy index, with a score of 0.90 for the hip and 0.95 for the ankle devices. This would
mean that the consistency of both devices is affected by the accuracy of the device in mak-
ing repeated measurements, this phenomenon being more noticeable in the hip placement
of the device. The observed consistency values agree with those obtained by Montalvo et
al. [21] who determined near-perfect values for the CMJ using the Push Band 2.0 IMU with
ICC values of 0.98 (95% CI: 0.97 to 0.99). Additionally, the results of other studies indicate
higher levels of reliability compared to the Vmaxpro. Rago et al. [15] reported ICC values
of 0.97 (95% CI: 0.92 to 0.99) for the Myotest Pro device in their analysis of six CMJ jumps.
The CV values obtained in our study, 5.1% for hip and ankle, are considered moderate
and align with the results of other similar studies, where CVs ranged from 4.2% to 7.1%
for the CMJ [15,21]. On the other hand, the results of Buchheit et al. [51] showed similar
reliability values to the Vimaxpro when the device was placed on the tibia, with ICC values
of 0.83 and a CV of 5.4%, which are considered reliable.

Regarding the measurement error and sensitivity of the instrument, Vimaxpro showed
inconsistent values compared to the study by Rago et al. [15], which determined that the
device is sensitive enough for vertical jump measurement (SEM = 0.5 cm, SWC = 0.8 cm).
However, Vmaxpro displayed higher noise values in our study: SEM = 1.4 and 1.0 cm for
hip and ankle, respectively, higher than the minimum practically significant value (SWC
=0.4 and 0.3 cm). In contrast, Buchheit et al. [51] determined low standardized SEM values
(0.44) and SWC = 3% for ankle device placement, values that align more with Vmaxpro
(SEMstd = 0.34 to 0.24). The data suggest that small changes can be obscured by the noise
and thus affect the instrument’s reliability, so only moderate or large changes can be de-
tected with a single jump. Sensitivity is also much lower than that determined by Rago et
al. [15], at 2.8 cm. The standardized SEM values of 0.3 for hip and 0.2 for ankle indicated
errors greater than 0.2 and cannot be considered trivial. In general terms, agreement and
magnitude values were higher for ankle vs. hip placement (higher ICC, CCC, lower CV,
and SEM, lower SWC values).

The Bland-Altman plots confirmed the trends seen in the reliability values. The sys-
tematic error low for both the ankle and hip placements, with smaller systematic error
observed for the hip (0.7 to 0.7 cm for the ankle and 0.1 to 0.7 cm for the hip). However,
there is a larger dispersion of the data (random error) for the hip, which can be seen in a
wider range of agreement in all comparisons to the ankle. Heteroscedasticity was not ob-
served in any method, as all 72 values are below 0.1. Thus, while the reliability values
showed high correlation, the observed noise was still high.

This study highlights that various factors can contribute to measurement noise in
IMU assessments. Factors such as the method used to attach the device to the body and
variations in detecting the exact take-off moment can affect accuracy and alter the sensi-
tivity of the device [52]. We used an elastic band to attach the IMU at the hip and a tape
bandage at the ankle, which may have resulted in more instability at the hip and contrib-
uted to the differences in reliability between the two instruments [53]. To improve relia-
bility, it is crucial to control IMUs to minimize fluctuations and avoid disturbing elements
that generate noise. Small fluctuations in measurement can lead to significant random er-
ror that can compromise reliability.

Reliability of the instrument has been analyzed in a test-retest design in various stud-
ies [54]. For Vmaxpro, reliability on the hip was determined to be similar (ICC =0.98; CV =
6.1%) compared to other studies where the device was placed on the hip (ICCs range: 0.86
t0 0.98; CVs range: 3.1% to 10.7%) [15,16,19,21,55]. Placing the IMU on the forefoot showed
better reliability figures (ICC = 0.89 to 0.90; CV = 4.1% to 4.3%) [18,56] than the Vmaxpro
on the ankle in this study (ICC =0.79; CV = 8.1%). The studies that placed the IMU on the
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torso showed lower reliability values compared to those that placed it on the hip and fore-
foot (ICC =0.69 to 0.85; CV =8.7% to 6.7%) [17,18].

However, the reliability of the instrument should not be solely blamed as the error
observed between test sessions may not be entirely due to the instrument. The time period
between sessions can cause biological variability that should not be ignored. Such fluctu-
ations in jumping performance can result from changes in physical (fitness, fatigue, learn-
ing), psychological (stress, motivation, etc.), and biomechanical (variability in perfor-
mance technique) factors [54]. These factors can be so significant that they might mask the
variability of the instrument. To mitigate this, averaging multiple jumps in the data anal-
ysis instead of using raw data can help avoid uncertainty [55].

