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Abstract

The purpose of this study was to investigate tfecebf low-pass filtering on isometric mid-
thigh pull (IMTP) kinetics, including body weighBYV), onset threshold force, time-specific
force values (50, 100, 150 and 200 ms) and peale f(?#F). Forty IMTP trials from twenty-
four collegiate athletes (age: 21.2 + 1.8 yeargyhie1l.72 £ 0.09 m, mass: 79.4 + 8.2 kQ)
were analyzed and compared using unfiltered (UH)law-pass filtered (LPF) (Fourth-order
Butterworth) with cut-off frequencies of 10 (LPFlahd 100 (LPF100) Hz. Significantly
lower (p < 0.001,g =-0.43 to- 0.99) onset threshold forces were predughen force data
were LPF. This led to significanp € 0.001,g = 0.05-0.21) underestimations of time-specific
force values when LPF10 compared to UF, displayingcceptable percentage differences
(1.2-3.3%) and unacceptable limits of agreementAL@-25.4 to 100.3 N). Although
significantly different p < 0.049), trivial ¢ < 0.04) and acceptable percentage differences
(<0.8%) and acceptable LOA (-28.0 to 46.2 N) in tispecific force values were observed
between UF and LPF100. Statistically significapt<( 0.001), yet trivial § < 0.03), and
acceptable percentage difference®.7%) and acceptable LOA (-4.7 to 33.9 N) were
demonstrated in PF between filtering conditidde significant differencesp(= 1.000) and
identical BW values were observed between filtedgogditions.Low-pass filtering results in
underestimations in IMTP kinetics; however, thesHerknces are acceptable between
LPF100 and UF, but unacceptable between LPF10 aRd(éXcluding PF). Filtering
procedures should be standardized when longituglinanitoring changes in IMTP force-

time characteristics to allow valid comparisongjmanalysis of UF data recommended.

Key words: peak force; time-specific force; force-time cursgjoothing; assessment
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INTRODUCTION

The ability to produce high levels of force is anportant quality underpinning athletic
performance (25, 30), thus methods of assessmeaikalzde to evaluate the rapid force
production capabilities of athletes are of gretdrest to coaches. One such assessment which
permits a comprehensive examination of the rapicef@roduction qualities of athletes is the
isometric mid-thigh pull (IMTP) (1, 10, 16, 18). #WMTP is a time efficient and potentially
safer mode of assessing maximum strength in cosgato dynamic one-repetition testing
(16). A distinct advantage of IMTP testing is th®lity to examine force at-(1, 10, 16, 18),
rate of force development over- (1, 10, 16, 18 anpulse (7, 31) during critical time
intervals (50-300 ms) similar to the ground contaietl contraction times of sprinting and
changing direction (11, 37). Furthermore, these B\Kinetics have been shown to be highly
reliable within- (10, 18) and between sessionsl87,15), and are commonly included in the
testing batteries of numerous sporting populatsunsh as soccer (15) tennis (17), rugby (8-

10, 35, 36), mixed martial arts (21) and weightigt(1, 3).

The IMTP is used to monitor and track changes miop@ance (16), assess neuromuscular
preparedness (17) and evaluate unilateral asynesgtti?). With this information coaches
can make informed decisions regarding an athlsteéngths and weaknesses to subsequently
inform future prescription of training (26). Howeyén order to permit accurate, valid and
reliable assessments of IMTP force-time charadiesisa robust and standardized testing
methodology and appropriate force-time curve (FTaDalysis is required. Substantial
variations have been reported in IMTP testing madhmgies and analysis procedures. These
include: IMTP apparatus, joint angles and body tomss relative to the bar, verbal
instructions and attentional focus, sampling fremies (500 — 1000 Hz) and onset

thresholds, all of which may affect the resultavif P kinetics obtained (3, 9, 13, 14, 19, 22).
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Thus, it is imperative that coaches consider andertstand the implications of the

