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Abstract

Jump ted assessower body power production capacity, and can be used to evabigéc
ability anddevelopmenturing growth Wearable inertial measurement units (IMU) seem to
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offer a feasiblealternative to laboratorpasedequipment for jump height assessnsent
Concurrent validity of these devices for jump height assessments has only beleshedtab
adults. herefore the purpose othis study was to evaluate the concurrent validity of
IMU-based jump height estimate compared to contactbas#d jump height estimate
adolescentdNinety-five adolescents (@3 yearsof-age girls N=41, height= 154 (SD 9) cm,
weight = 44 (11) kgboys N=54height=156 (10) cm, weight = 46 (13))kgpmpleted three
countermovement jumps for maximal jump height on a contact nmadrtibl recordings
(accelerations, rotations) were concurrently recorded with-avbip IMU (sampling at 26
Hz). Jump height was evaluated based on flight tiflme mean INU-derivedjump height was
27.1 (SD 3.8) emandthe correspondingneanjump-matderived value was 21.5 (3.4) cm.
While asgnificant 26% mean difference was observed between the me(dasl$95% limits

of agreemen®.2 to 8.9] cm, p = 0.006), trerrespodence between methodss excellent
(ICC = 0.89) The difference between methods was weagldgitively associated with jump
height (r = 0.28, P = 0.007T.akeoff velocity derived jump height was also explored but

produced only fair congruenck conclusionIMU-derived jump heighéxhibited excellent

congruencge.contact mabased jump height and therefore presents a feasible alternative for

jump height,assessments in adolescents.

Keywords. Wearable; AccelerometeConcurrent; Methodology;

1. Introduction

Lower limb power production capacity has been established as-mvasive indicator of
athletic phenotypé In addition to being an indicator of athletic abilfty; lower limb power
production, capacity has, for examplegen linked with likelihood of fallingamong the
elderly*, and has been used to monitor response to therapeutic intervestmpisWhile
many testsstowevaluatéower limb power production capacityave been developeand
validated®3,measuring jump heiglih a countemovement jump test providesr@asonable
assessmentsof lower limb power producticeppacity Moreover, a jump test is a simple

measure, Whicmostpopulation groupare able to perform®.

Countermovement jump performance is typically measured with force platfbomsnotion
capture systembsin the laboratory settingndwith contact mat& or jump and reach devicés

in the applied settingMore recently,low-cost portable inertial measurement units (IMU)
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which due to their wearable nature are not limited to a particular site freltieof play or
laboratory,have been shown tiee ableto capturecountermovement jump performanda
adults Theintra-class correlation coefficients (ICC) for fligtitne derived jump heightave
been foundo range from 0.8 to high 0®hen validated againstther systemscapable of
measuring flighttime in healthy young adult§™®. However the differences in morpholody
and power/production capacity between adults and adolestmises the question of whether
validity in adolescents can be inferred from adult populatidhgvalidity of IMUs to assess

jump perfarmance in adolescents lasto be established.

Therefore,theprimary aim of this study was to evaluate the concurrent validity of
IMU -derived jump heighaganstjump-matderived jump height in aonveniencesample of
healthy adéles€ent8ased on validation studies in adult populatidng*®*8819 it was
hypothesised that godd excellent(based on ICC: good 0.60 to <0.75, excellérits 29
agreement between IMWndjump-matderived jump height would be observed.

2. Materialsand Methods

Ninety-ninerhealthy adolescents (girls N45, boys N =54) participated in this studylhe
children, aged. 1013 yearsweredrawnfrom an existing cohort participating in the ongoing
Healthy, Active"Preschool & Primary Years (HAPPRstydy In brief, the HAPPY study used
a twostaged stratified random sampling procedure to recruit children fropréschools
and 77day ¢€arecentres across Melbourne in 22089%". The data presented in this paper
was extracted from the HAPPY Bostudy, a sulstudy of the larger HAPPY study. The
primary purpose of the HAPPY bone study was to explore the association betwegargede

behaviourtand bone health. In 2016, from the pool of 450 participants remaining in the

