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EFFECT OF LOW-PASS FILTERING ON ISOMETRIC MID-THIGH PULL

KINETICS
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ABSTRACT

The purpose of this study was to investigate the effect of low-pass filtering on isometric mid-
thigh pull (IMTP) kinetics, including body weight (BW), onset threshold force, time-specific
force values (50, 100, 150 and 200 ms) and peak force (PF). Forty IMTP trials from twenty-
four collegiate athletes (age: 21.2 = 1.8 years, height: 1.72 + 0.09 m, mass: 79.4 £ 8.2 kg)
were analyzed and compared using unfiltered (UF) and low-pass filtered (LPF) (Fourth-order
Butterworth) with cut-off frequencies of 10 (LPF10) and 100 (LPF100) Hz. Significantly
lower (p < 0.001, g =-0.43 to- 0.99) onset threshold forces were produced when force data
were LPF. This led to significant (p < 0.001, g = 0.05-0.21) underestimations of time-specific
force values when LPF10 compared to UF, displaying unacceptable percentage differences
(1.2-3.3%) and unacceptable limits of agreement (LOA) (-25.4 to 100.3 N). Although
significantly different (p < 0.049), trivial (g < 0.04) and acceptable percentage differences
(<0.8%) and acceptable LOA (-28.0 to 46.2 N) in time-specific force values were observed
between UF and LPF100. Statistically significant (p < 0.001), yet trivial (g < 0.03), and
acceptable percentage differences (<0.7%) and acceptable LOA (-4.7 to 33.9 N) were
demonstrated in PF between filtering conditions. No significant differences (p = 1.000) and
identical BW values were observed between filtering conditions. Low-pass filtering results in
underestimations in IMTP kinetics; however, these differences are acceptable between
LPF100 and UF, but unacceptable between LPF10 and UF (excluding PF). Filtering
procedures should be standardized when longitudinally monitoring changes in IMTP force-

time characteristics to allow valid comparisons; with analysis of UF data recommended.
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INTRODUCTION

The ability to produce high levels of force is an important quality underpinning athletic
performance (25, 30), thus methods of assessments available to evaluate the rapid force
production capabilities of athletes are of great interest to practitioners. One such assessment
which permits a comprehensive examination of the rapid force production qualities of
athletes is the isometric mid-thigh pull (IMTP) (1, 10, 16, 18). The IMTP is a time efficient
and potentially safer mode of assessing maximum strength in comparison to dynamic one-
repetition testing (16). A distinct advantage of IMTP testing is the ability to examine force at-
(1, 10, 16, 18), rate of force development over- (1, 10, 16, 18), and impulse (7, 31) during
critical time intervals (50-300 ms) similar to the ground contact and contraction times of
sprinting and changing direction (11, 37). Furthermore, these IMTP kinetics have been shown
to be highly reliable within- (10, 18) and between sessions (7, 13, 15), and are commonly
included in the testing batteries of numerous sporting populations such as soccer (15) tennis

(17), rugby (8-10, 35, 36), mixed martial arts (21) and weightlifting (1, 3).

The IMTP is used to monitor and track changes in performance (16), assess neuromuscular
preparedness (17) and evaluate unilateral asymmetries (12). With this information
practitioners can make informed decisions regarding an athlete’s strengths and weaknesses to
subsequently inform future prescription of training (26). However, in order to permit
accurate, valid and reliable assessments of IMTP force-time characteristics, a robust and
standardized testing methodology and appropriate force-time curve (FTC) analysis is
required. Substantial variations have been reported in IMTP testing methodologies and
analysis procedures. These include: IMTP apparatus, joint angles and body positions relative
to the bar, verbal instructions and attentional focus, sampling frequencies (500 — 1000 Hz)

and onset thresholds, all of which may affect the resultant IMTP kinetics obtained (3, 9, 13,
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14, 19, 22). Thus, it is imperative that practitioners consider and understand the implications

of these abovementioned factors when conducting IMTP testing.