abovementioned factors when conducting IMTP testing

One factor that could potentially compromise theuaacy of IMTP force-time characteristics
derived from the FTC is the application of a lowspdilter and cut-off frequency (COF)
selection. Filtering may be performed in an attefgpremove noise while preserving as
much of the signal as possible (28); however, tte,ddnere are no recommendations on
whether to filter IMTP force-data, as a diversegearof filtering procedures have been
adopted and reported within the literature. Forngpla, fourth-order Butterworth low-pass
filters are commonly adopted, but variations in @@Fs have been reported and include 100
Hz (1, 2), 20 Hz (8, 27, 36), 16 Hz (31-33) and H® (21, 22). Additionally, previous
investigations have analysed the FTCs using reatangmoothing with a moving half-width
of 12 (18, 24). Conversely, some researchers haakyzed unfiltered FTC data (13-15, 23),
whereas previous studies have failed to state wehéttered or unfiltered data were analyzed
(7,9, 17, 35), thus making it difficult to facaiie methodological replication. Street et al. (29)
recommended analysis of unfiltered force-time datahe calculation of jump height during
countermovement jumping and reported underestimatia jump height of 26 and 31%
using low-pass (second-order Butterworth filterltefs with COFs of 6 and 14 Hz,
respectively. However, the effect of low-pass fihg on IMTP kinetics has yet to be

investigated.

There is a requirement therefore, for an investigainto the effects of low-pass filtering on
IMTP Kinetics, as it is unknown whether differeniteiring procedures will affect resultant
values for IMTP kinetics. Coaches use the IMTP $seas the maximal and rapid force
production capacities of athletes and typically pane values to normative data published in
the literature. The results from this study shouhgrove our understanding of whether to

filter force-time data, and may also advise cautidren comparing IMTP kinetics to studies
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that have adopted different filtering conditionfu§, the aim of this study was to compare
IMTP body weight (BW), onset threshold forces, cadtion start time identification, time-
specific force values (50, 100, 150 and 200 ms)R¥adbetween unfiltered (UF) and low-pass
fillered (LPF) (Fourth-order Butterworth) force-gdata. COFs of 10 (LPF10) and 100
(LPF100) Hz were investigated as these COFs haee bemmonly reported within the
literature (1-3, 21, 22). It was hypothesized thia¢ highest IMTP kinetics would be
demonstrated with UF force-time data and low-pédssdéd 10 Hz would produce the lowest
IMTP kinetics. It was further hypothesized thatrsiigantly greater onset threshold forces
would be observed with unfiltered force-time datal ano significant differences in BW

would be observed between filtering conditions.

METHODS

Experimental approach to the problem

A retrospective analysis of forty IMTP trials fropreviously published data (13) which
demonstrated excellent between-session reliabiliheasures (Intraclass correlation
coefficients = 0.84-0.97, coefficient of variatier4.5-8.0%, standard error of measurement =
109.5-121.4 N) was performed. Anpriori power analysis using G*Power (Version 3.1,
University of Dusseldorf, Germany) (16) confirmgdninimum sample size of 27 trials was
required to detect a medium effect size (0.500pwegr of 0.80 and type 1 error or alpha level
of 0.05. A repeated-measures, within-subjects desms used to determine the effect of low-
pass filtering and COF on BW (weighing period fQroenset threshold force, contraction
start time identification, force at 50-, 100-, 15@00 ms and PF. Subjects performed
maximum effort IMTPs while standing on a force plaampling at 1000 Hz. Force-time data

were treated in three different ways.
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They were either left unfiltered (UF), low-pasgdied with a COF of 10 Hz, or low-pass
filtered with a COF of 100 Hz and analyzed usinguatomized analysis spreadsheet. The
IMTP kinetic values were compared across filterwogditions (UF, LPF10 and LPF100) to
explore any differences in values.

Subjects

Twenty-four collegiate athletes from rowing and@ac(age: 21.2 + 1.8 years, height: 1.72 +
0.09 m, mass: 79.4 + 8.2 kg) took part in this gtuhd were informed of the benefits and
risks of the investigation before providing infordheonsent to participate in this study. This
study was approved by the university institutiodie®s board. Subjects were familiar with
the IMTP protocol and had 6 months resistance training experience of theep@lean and
its’ derivatives. At the time of testing subjectere mid-season in the first week of a power
mesocycle having performed a four-week maximumngtie mesocycle. All testing took
place between 17:00-19:00 which coincided with radrmesistance training sessions, and
subjects were required to abstain from training 48r hours before testing and asked to

maintain a consistent fluid and dietary intake anheday of testing.