Once the consistency of the device was evaluated, the agreement between devices
was analyzed. A paired jumping study was performed between the two units of the Vmax-
pro with the device placed at the hip, which is the standardized method, and the ankle.
The agreement was considered high with a relative reliability of ICC = 0.77 (95% CI 0.74
to 0.82). However, CCC values were low (CCC = 0.25; 95% CI 0.21 to 0.29) due to lack of
accuracy (Co= 0.29) despite having high accuracy (p = 0.87). The coefficients of variation
were lower for hip (14.5%) compared to ankle (19.2%).

It is observed that studies comparing the reliability of IMU placement during vertical
jumping are lacking. However, studies on IMU-collected flight time showed that CVs are
lower for placement at the hip (CV <5.2%) compared to the ankle (11.6%) [15,23,56,57] or
torso (CV 6.7% to 7.8%) [17,18]. Placing the device on the forefoot had the lowest CV of
4.7% as observed by Garnacho-Castarfio et al. [19], which was lower than the tibia place-
ment above the ankle for Vmaxpro but higher than the values observed by Montoro-
Bombu et al. of 2.5% [41]. Nevertheless, all placement methods (ankle, hip, torso, and fore-
foot) were considered reliable [57].

The agreement between devices was assessed through a paired jumping study using
two Vmaxpro IMU identical units. The paired difference analysis revealed the presence of
a high systematic error, leading to a lack of accuracy. The Vmaxpro device at the ankle
consistently underestimated the hip measurement by approximately 9 cm (p < 0.001, ES =
2.2). A previous study by Montoro-Bomb et al. [42] investigated the systematic bias in
drop jumps and determined a smaller underestimation of 4.5 cm. The random error (SEM)
was determined to be 1.5 cm with a standardized value of 0.4, above the trivial level (0.2),
resulting in a sensitivity of 4.1 cm and SWC of 0.4 cm. The Passing-Bablok regression
analysis confirmed the trends observed, with a high correlation (rs = 0.84) and linearity
between the two methods. The systematic error was estimated to be 6.7 cm and the slope
was 1.09, while the random error was quantified as 1.4 cm using the standard error of the
estimate. Although a correlation between the two instruments was indicated, the presence
of large systematic and random errors was noted. The Bland—Altman graph showed a
systematic error of 8.5 cm, with limits of agreement of 4.6 cm for the lower and 12.4 cm
for the upper limit. This implies an underestimation by the ankle instrument and a high
degree of dispersion. A proportional error (slope =0.08) was also observed, but considered
trivial (r2<0.1).

The findings of the study indicate a strong linear dependence between the ankle and
hip methods, as evidenced by the high correlation results. However, the level of system-
atic error and noise detected may raise concerns about the reliability of the Vimaxpro device
in both locations. To the best of our knowledge, there are no studies that specifically ex-
amine the reliability of ankle-hip positioning for IMUs. Previous studies on the validity
of accelerometer positions on the body have concluded that both ankle and hip positions
are acceptable [58]. However, these studies focused on variables related to range of motion
rather than dynamic variables like CMJ. In contrast, Althouse [59] conducted a study to
determine which body segments or combinations of segments yield the most accurate data
for CM]J estimation. Results showed that the root-mean-square error increased as the
IMUs were positioned further away from the hypothetical center of mass, with the largest
errors observed for accelerations measured in the feet and tibias (15.1 m/s2 and 9.0 m/s?)
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compared to those located in the hip or trunk (3.0 m/s?). These results differ from those
obtained for the Vmaxpro, where the magnitude of error was greater for the device located
at the hip.

In the design of a reliability study, it is important to recognize that error can stem
from two sources: biological variation among subjects and technological variation among
items [43]. The objective of these studies is often to compare technological variation; there-
fore, it is desirable to minimize biological variation. One approach to minimize biological
variation is to utilize athletes as subjects, as they tend to exhibit higher reliability com-
pared to non-athletes, regardless of gender. Our study specifically utilized female athletes
as subjects, as they meet the criteria of being athletes, and therefore, in our view, testing
male participants was not deemed necessary. However, it is recommended that future
studies also include male athletes to provide further confirmation of our findings. This
would provide a more comprehensive understanding of the relationship between athletic
status and reliability in the context of a reliability study.

5. Conclusions

The results of this study indicate that the consistency of the Vimaxpro shows accepta-
ble values, but the magnitude of systematic and random error observed in the test-retest
reliability analysis in the measuring of vertical jump in highly trained female athletes is
significant. The location of the device on various body segments impacts the accuracy of
the measurement, leading to statistically significant differences when the IMU is placed
on the ankle compared to its standard position at the hip. Thus, the inter-device reliability
is affected by the placement of the instrument on the body, resulting in an underestima-
tion of the measurement when placed on the ankle.
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