One factor that could potentially compromise the accuracy of IMTP force-time characteristics
derived from the FTC is the application of a low-pass filter and cut-off frequency (COF)
selection. Filtering may be performed in an attempt to remove noise while preserving as
much of the signal as possible (28); however, to date, there are no recommendations on
whether to filter IMTP force-data, as a diverse range of filtering procedures have been
adopted and reported within the literature. For example, fourth-order Butterworth low-pass
filters are commonly adopted, but variations in the COFs have been reported and include 100
Hz (1, 2), 20 Hz (8, 27, 36), 16 Hz (31-33) and 10 Hz (21, 22). Additionally, previous
investigations have analysed the FTCs using rectangular smoothing with a moving half-width
of 12 (18, 24). Conversely, some researchers have analyzed unfiltered FTC data (13-15, 23),
whereas previous studies have failed to state whether filtered or unfiltered data were analyzed
(7,9, 17, 35), thus making it difficult to facilitate methodological replication. Street et al. (29)
recommended analysis of unfiltered force-time data for the calculation of jump height during
countermovement jumping and reported underestimations in jump height of 26 and 31%
using low-pass (second-order Butterworth filter) filters with COFs of 6 and 14 Hz,
respectively. However, the effect of low-pass filtering on IMTP kinetics has yet to be

investigated.

There is a requirement therefore, for an investigation into the effects of low-pass filtering on
IMTP kinetics, as it is unknown whether different filtering procedures will affect resultant
values for IMTP kinetics. Practitioners use the IMTP to assess the maximal and rapid force
production capacities of athletes and typically compare values to normative data published in
the literature. The results from this study should improve our understanding of whether to

filter force-time data, and may also advise caution when comparing IMTP kinetics to studies
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that have adopted different filtering conditions. Thus, the aim of this study was to compare
IMTP body weight (BW), onset threshold forces, contraction start time identification, time-
specific force values (50, 100, 150 and 200 ms) and PF between unfiltered (UF) and low-pass
filtered (LPF) (Fourth-order Butterworth) force-time data. COFs of 10 (LPF10) and 100
(LPF100) Hz were investigated as these COFs have been commonly reported within the
literature (1-3, 21, 22). It was hypothesized that the highest IMTP kinetics would be
demonstrated with UF force-time data and low-pass filtered 10 Hz would produce the lowest
IMTP kinetics. It was further hypothesized that significantly greater onset threshold forces
would be observed with unfiltered force-time data and no significant differences in BW

would be observed between filtering conditions.

METHODS

Experimental approach to the problem

A retrospective analysis of forty IMTP trials from previously published data (13) which
demonstrated excellent reliability measures (Intraclass correlation coefficients = 0.92-0.99,
Coefficient of Variation = 2.8-6.2%) was performed. An a priori power analysis using
G*Power (Version 3.1, University of Dusseldorf, Germany) (16) confirmed a minimum
sample size of 27 trials was required to detect a medium effect size (0.50), a power of 0.80
and type 1 error or alpha level of 0.05. A repeated-measures, within-subjects design was used
to determine the effect of low-pass filtering and COF on BW (weighing period force), onset
threshold force, contraction start time identification, force at 50-, 100-, 150-, 200 ms and PF.
Subjects performed maximum effort IMTPs while standing on a force plate sampling at 1000
Hz. Force-time data were treated in three different ways. They were either left unfiltered

(UF), low-pass filtered with a COF of 10 Hz, or low-pass filtered with a COF of 100 Hz and
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analyzed using a customized analysis spreadsheet. The IMTP kinetic values were compared

across filtering conditions (UF, LPF10 and LPF100) to explore any differences in values.

Subjects

Twenty-four collegiate athletes from rowing and soccer (age: 21.2 + 1.8 years, height: 1.72 +
0.09 m, mass: 79.4 + 8.2 kg) provided informed consent to participate in this study, which
was approved by the university ethics committee and conformed to the principles of the
World Medical Association’s Declaration of Helsinki. Subjects were familiar with the IMTP
protocol and had > 6 months resistance training experience of the power clean and its’
derivatives. At the time of testing subjects were mid-season in the first week of a power

mesocycle having performed a four-week maximum strength mesocycle.

Procedures

Pre-isometric assessment warm up

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

effort, interspersed with a one-minute rest period (2).