HAPPY study, all N = 208 padipants in the top and the lowest tertile of sedentary
behaviourswithgvalid accelerometry in at least two previous HAPPY study datetoni
time points,were invited to take part in the sbdy. The study was conducted in accordance
with the Deelaratio of Helsinki The study protocol was approved by eakin University
HumanResearcttthics CommittedHEAG-H 88_2016).All participantsgave verbal assent
and their guardians gave written informed congeiorr to participating

The patrticipants were asked to attemdsingletesting sessiorat the Deakin University

Burwood campus clinical laboratorpge, height(Holtain limited, Crymmych, Pems., U.K.
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stadiometer to nearest 0.1 cand weight(UC-321 A&D Co., Ltd., Tokyo, Japaelectronic
scales to nearest 0.1 kg) were recorded at the beginning of the testing. estaowlardised
warmup (comprisings minutes of jogging, 5 mins of a series of dynamic jumps, finishing with
fast feet and stretchingand familiarisatiorto the study proceduresvas performed prior to
testingtoensure optimal performandeollowing the familiarisationparticipants were fitted
with a wearabldMU recording 3D accelerations and gyratigrsBIMU Bluetooth Kit, xio
Technologies Limited, UK, gyroscopfmeasurement range2000 °/$, accelerometer
[measurement rangel6 multiples of gravitational acceleratipril6-bit A/D conversion,
sampled at.256 HzYhe IMU was worron an elastic belt, and positionedtbe right hipjust
below the'iliac_eresin line with the midaxial line.Subsequently, participants were asked to
complete threenaximal countemovement jumps on jamp mat Smartjump, Fusion Sport,
Sumner Park, QLQ, Austra)iaParticipants were asked to stand giitl the centre of the jump
mat with their feet shoulder width apart and hands positioned on their hips. They were then
instructed taomplete a counteanovement jumpvith their preferred countenovement depth

for maximal jump height while keepirigeir hands on the hips. They were told téand softly

by allowingtheirknees tobend, and teemain standing still after the jumphe participants
were given30.s2condsrest between jungandwere required to complete a total of three
jumps. For this study the jump heightof the threemaximaljumps givenby the jump mat
softwareweresecorded in centimetres (car)d the mean dhethree jumpavasused within

theanalyses

2.1. Numerical analysis

Numerical analysi$or IMU-recorded datavasconductedvith customwritten Matlabscripts
(version 8.6.0.267246, R2015B, MathWorks Inc., JS#ertical acceleration wasbtained
from the IMU._recording by estimating the sensor orientation vaipect to the direction of
gravitationalracceleration usitige gradient descent algorithm eéaped by Madgwick et &

(https://github:eom/tjrantal/madgwickAHRSThe gyrations and accelerations wkre-pass

filtered with/a40 Hz A order zerelag low pass Butterworth filtgrior toapplying the gradient
descent algerithm. Only vertical acceleration was used for further analyses

Epoch éamples includedf interest surrounding the jump was defined manually. Integration

drift was minimised, and gravitational acceleration removetthéyollowing procedure. First,
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trapezoidal integratiowas applied oithe acceleration to derive velocitgecond, ifst order

polynomial

velocity = a + b * time

was fitted to the derived velocitising the least squares methddird, he slope (b) of the fit
was subtracteffom the vertical acceleration, and this slaperected vertical acceleration was
used for all further analysiSubsequent to the drforrection procedure gvtical velocity was
calculated from, thevertical acceleratiorwith trapezoidal integratiorEpoch of interest was
re-defined(integration drift removal procedure was repeateer aach definition of an epoch)
as zero velocity was needkdfore and after the jumps ensured by the protocéls reported
by others (€.g%, jump height was calculated based on matimertical velocity fnaximal

velocity-derived jump heighHtm])

maximal vertical velocity?
29

Jump heightvelocity—derived =

, Wherepg=29:81 m/s2. Jump height was also calculated based on flighetenained as the
time elapsed_between the maximal and minimal vertical veloflight-time-derived jump
height[cm])

g * flight time?
8

jump he ightflight—time—derived =

,where g ='9:81 m/sklean concentric power with resgego body masgPower[W/kg]) was
calculated as the mean of acceleration multiplied by velocity from the epoch between maximal
velocity and the lastelocity data point that was 0 prior to maximal veloci. The meanof

the three trialsvasused for statisticanalyses

2.2. Statistieal analysis
For statistical power purposes, i = 27 could be considered appropriate for an exploration of
correspondence between two methatle used all available data, therefore with a sample size
of N=99 this study isadequatelypowered to evaluate the external validity of these two
measured. Descriptive statistic§age, height, wight) were compared between sexes with

independensamples-tests.Data from boys and girls were pooled for all subsequent analyses.

