University of

"1l Kent Academic Repository

Pethick, Jamie, Winter, Samantha L. and Burnley, Mark (2016) Loss of knee
extensor torque complexity during fatiguing isometric muscle contractions
occurs exclusively above the critical torque. American Journal of Physiology:
Regulatory Integrative and Comparative Physiology, 310 (11). R1144-R1153.
ISSN 0363-6119.

Downloaded from
https://kar.kent.ac.uk/55011/ The University of Kent's Academic Repository KAR

The version of record is available from
https://doi.org/10.1152/ajprequ.00019.2016

This document version
Author's Accepted Manuscript

DOI for this version

Licence for this version
UNSPECIFIED

Additional information

Versions of research works

Versions of Record
If this version is the version of record, it is the same as the published version available on the publisher's web site.
Cite as the published version.

Author Accepted Manuscripts

If this document is identified as the Author Accepted Manuscript it is the version after peer review but before type
setting, copy editing or publisher branding. Cite as Surname, Initial. (Year) 'Title of article'. To be published in Title

of Journal , Volume and issue numbers [peer-reviewed accepted version]. Available at: DOI or URL (Accessed: date).

Enquiries

If you have questions about this document contact ResearchSupport@kent.ac.uk. Please include the URL of the record
in KAR. If you believe that your, or a third party's rights have been compromised through this document please see

our Take Down policy (available from https://www.kent.ac.uk/quides/kar-the-kent-academic-repository#policies).



https://kar.kent.ac.uk/55011/
https://doi.org/10.1152/ajpregu.00019.2016
mailto:ResearchSupport@kent.ac.uk
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Loss of knee extensor torque complexity during fatiguing isometric muscle

contractions occurs exclusively above the critical torque

Jamie Pethick, Samantha L. Winter and Mark Burnley

Endurance Research Group, School of Sport and Exercise Sciences, University of Kent,

UK.

Running head: Loss of complexity above but not below the critical torque

Address for correspondence:

Dr Mark Burnley

School of Sport and Exercise Sciences
University of Kent

The Medway Building

Chatham Maritime

Kent

ME4 4AG

United Kingdom

m.burnley@kent.ac.uk




24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Abstract

The complexity of knee extensor torque time series decreases during fatiguing isometric
muscle contractions. We hypothesised that, due to peripheral fatigue, this loss of torque
complexity would occur exclusively during contractions above the critical torque (CT).
Nine healthy participants performed isometric knee extension exercise (6 s contraction,
4 s rest) on 6 occasions for 30 min or to task failure, whichever occurred sooner. Four
trials were performed above CT (trials S1-S4, S1 being the lowest intensity), and two
were performed below CT (at 50% and 90% of CT). Global, central and peripheral
fatigue were quantified using maximal voluntary contractions (MVCs) with femoral
nerve stimulation. The complexity of torque output was determined using approximate
entropy (ApEn) and the Detrended Fluctuation Analysis o scaling exponent (DFA «).
The MVC torque was reduced in trials below CT (by [Mean + SEM] 19 + 4% in
90%CT), but complexity did not decrease (ApEn for 90%CT: from 0.82 + 0.03 to 0.75
+ 0.06, 95% paired-samples confidence intervals, 95% CI =-0.23, 0.10; DFA o from
1.36 £ 0.01 to 1.32 £ 0.03, 95% CI —0.12, 0.04). Above CT, substantial reductions in
MVC torque occurred (of 49 + 8% in S1), and torque complexity was reduced (ApEn
for S1: from 0.67 £ 0.06 to 0.14 + 0.01, 95% CI=-0.72, -0.33; DFA o from 1.38 +
0.03 to 1.58 £0.01, 95% CI1 0.12, 0.29). Thus, in these experiments, the fatigue-
induced loss of torque complexity occurred exclusively during contractions performed

above the CT.

Keywords: non-linear dynamics; fractal scaling; exercise; central and peripheral fatigue
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Introduction

Physiological systems produce outputs that inherently fluctuate when measured over
time. These fluctuations in physiological time series, such as the force or torque output
from a contracting muscle group, can be described in terms of their magnitude, using
the standard deviation (SD) or the coefficient of variation (CV; 19, 28, 57).
Alternatively, such fluctuations can be quantified according to their temporal structure
or “complexity”. In this context, a complex signal has a number of characteristic
properties that the SD and/or spectral analysis cannot quantify, namely, temporal
irregularity, time irreversibility, and long-range (fractal) correlations (21, 32, 44). No
single statistic captures all of these properties. As a result, multiple analyses are
required to determine the complexity of a physiological time series (22). Measures of
complexity include those drawn from information theory, which quantify the regularity
of fluctuations in a time series (such as approximate entropy, ApEn; 43, 44), and those
drawn from fractal geometry, which quantify the long-range correlations present in a
signal (such as detrended fluctuation analysis, DFA; 39). The DFA scaling exponent, a,
differentiates signals possessing white (a ~0.5), pink (a ~1.0), or Brownian (o ~1.5)
noise. Using this analysis, pink noise is considered the most complex because it
indicates the presence of self-similar fluctuations across multiple time scales (21).
Complexity is thought to be a hallmark of healthy physiological systems (40). In the
case of the neuromuscular system, the complexity of force or torque output is thought to
reflect the ability to adapt motor output rapidly and accurately in response to alterations

in demand (31, 59).