Isometric mid-thigh pull protocol

The IMTP testing was performed on a portable force plate sampling at 1000 Hz (10) (type:
9286AA, dimensions 600 mm x 400 mm, Kistler Instruments Inc., Amherst, NY, USA) using
a portable IMTP rack (Fitness Technology, Adelaide, Australia). A cold rolled steel bar was
positioned to correspond to the athlete’s second-pull power clean position just below the
crease of the hip (1). The bar height could be adjusted (3 cm increments) at various heights
above the force plate to accommodate different sized athletes. Athletes were strapped to the

bar in accordance to previous research (12) and positioned in knee and hip joint angles of
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145°(13) established in the familiarization trials, whereby feet were shoulder width apart and
under the bar, knees were flexed over the toes, shoulders were just behind the bar, and torso
was upright (10, 12). All subjects received standardized instructions to pull as “fast and as
hard as possible and push their feet directly into the force plate” until being told to stop, as
these instructions have been shown to provide optimal results (4, 19). Once the body was
stabilized (verified by watching the subject and force trace) the IMTP was initiated with the
countdown “3, 2, 1, pull,” with subjects ensuring that maximal effort was applied for five
seconds. Ground reaction force data were collected for a duration of eight seconds from the
portable force platform which was interfaced with a laptop running Bioware software
(Version 5.11; Kistler Instrument Corporation, Amherst, NY, USA). Minimal pre-tension
was allowed to ensure there was no slack in the body prior to pull initiation and subjects were
instructed to be as still as possible during the weighing period, without initiating a pull on the
bar, until given the instructions to ‘pull’. Strong verbal encouragement was given for all
trials. Trials without a stable baseline force trace during the weighing period (change in force
> 50 N) were rejected along with trials with a countermovement (decrease in body weight >

50 N) (14, 25); subsequently, another trial was performed.

Isometric Force-Time-Curve Assessment

Raw force-time data were filtered with a fourth-order Butterworth low-pass filter using COF
of 10 and 100 Hz. These COFs were based on their application in previous research (1-3, 21,
22). Therefore, three filtering conditions were examined to determine the influence of LPF
and COF on IMTP kinetics. These were UF, LPF10 and LP100 force-time data. Low-pass
filtering was performed using an add-in for Microsoft Excel that is available online (34). The
filtered and unfiltered IMTP force-time data were inspected using a customized Microsoft

Excel spreadsheet (version 2016, Microsoft Corp., Redmond, WA, USA) to determine
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specific force-time characteristics. The maximum force generated during the five second
maximum effort IMTP was reported as the absolute PF (18). Additionally, time-specific force
values of force at 50 ms (Forcesp), 100 ms (Forceioo), 150 ms (Forceiso) and 200 ms
(Forcexoo) were calculated (18). The onset of the pull was determined when vertical ground-
reaction force deviated 5 SD (defined as onset threshold force) from the average body weight
during the weighing period (14). The BW (5 SD) were calculated as the average force over a
one second stationary weighing period (in mid-thigh pull position posture) prior to IMTP
initiation (14). The force plate was zeroed between each trial when participants stood off the
force plate, thus all force-time variables included body weight.

Statistical Analyses

Statistical analyses were performed using SPSS software version 23 (SPSS, Chicago, Ill,
USA) and Microsoft Excel. Normality for all variables was inspected using a Shapiro Wilks-
test and revealed all variables were parametric excluding PF and onset threshold force,
respectively. IMTP kinetics were compared across the three filtering conditions using a
repeated measures ANOVA (RMANOVA) with Bonferroni post-hoc pairwise comparisons
in cases of significant differences for parametric variables. For non-parametric variables a
Friedman’s test was used and in cases of significant differences individual Wilcoxon sign
ranked tests were used. Standardized differences were calculated using Hedges’ g effect sizes
as described previously (20) and interpreted using Cohen’s scale (6). The mean of the
difference (bias) was calculated and percentage differences were also calculated using the
formula: (UF-LPF)/UF x 100 or (LPF100-LPF10)/LPF100 x 100. The 95% limits of
agreement (LOA) (LOA: mean of the difference + 1.96 standard deviations) were calculated
between filtering conditions using methods described by Bland and Altman (5). Percentage
differences < 1% were considered acceptable (29). Statistical significance was defined p <

0.05 for all tests.
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RESULTS

Mean + SD are presented for all IMTP kinetics across filtering conditions in Table 1.
RMANOVA revealed filtering had no significant effect on BW with identical values
produced between conditions (Tables 1-2). RMANOVA revealed filtering had no significant
effect on contraction start time identification (Table 1). Friedman’s test revealed filtering
condition had a significant effect on onset threshold force (Table 1). Pairwise comparisons
revealed that significantly higher onset threshold forces were produced during UF conditions
(Table 2). These differences were classed as moderate to large, and they displayed
unacceptable percentage differences (17.2-32.7%) and unacceptable LOA (2.9-12.5 N)

(Table 2).