This article is protected by copyright. All rights reserved
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The concurrentvalidity of the IMU-derived flighttime-derived jumpheight andmaximal
velocity-derivedump heightwascompared against thight-time-derived jumpheight given

by the jump matMean difference95% limits of agreement (95% LoAFearson correlation
coefficient (r),andintra-class correlation coefficient (calculated for consisteficyCC) are
reported-torindicate validityCCs were used to describe the correspondence asp0atQ),

fair (0.40 t0 < 0.60), good (0.60 to <0.75) or excellert((.755°. Statistical significance for the

mean difference between repeated measures, and between methesaluasdwith paired
t-tests.Bland Altman plots?® are also presented to visually display the mean difference and
range of difference (mean bias and 95% LoA) between meaddependence from the
absolute value was evaluated with Pearson correlation coefficient (r) between the mean of the
methods, a@and the standard deviation between the methmdm (SD) are reporteghere
applicable A"Pearson correlation coefficient was also used to evaluate the association between
measured jump heights, and pow&tatistical analyses wereun on Matlab (version
8.6.0.267246, R2015B, MathWorks Inc., USsd statisticasignificance was set at{0.05.

3. Results

Out of the208invited to take part 18 indicated interest in taking part, and after excluding
individuals with"past bone fractures a total of N = 99 took part in the present experiment.
Complete'datases were not obtained for four girlsdue to noncompliance with study
protocolsand therefore data is reported for N = 95 (girls N = 41, boys N = 54) of the N = 99
participants.The'mean age, height, and weight were 12.2 (SDy)X54 (9)cm, and 44 (11)

kg for girls,respectively The respective values for boys w&g2 (0.8)y, 156 (10)cm, and46

(13) kg.As mentioned above, sexes were pooled for analyses, and only the pooled results are

presented below.

The meariMU-=derivedperformance values wer@l) velocity-derived jump heigh?29.3 (5.6)
cm, (2) flight-time-derived jumpheight 27.1 (3.8cm, and(3) power 22.4(4.4) W/kg. The
mean jumpmatderived jump height was 21.5 (3.4) cm.

Significant mean differensawvereobserved betwedMU - and jumpmatderivedestimates of
jump heightfor both maximal velocityderivedjump height (mean difference 7.8 [95% LOA
-0.6 to 16.2] cm, p < 0.00Bnd fight-time-derived jumpheight(mean differencé.5 [95%
LoA 2.2 to 8.9 cm, p = 0.006) The correspondence betwelvU- and jumpmatbased
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methods wagair for maximalvelocity-derivedjump height(ICC = 057), and excellent for
flight-time-derived jumpheight(ICC = 089) (Figure 1) The difference betwedMU- and
jump-matbasedmehods was dependent on jump heifgt both maximal velocityderived
jump height(r = 0.56, P < 0.001) arftight-time-derived jumpheight(r = 0.28, P = 0.00Ayith
larger difference between methods with higher juograpared to lower jumg&igure 3. The
correspondence. between [IMi¢rived naximal velocityderived jump height and
flight-time-derived jump height was good (ICC = 0.6Bjgurel). Weak to moderate positive
association was observed between jump mat anddelived jumpheights and IMderived

power Eigure3).

***|Insert Figure 1,Figure 2and Figure 3 roughly here ***

4. Discussion

The primary inding of the studywas that IMU -assessedlight-time-derived jump height
exhibitsexeellentconcurrent validitywith jump-mat derived jump heightvhereagnaximal
velocity-derivedump height exhibited only fair agreement to jumpt deriveqump height
However,“a“systematic difference was found between-Idhbl jumpmatderived jump
heights, and this difference was dependent on the jump heighd arter difference between
methoddorhigher jumpsompared to lower jump3he agreement betwe#meIMU -derived
jump heightsdetermined based on flighitne and takeoff velocity was goodTheseesults are
consistent with those reported for young healthy adufts’*%n suggesting that IMUs provide

a valid measure of jump height in healthy adolescents.