Procedures

Pre-isometric assessment warm up

All subjects performed a standardized warm up casedrof ten body weight squats and
lunges followed by two IMTP efforts at a perceivatensity of 50, and 75% of maximum

effort, interspersed with a one-minute rest pe(d
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Isometric mid-thigh pull protocol

The IMTP testing was performed on a portable fgriege sampling at 1000 Hz (10) (type:
9286AA, dimensions 600 mm x 400 mm, Kistler Instants Inc., Amherst, NY, USA) using
a portable IMTP rack (Fitness Technology, Adelaiflestralia). A cold rolled steel bar was
positioned to correspond to the athlete’s secondgmwer clean position just below the
crease of the hip (1). The bar height could bestdfli(3 cm increments) at various heights
above the force plate to accommodate differentdsathletes. Athletes were strapped to the
bar in accordance to previous research (12) andigued in knee and hip joint angles of
145°(13) established in the familiarization triakd)ereby feet were shoulder width apart and
under the bar, knees were flexed over the toesildéis were just behind the bar, and torso
was upright (10, 12). All subjects received staddad instructions to pull as “fast and as
hard as possible and push their feet directly theoforce plate” until being told to stop, as
these instructions have been shown to provide @btnesults (4, 19). Once the body was
stabilized (verified by watching the subject anccéotrace) the IMTP was initiated with the
countdown “3, 2, 1, pull,” with subjects ensurifgat maximal effort was applied for five
seconds. Ground reaction force data were colldotedight seconds from the portable force
platform which was interfaced with a laptop runnBigware software (Version 5.11; Kistler
Instrument Corporation, Amherst, NY, USA). Minimate-tension was allowed to ensure
there was no slack in the body prior to pull irtiba and subjects were instructed to be as still
as possible during the weighing period, withoutiating a pull on the bar, until given the
instructions to ‘pull’. Strong verbal encouragemeuats given for all trials. Trials without a
stable baseline force trace during the weighingopeichange in force > 50 N) were rejected
along with trials with a countermovement (decreasebody weight > 50 N) (14, 25);

subsequently, another trial was performed.
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Isometric Force—Time-Curve Assessment

Raw force-time data were filtered with a fourth-erdutterworth low-pass filter using COF
of 10 and 100 Hz. These COFs were based on thglicapon in previous research (1-3, 21,
22). Therefore, three filtering conditions were mxa@ed to determine the influence of LPF
and COF on IMTP kinetics. These were UF, LPF10 BRA00 force-time data. Low-pass
filtering was performed using an add-in for Micrtidéxcel that is available online (34). The
filtered and unfiltered IMTP force-time data werepected using a customized Microsoft
Excel spreadsheet (version 2016, Microsoft CorpedrRond, WA, USA) to determine
specific force-time characteristics. The maximumcéogenerated during the five second
maximum effort IMTP was reported as the absolut€l8}. Additionally, time-specific force
values of force at 50 ms (Fokge 100 ms (Forcgo), 150 ms (Forcgy and 200 ms
(Forceoo) were calculated (18). The onset of the pull waednined when vertical ground-
reaction force deviated 5 SD (defined as onsetshuie force) from the average body weight
during the weighing period (14). The BW (5 SD) wesadculated as the average force over a
one second stationary weighing period (in mid-thmhl position posture) prior to IMTP
initiation (14). The force plate was zeroed betweaah trial when participants stood off the

force plate, thus all force-time variables includedly weight.

Statistical Analyses

Statistical analyses were performed using SPSSvadt version 23 (SPSS, Chicago, Il
USA) and Microsoft Excel. Normality for all variadd was inspected using a Shapiro Wilks-
test and revealed all variables were parametridudkty PF and onset threshold force,
respectively. IMTP kinetics were compared across ttiree filtering conditions using a
repeated measures ANOVA (RMANOVA) with Bonferrorogp-hoc pairwise comparisons

in cases of significant differences for parameteagables.
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For non-parametric variables a Friedman’s test wasd and in cases of significant
differences individual Wilcoxon sign ranked testerevused. Standardized differences were
calculated using Hedgeg effect sizes as described previously (20) andpnéted using
Cohen’s scale (6). The mean of the difference Jbiaas calculated and percentage
differences were also calculated using the formy#=-LPF)/UF x 100 or (LPF100-
LPF10)/LPF100 x 100. The 95% limits of agreeme@®@A) (LOA: mean of the difference *
1.96 standard deviations) were calculated betwekeridig conditions using methods
described by Bland and Altman (5). Percentage raiffees< 1% were considered acceptable

(29). Statistical significance was defingek 0.05 for all tests.

RESULTS

Mean + SD are presented for all IMTP kinetics asrdifering conditions in Table 1.