RMANOVA revealed that filtering had a significant effect on time-specific force values
(Table 1). Pairwise comparisons revealed that significantly higher time-specific force values
were produced during UF conditions compared to LPF10. (Table 2). These differences were
classed as trivial to small, and they displayed small bias (21.6-47.6 N), unacceptable
percentage differences (1.2-3.3%) and unacceptable LOA (-25.4 to 100.3 N) (Table 2).
Pairwise comparisons revealed that significantly higher time-specific force values were
produced during UF conditions compared to LPF100 (Table 2). However, these differences
were classed as minimal and trivial, and they displayed low bias (6.7-12 N), acceptable
percentage differences (< 0.8%) and acceptable LOA (-28.0 to 46.2 N) (Table 2).
Significantly higher time-specific force values were produced during LP100 compared to
LPF10 (Table 2). These differences were classed as trivial, and they displayed small bias

(13.6-30.1 N); however, acceptable percentage differences for Forcexoo (0.7%), whereas
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unacceptable percentage differences were revealed for the other time-specific force values
(1.5-2.7%) (Table 2). Friedman’s test revealed filtering had a significant effect on PF (Table
1). Pairwise comparisons revealed that significantly higher PF values were produced during
UF conditions (Table 2). However, these differences were classed as minimal and trivial, and
they displayed low bias (3.3-12.9 N), acceptable percentage 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 examine the effect of low-pass filtering on IMTP
kinetics. The primary findings were underestimations in PF and time-specific force values
were produced when low-pass filtering force-time data in comparison to UF (Table 1-2);
supporting the study hypothesis. However, it is worth noting that acceptable percentage
differences and acceptable LOA were observed between UF and LP100 for all IMTP kinetics
(Table 2). Conversely, unacceptable percentage differences and unacceptable LOA in time-
specific force values were demonstrated between UF and LPF10 (Table 2). Additionally,
when the lower COF is used notably lower onset threshold forces are produced compared to
UF conditions (Table 2). However, filtering had no impact on BW with identical values

produced for all conditions (Table 2).

The present study confirmed filtering has a statistically significant effect on IMTP kinetics,
revealing different values were obtained when a low-pass filter with different COFs was
applied (Tables 1-2). These findings corroborate the results of Street et al. (29) who showed
differences in jump height and net impulse with the application of different LPF COFs. The

application of a LPF100 in comparison to UF had a statistically significant, though trivial and
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minimal effect on IMTP kinetics, displaying low bias (6.7-12 N), and acceptable percentage
differences (< 0.8%) and acceptable LOA (Table 2). Interestingly, comparisons between UF
and LPF10 revealed PF was the only variable to achieve acceptable percentage difference
criteria (0.7%) (Table 2). Conversely, greater bias (21.6-47.6 N), and unacceptable
percentage differences (1.2-3.3%) and unacceptable LOA were observed between LPF10 and
UF conditions for time-specific force values (Table 2), indicating a stronger agreement in
IMTP time-specific force values between UF and LPF100. These findings suggest that the
IMTP force-time data should not, therefore, be low-pass filtered as underestimations in PF

and time-specific values are obtained.

The lower time-specific force values observed during the filtered conditions can be partially
attributed to the lower onset threshold forces which subsequently resulted in an earlier onset
of contraction time (Tables 1 & 2) as illustrated in Figure 1. Low-pass filtering resulted in
lower onset threshold forces by reducing the noise associated during the weighing period
calculation. This in turn, resulted in an onset of contraction start time identification on
average 0.002-0.006 seconds earlier during LPF100 and LPF10 conditions, in contrast to UF
force-time data (Table 2). Thus, the earlier onset of contraction time resulted in the
identification of time-specific force values during a lower portion of FTC, leading to slightly
lower time-specific force values during filtered conditions and the subsequent curve values

would be less because of low-pass filtering (Figure 1).