The presentsresults on concurrent validity based on {tigle-derived jump height were in
line with previous research using young adatshe participants'®*’*® The previous studies
have found.excellent concurrent validity against fgurege and motion capture systems (ICCs
ranging frém 0.83 to 0.98'%1"? Also in line with previous studies in young adultspger
concurrent validity compared to flighime-derived results was observed with taiké
velocity-derived jump height (ICC = 0.79). The treatment of the measured parameters (flight
time, and maximal takeff velocity) cannot explain the difference in concurrent validity since

they are both squared and used in the numeiioife we attemptetbb minimise integration

This article is protected by copyright. All rights reserved
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drift in numercal analysisthe poorer concurrent validity of maximal tadd velocity-derived
jump height compared to flight tirderived jump height iskely caused by the error included
during integration (McMaster et al., 2014). Moreover, there is likebywement-velocity
dependent effects on the IMilerived jumpheight estimates as indicated by the significant
association“between the difference between methods and jump height. This isolikely t
explained by the difficulties in coupling the IMU and the jumper. Previous Iliglation
research in"young adults has shown that the ability of an IMU harness to restraited
movements gets worse with increasing movement velééf§ and although we did not
guantify this in the present study,is likely to be true for a hivorn IMU as well The
flight-time-derived resultsnay hae been lesaffected by this issue compartxthetake off
velocity-derived resultsas the magnitude of instantaneous velocity is not considered in the

former butis in“the latter

The finding_that velocityderived jump height estimate exhibitpdorerconcurrent validity
compared'to flightime-derivedjump heightwarrants consideration. In particular, it raises the
guestionof .whether it is reasonable to estimate power fromwopn IMUs. Power is
dependent.on,velocity (power relative to body masecelaration x velocity)Snce takeoff
velocity-derived™ jump height was found to exhibit only good correspondence to
contactmatderived jump height, itorings into questiorwhether IMUassessedbower
estimates have fimited validity as well. In contrast to our findings, Requena-eegblored

IMU -assessethkeoff velocity-derivedjump height estimates in adults and found excellent
concurrent validity compared to a force plate and to motionucapihe participants in
Requena et al® were professional soccer players, and this difference between participant
groups may partially explain the discrepancy between rasultss study and those reported

by Requena et at’. Nevertheless, the concurrent valjdif IMU-derived power estimatesas

not exploréd.in.the present study, and an explicit examination of the concurrent validity would
be requiredtaleterminehe validity of IMU-derived power estimates.

Taken together our findings indicate that IMidsessedtlight-time-derived jump height is a

valid measure,of jump performance in adolescents. However, the systematic difference
observed between methods indicates that{lédved jump height resultannot be directly
compared withjump matderived jump height resultsSuch comparisonsequire careful
calibration betweenthe methods.IMUs are wearable and wireless and hence enable

performance testing in any location of the field of play, including during gamé¥iayrhis

This article is protected by copyright. All rights reserved
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freedom of testing location offers a significant advantage over other jump hesggimgt
methodsby, for example, enablingecording ofall jumps in a practice session or a game for

load monitoring™ or game analysis purposes.

This study had'some limitations. Firstfgy practical reasons we used a jump mat to estimate
concurrent validity as our ‘gold standard’ measure. In general, labotzsed methods such

as a force plate or threkmensional motion capture could be considered more appropriate
methods te use as the gold standard. teeél¢o this the IMU-derived power estimateas
unable to be validated, amsteadvalidity (or lack of)was inferredased on maximal velocity.