RMANOVA revealed filtering had no significant efteon BW with identical values

produced between conditions (Tables 1-2). RMANO\&ealed filtering had no significant
effect on contraction start time identification Pla 1). Friedman’s test revealed filtering
condition had a significant effect on onset thrédHorce (Table 1). Pairwise comparisons
revealed that significantly higher onset thresHoldes were produced during UF conditions
(Table 2). These differences were classed as mteddoa large, and they displayed
unacceptable percentage differences (17.2-32.79) waracceptable LOA (2.9-12.5 N)

(Table 2).

RMANOVA revealed that filtering had a significantfext on time-specific force values
(Table 1). Pairwise comparisons revealed that Bogmitly higher time-specific force values
were produced during UF conditions compared to I(PFIable 2). These differences were

classed as trivial to small, and they displayed lshims (21.6-47.6 N), unacceptable
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percentage differences (1.2-3.3%) and unaccepta®ld (-25.4 to 100.3 N) (Table 2).
Pairwise comparisons revealed that significantlghkr time-specific force values were
produced during UF conditions compared to LPF10&b(d@ 2). However, these differences
were classed as minimal and trivial, and they digpdl low bias (6.7-12 N), acceptable
percentage differences< (0.8%) and acceptable LOA (-28.0 to 46.2 N) (TaRle
Significantly higher time-specific force values weproduced during LP100 compared to
LPF10 (Table 2). These differences were classettiaal, and they displayed small bias
(13.6-30.1 N); however, acceptable percentage rdiffges for Forggy (0.7%), whereas
unacceptable percentage differences were reveatethé other time-specific force values
(1.5-2.7%) (Table 2). Friedman’s test revealeefitig had a significant effect on PF (Table
1). Pairwise comparisons revealed that signifigahifjher PF values were produced during
UF conditions (Table 2). However, these differenmese classed as minimal and trivial, and
they displayed low bias (3.3-12.9 N), acceptablecgrtage differences<(0.7%) and

acceptable LOA (-4.7 to 33.9 N) (Table 2).
***Insert Table 1 about here***
***Insert Table 2 about here***
DISCUSSION

To our knowledge, this is the first study to exaenthe effect of low-pass filtering on IMTP
kinetics. The primary findings were underestimatgion PF and time-specific force values
were produced when low-pass filtering force-time¢adim comparison to UF (Table 1-2);
supporting the study hypothesis. However, it is thvanoting that acceptable percentage
differences and acceptable LOA were observed betwEeand LP100 for all IMTP kinetics
(Table 2). Conversely, unacceptable percentagerdiftes and unacceptable LOA in time-

specific force values were demonstrated betweeardH PF10 (Table 2).
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Additionally, when the lower COF is used notablwér onset threshold forces are produced
compared to UF conditions (Table 2). However, flittg had no impact on BW with identical

values produced for all conditions (Table 2).

The present study confirmed filtering has a stiaddly significant effect on IMTP Kkinetics,
revealing different values were obtained when a-pass filter with different COFs was
applied (Tables 1-2). These findings corroboratertsults of Street et al. (29) who showed
differences in jump height and net impulse with #pplication of different LPF COFs. The
application of a LPF100 in comparison to UF hadasidically significant, though trivial and
minimal effect on IMTP kinetics, displaying low ki#6.7-12 N), and acceptable percentage
differences € 0.8%) and acceptable LOA (Table 2). Interestingtynparisons between UF
and LPF10 revealed PF was the only variable toeaehacceptable percentage difference
criteria (0.7%) (Table 2). Conversely, greater bi@i.6-47.6 N), and unacceptable
percentage differences (1.2-3.3%) and unacceptibfewere observed between LPF10 and
UF conditions for time-specific force values (Taldlg indicating a stronger agreement in
IMTP time-specific force values between UF and LBJ1These findings suggest that the
IMTP force-time data should not, therefore, be loass filtered as underestimations in PF

and time-specific values are obtained.

The lower time-specific force values observed dytime filtered conditions can be partially
attributed to the lower onset threshold forces Wwtiabsequently resulted in an earlier onset
of contraction time (Tables 1 & 2) as illustratedRigure 1. Low-pass filtering resulted in
lower onset threshold forces by reducing the naissociated during the weighing period
calculation. This in turn, resulted in an onsetcohtraction start time identification on
average 0.002-0.006 seconds earlier during LPFhEAQ_2F10 conditions, in contrast to UF
force-time data (Table 2). Thus, the earlier ongktcontraction time resulted in the

identification of time-specific force values duriagower portion of FTC, leading to slightly
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lower time-specific force values during filterednditions and the subsequent curve values