***Insert Figure 1 about here***

The results of this study confirm different IMTP force-time values are produced when LPF
(Tables 1-2). Specifically, LPF10 results in significant and unacceptable underestimations of
IMTP kinetics in comparison to UF (Table 2). LPF100 resulted in acceptable percentage

differences in comparison to UF; however, it should be noted that these values were still
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marginally lower, thus, underestimated IMTP kinetics. Previous research has applied a
LPF10 (1, 2) and LP100 (1, 2) when analyzing their force-time data, thus rationalising the
selection of these low-pass filters and COFs in the present study. But while this is the case it
may be useful to expand on the present study to explore the effect of other filtering strategies
such as rectangular smoothing with a moving half-width of 12 (18, 24) or low-pass filtering

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

Nonetheless, within context of these limitations, this study found different IMTP kinetic
values are produced when different filtering conditions are applied to IMTP force-time data.
Therefore, practitioners should take into consideration the filtering conditions when
interpreting and comparing published normative IMTP data. In addition, when publishing
research findings related to IMTP testing, researchers should analyze UF data or clearly state
their filtering procedures if using automated software that automatically applies a low-pass
filter or their rationale for applying a digital filter. Based on the results of this study, UF data
should be analyzed, but if practitioners have started monitoring performance across a season
using a filtering procedure, they should not change this when monitoring longitudinally
across the rest of the season to ensure that the resultant variables are comparable, and not

impacted by the change in procedures.

Correct IMTP administration and analysis of the FTC is essential for obtaining accurate, valid
and reliable assessments of an athlete’s neuromuscular qualities. Previous studies have shown
that the testing apparatus can affect IMTP PF production by ~12.4% (22) and ~9.5% (9), and
that hip joint angle can influence PF and time-specific force production with small to large
effect sizes (3, 13) and percentage differences of 2.6-21.1% observed for IMTP kinetics (13).
Additionally, attentional focus can also impact PF wvalues by ~9.0% (19), while
administration of inappropriate onset thresholds can lead to inflated time-specific force

values of ~2.0-6.0% (14). The present study observed mean percentage differences of < 0.7%
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and < 3.3% for PF and time-specific force values between filtering conditions (Table 2).
These differences are lower than the abovementioned factors, indicating testing apparatus,
joint angle, attentional focus and onset thresholds appear to have a greater effect on IMTP
kinetics in comparison to filtering conditions. Nonetheless, low-pass filtering does influence
IMTP kinetics, producing subtle differences in values. Therefore, practitioners are
recommended to standardize filtering conditions, in addition to standardizing onset threshold
(14), attentional focus (19), IMTP testing apparatus (9, 22) and joint angles (3, 13) when
longitudinally monitoring changes in athletes IMTP kinetics to allow valid comparisons.
Failure to standardize these abovementioned factors may lead to inaccurate and different

evaluations of an athlete’s rapid force production capabilities.

PRACTICAL APPLICATIONS

The results of this study revealed slightly different values are produced when UF and LPF
IMTP force-time data are compared, with LPF data tending to underestimate force values. As
such, these findings indicate that different filtering conditions should not be used
interchangeably when longitudinally monitoring changes in IMTP force-time characteristics.
Researchers and practitioners are advised to standardize filtering procedures (i.e. UF or same
type of filter and COF) when longitudinally monitoring changes in athlete’s isometric force-
time characteristics. This will provide greater certainty and validity that changes in
performance can be attributed to adaptation or fatigue, and not to differences caused by
inconsistent filtering procedures. Researchers and practitioners just starting with IMTP
testing should not apply a low-pass filter to their force-time data, in particular with a COF
selection of 10 Hz due to the significant and unacceptable underestimations in time-specific
force values. Additionally, practitioners should consider the filtering procedures adopted by
previous studies when comparing their data to published normative data, as underestimations

in PF (< 0.8%) and time specific-force values (< 3.3%) are obtained when IMTP force-time
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data is LPF. Furthermore, researchers are recommended that when publishing research, they

clearly report their filtering procedures (i.e. UF, type of filter and COF) due to the slight

effect on IMTP kinetics, and to facilitate methodological replication.
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