It is possible that power estimateybe valid even though maximal takeff velocity-derived

jump height isnot, because a longer epoch (in this study the concentric phase) can be
considered in power estimates instead ahanstantaneous valuRevertheless, jump mats
have been shown to exhibit excellent external validity against force pf&temnd may be
considered_a reasonabieferencefor concurrent validationFinally, maximal positive and
negative velocity were used as the instants in defining flight time. This will lead to an
overestimate.of the flight time becaukees to dynamiceaximal velocity occurs prior to actual
take-off, and minimal velocity (i.e. highest velocity towards the ground) occurs aftacthal
touchdown These instants were used because there is no other conspicuous characteristic of
acceleration.orvelocity that can be used to define the actuabtl&rd touchdown instants

This isdso why congruence rather than absolute agreement was explored in the present pap
As regards to the strengths of the study, we had a relatively large sample of both boyls and gir
with a relatively good spread of performance capacities, which enabbdda®n of
concurrent validity with a high degree of statistical confidence.

In conclusion, while the absolute values differ significantly and cannot be used
interchangeablyJMU flight-time-derived jump height exhibited excellent congruence to
jump-mat derived jump heigh&nd thus provides a feasible measure of jump performance in
adolescents:==On the other handkeoff velocity-derived jump height showed only fair
concurrentsvalidity. Therefore, flighime-derived jump height should be preferred over
velocity-derived jump height or velocitgiependent power as a measure of functional ability if
IMUs are utilised in adolescents.

This article is protected by copyright. All rights reserved
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5. Perspectives

Taken together our findings indicate 1) that INMEsessetflight-time-derived jump height is a
valid measure fojump performance in adolescen®, that flighttime-derived jump height
should be preferred over maximal veloeitgrived jump height in assessing jump performance
with hip-warn IMUs in adolescentand 3) that IMUderived jump height results should et
directly compared withump matderived jump height results due to systematic difference
between the methods. Although jump mat&l jumpand+yeach devicesre highly portable
they are limited'to a single location while testing. IMUs can be used tibanparformance in
any locationwefithe field of play, therefore providing an appealing alternative to othallport

methods to assess adolescent jump performance.
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Figure 1 Scatterplots of jumymat and IMUderived jump height based on flight time plotted
against inertial measurement uddrived (IMU) jump height. JH= jump height based on

take-off velocity. JH = jump height based on fligtite.

Figure 2. BlandvAltman plots of agreement between inertial measuremedetiagd (IMU)
and jumpmatderived jump heights. A: IMU take-off velocity-derived jump height, B: IMU

flight-time-derived jump height.

Figure 3 Scatterplots of jump mat and inertial measurementdarived (IMU) jump height
plotted against IMHerived power. JH= jump height based on takdf velocity. JH; = jump

height basedonflighime.

40 3 ~ . ) .
40 a -; ° o 40 LS Seoe

? 35 * . : ’E 35 L] o.-'..-. =) 35 l: cup

.’_3.. '.S:“o .E o.'.'.‘ .. . E. M".:f.. .

_=30 .“:. .. - 30 .3.,..(..'. ‘aﬂ t® 30 .‘f...g s e

S s ik SR L S5 e d

R - U Z 20 TeS e Z 90 et
20 e e r=20.90 - ¢ r=0.64 - * r=0.67
% P <0.001 15 * P < 0.001 15 o * P < 0.001

15 20my 25 30 15 20 25 30 20 30 40
Jump mat Il-[1.I [em] Jump mat JH [cm] IMU JH [em]

This article is protected by copyright. All rights reserved



10

40

(Y]
o

IMU power [W/kg]
2
L]

o

A 25 B
) 20t
- +1.96 SD
* ": . 15 o
e T Ew sl 96 8D
ot 3 merde P, T @
I S ot 1.96 SD
______________________________ S -l196sD of
0 30 40 10 20 30 40
I s Jump mat [cm] IMU vs Jump mat [em]
. 40 . _40 .
C 2 . 2 .
.. %30 > e %30 . % -
o — 2 ¢ ,,:,;3{ 2 o oSt
- 0 :6'-;- < Q . .: A . g . . }. ... ‘- :.o
* Ve ;2 _.____'_.-.:%: .. .- e ;‘20 .;). .&? L) 3
wr=030 = et el T r=025 3 | L.8%T =052
P =0.003 ® % P=0.013 & 4 °F P < 0.001
: : 10 : 10
f 25 30 20 30 40 20 30 40
Jump mat JHn [cm] IMU JHn [em] IMU .IHV [cm]

This article is protected by copyright. All rights reserved