would be less because of low-pass filtering (FigLte

***|nsert Figure 1 about here***

The results of this study confirm different IMTPrde-time values are produced when LPF
(Tables 1-2). Specifically, LPF10 results in sigraht and unacceptable underestimations of
IMTP kinetics in comparison to UF (Table 2). LPF1@&ulted in acceptable percentage
differences in comparison to UF; however, it shobé noted that these values were still
marginally lower, thus, underestimated IMTP kingti®revious research has applied a
LPF10 (1, 2) and LP100 (1, 2) when analyzing theice-time data, thus rationalising the
selection of these low-pass filters and COFs inpifesent study. But while this is the case it
may be useful to expand on the present study ttoexthe effect of other filtering strategies
such as rectangular smoothing with a moving hatfthwiof 12 (18, 24) or low-pass filtering

with COF of 16 (31-33) and 20 Hz (8, 27, 36) respety.

Nonetheless, within context of these limitatiortsis tstudy found different IMTP kinetic
values are produced when different filtering coiodis are applied to IMTP force-time data.
Therefore, coaches should take into consideraterfittering conditions when interpreting
and comparing published normative IMTP data. Initemld when publishing research
findings related to IMTP testing, researchers sti@rnalyze UF data or clearly state their
filtering procedures if using automated softwara tutomatically applies a low-pass filter or
their rationale for applying a digital filter. Basen the results of this study, UF data should
be analyzed, but if coaches have started monitgogrformance across a season using a
filtering procedure, they should not change thisswimonitoring longitudinally across the
rest of the season to ensure that the resultargblas are comparable, and not impacted by

the change in procedures.
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Correct IMTP administration and analysis of the F$@ssential for obtaining accurate, valid
and reliable assessments of an athlete’s neurodauspualities. Previous studies have shown
that the testing apparatus can affect IMTP PF mtolu by ~12.4% (22) and ~9.5% (9), and
that hip joint angle can influence PF and time-gmetorce production with small to large
effect sizes (3, 13) and percentage differencés@R1.1% observed for IMTP kinetics (13).
Additionally, attentional focus can also impact RRlues by ~9.0% (19), while
administration of inappropriate onset thresholda &zad to inflated time-specific force
values of ~2.0-6.0% (14). The present study obskemvean percentage differences<d.7%
and < 3.3% for PF and time-specific force values betwékering conditions (Table 2).
These differences are lower than the abovementidaedrs, indicating testing apparatus,
joint angle, attentional focus and onset threshalgisear to have a greater effect on IMTP
kinetics in comparison to filtering conditions. Natheless, low-pass filtering does influence
IMTP kinetics, producing subtle differences in \eduTherefore, researchers and coaches are
recommended to standardize filtering conditionsaddition to standardizing onset threshold
(14), attentional focus (19), IMTP testing appasaff, 22) and joint angles (3, 13) when
longitudinally monitoring changes in athletes IMkihetics to allow valid comparisons.
Failure to standardize these abovementioned factag lead to inaccurate and different

evaluations of an athlete’s rapid force productiapabilities.

PRACTICAL APPLICATIONS

The results of this study reveal that slightly eli#fint values are produced when UF and LPF
IMTP force-time data are compared, with LPF dataliteg to reduce force values. As such,
these findings indicate that different filteringnciitions should not be used interchangeably

when longitudinally monitoring changes in IMTP fertime characteristics.
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Researchers and coaches are therefore adviseahtiastize filtering procedures (i.e. UF or
same type of filter and COF) when longitudinally mitoring changes in athlete’s isometric
force-time characteristics. Such standardizatiolh provide greater certainty and validity
that changes in performance can be attributed &ptation or fatigue, and are caused by
inconsistent filtering procedures. Researcherscaadhes starting with IMTP testing should
not apply a low-pass filter to their force-time @ain particular with a COF selection of 10
Hz due to the underestimations in time-specificéovalues. Additionally, coaches should
consider the filtering procedures adopted by pnevistudies when comparing their data to
published normative data, as underestimations ikFIF8%) and time specific-force values
(£ 3.3%) are obtained when IMTP force-time data iFLFurthermore, researchers are
recommended that when publishing research, thegrlgleeport their filtering procedures
(i.e. UF, type of filter and COF) due to the sligtifect on IMTP kinetics, and to facilitate

methodological replication.
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Table 1 — Descriptive statistics for IMTP kinetasross filtering conditions

IMTP variable UF LPF10 L PF100 RMANOVA/Friedman'’s
Mean SD Mean SD Mean SD p value
PF (N) 2627 531 2611 533 2623 532 <0.001
Forceo (N) 1078 178 1042 167 1072 178 <0.001
Forcego (N) 1376 256 1344 247 1365 256 0.001
Forcgso (N) 1763 402 1715 388 1751 406 0.004
Forcego (N) 1993 418 1972 423 1985 422 0.009
BW (N) 819.2 148.3 819.2 148.3 819.2 148.3 0.627
Onset threshold force (N) 25.9 6.8 18.2 8.5 21.6 7 7. <0.001
Contraction start time (s) 1.952 0.289 1.946 0.290 1.950 0.289 0.425

Key: IMTP: Isometric mid-thigh pull; LPF10: Low-psifiltered; with a cut-off frequency of 10 Hz; LP®O: Low-pass filtered; with a
cut-off frequency of 100 Hz; UF: Unfiltered; Fetg Force at 50 ms; Forgg Force at 100 ms; Forgg Force at 150 ms; Forgg

Force at 200 ms; BW: Body weight; (Bold denotes-parametric)
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Table 2. IMTP kinetics pairwise comparisons between filtering conditions

UF vsLPF10
. ) % difference 95% LOA
IMTP variable p g Bias D
Mean SD LB uB
PF (N) <0.001 0.03 16.1 9.1 0.7 0.5 -1.6 33.9
Forcesy (N) <0.001 0.21 36.8 239 3.3 2.0 -10.0 83.6
Forceyp (N) <0.001 0.13 31.9 289 2.3 2.0 -24.7 88.5
Forcesso (N) <0.001 0.12 47.6 26.9 2.7 14 -5.0 100.3
Forcexy (N) <0.001 0.05 21.6 24.0 12 13 -25.4 68.6
BW (N) 1.000 0.00 -0.001 0.047 0.000 0.006 -0.092 0.090
Onset threshold force (N) <0.001 0.99 7.7 24 32.7 14.7 29 125
Contraction start time (s) 1.000 0.02 0.006 0.003 0.333 0.188 0.000 0.013
UF vsL PF100
) , % difference 95% LOA
IMTP variable p g Bias D
Mean SD LB UB
PF (N) <0.001 0.01 3.3 13 0.1 0.1 0.7 5.9
Forceso (N) <0.001 0.04 6.7 9.2 0.6 0.9 -11.3 24.7
Forceyp (N) 0.004 0.04 10.3 17.2 0.8 14 -23.3 43.9
Forcesso (N) 0.001  0.03 12.0 175 0.8 12 -22.2 46.2
Forcexp (N) 0.049 0.02 8.0 18.4 04 1.0 -28.0 4.1
BW (N) 1.000 0.000 0.001 0.004 0.000 0.001 -0.007 0.008
Onset threshold force (N) <0.001 0.58 4.2 15 17.8 9.1 13 7.2
Contraction start time (s) 1.000 0.007 0.002 0.003 0.103 0.146 -0.003 0.007
LPF100 vs LPF10
) _ % difference 95% LOA
IMTP variable p g Bias D
Mean SD LB UB
PF (N) <0.001 0.02 12.9 9.0 0.5 05 -4.7 30.5
Forcesp (N) <0.001 © 0.17 30.1 235 2.7 20 -16.0 76.1
Forceyn (N) <0.001  0.08 21.6 231 15 16 -23.7 66.9
Forcesso (N) <0.001 * 0.09 35.7 28.0 1.9 14 -19.3 90.6
Forceyy (N) <0.001 0.03 13.6 16.1 0.7 0.9 -18.1 45.2
BW (N) 1.000 0.000 -0.001 0.044 0.000 0.005 -0.088 0.086
Onset threshold force (N) <0.001 043 35 2.3 18.3 135 -11 8.0
Contraction start time (s) 1.000- 0.015 0.004 0.003 0.231 0.171 -0.002 0.010

Key: IMTP: Isometric mid-thigh pull; LPF10: Low-pass filtered; with a cut-off frequency of 10 Hz; LPF100: Low-pass
filtered; with a cut-off frequency of 100 Hz; UF: Unfiltered; Forces,: Force at 50 ms; Forceo: Force at 100 ms; Force;so:
Force at 150 ms; Force,q: Force at 200 ms; BW: Body weight; LOA: Limits of agreement; LB: Lower bound; UB: Upper
bound
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Figure 1. Example force-time curve illustrating the differences in onset of contraction and

force at 50 ms identification between filtering conditions
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