It has been proposed that the aging process and various disease states are characterized
by a loss of physiological complexity (32). This “loss of complexity hypothesis”

initially focused on heart rate dynamics (32), but it has also been shown to apply, inter
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alia, to respiratory frequency (41), stride timing in normal walking (24) and, crucially,
muscle force output (52, 56, 59). In the latter case, older adults produce less complex
force output during a sustained finger abduction task than young subjects, suggesting
that for the same relative force output motor control is diminished in older muscle (59).
We have recently extended the loss of complexity hypothesis to acute neuromuscular
system changes caused by fatigue in healthy young adults (42). In that study, repeated
maximal and submaximal isometric contractions of the knee extensors resulted in the
development of neuromuscular fatigue of both central and peripheral origin (i.e., fatigue
residing in the central nervous system or the muscle, respectively), assessed using
maximal voluntary contractions (MVCs) and supramaximal stimulation of the femoral
nerve (42; for review see 20). The development of fatigue was accompanied by a loss
of torque output complexity, measured by a progressive decrease in ApEn and a
progressive increase in the DFA o exponent. The mechanism producing this loss of
complexity is unclear, but it is well known that the mechanisms of fatigue are exercise
intensity dependent (45). Specifically, the mechanism responsible for peripheral
fatigue, as well as its rate of development, changes considerably as contractile intensity
is increased above the so-called critical torque (CT; 8). It is likely that the submaximal
contractions in our previous study (at 40% MVC) were performed above the CT, since
CT has been shown to occur at ~25-35% MVC using the same contraction duty cycle
(7, 8). Performing muscle contractions at a range of intensities straddling the CT
should, therefore, provide crucial insights into the fatigue-induced loss of torque

complexity.

The CT, analogous to the critical power frequently measured during dynamic whole-
body exercise such as cycling (35; for reviews, see 30, 34), represents the asymptote of
the hyperbolic relationship between torque output and time to task failure or

“exhaustion” (7, 8). Dynamic exercise performed above the critical power is associated
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with non-steady state profiles of pulmonary O, uptake (\'/O2 ; 46, 47) and muscle
metabolism (29, 60), in contrast to the steady state profiles attainable below the critical
power. Similarly, below CT the neuromuscular adjustments during intermittent
contractions are modest (chiefly increased motor unit recruitment and/or firing
frequency [1, 2], reflected indirectly in the amplitude of the electromyogram [EMG]),
and the progression of fatigue is much slower than that during contractions performed
above CT (8). Above CT, there is a progressive loss of MVC torque until task failure
occurs, and at task failure the magnitude of peripheral fatigue is similar regardless of the
duration of the task (7, 8). As such, the CT represents a critical metabolic (29) and
neuromuscular fatigue threshold (8), and consequently metabolite-mediated peripheral
fatigue is thought to be the dominant mechanism of torque losses above CT (7, 8). If
the fatigue-induced loss of torque complexity (42) is mechanistically coupled to this
form of peripheral fatigue, then such a loss should only occur during contractions
performed above the CT. Furthermore, if the loss of complexity is related to the
magnitude of peripheral fatigue development above CT (rather than simply task
duration), then torque complexity should decrease to reach similar values at task failure,

regardless of the duration of exercise producing that failure.

The purpose of the present study was to investigate the effect of fatigue on the
complexity of knee extensor torque output in relation to the CT. To that end, we aimed
to determine if different temporal profiles of knee extensor torque complexity are
evident above and below the CT. The experimental hypothesis tested was that above the
CT, central and peripheral fatigue would be evident and torque complexity would be
progressively reduced, quantified by a decrease in ApEn and an increase in the DFA o
exponent, whereas below CT fatigue would develop but torque complexity would not

decrease.
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Materials and Methods

Participants

Nine healthy participants (5 male, 4 female; mean = SD: age 25.3 + 5.8 years; height
1.74 £ 0.10 m; body mass 69.2 + 10.4 kg) provided written informed consent to
participate in the study, which was approved by the ethics committee of the University
of Kent, and which adhered to the Declaration of Helsinki. Participants were instructed
to arrive at the laboratory rested (having performed no heavy exercise in the preceding
24 hours) and not to have consumed any food or caffeinated beverages in the three
hours before arrival. Participants attended the laboratory at the same time of day (+ 2

hours) during each visit.

Experimental design

Participants were required to visit the laboratory on seven occasions over a four to six
week period, with a minimum of 48 hours between visits. During their first visit,
participants were familiarized with all testing equipment and procedures, and the
settings for the dynamometer and stimulator were recorded. During visits two to five,
participants performed a series of intermittent isometric contractions to task failure
(“severetrials’; see below). From these four tests, the CT was calculated, and
participants subsequently performed two further tests, during visits six and seven, at
50% and 90% of the torque at CT (50%CT and 90%CT respectively; “sub-CT trials”;
see below) for 30 minutes or until task failure, whichever occurred first. The severe
trials and the sub-CT trials were each presented in a randomized order. In each trial,
torque output was sampled continuously to allow the quantification of complexity,
muscle activity was measured using the m. vastus lateralis electromyogram (EMG), and

MVCs with supramaximal femoral nerve stimulation performed before and immediately
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after each trial were used to quantify global, central and peripheral fatigue, as detailed

below.

Protocol

Electromyography and femoral nerve stimulation

During all visits on arrival at the laboratory participants had their right leg shaved and
cleaned using an alcohol swab over the belly of the vastus lateralis and on the medial
aspect of the proximal tibia. For EMG acquisition, two Ag/AgCl electrodes (Nessler
Medizintechnik, Innsbruck, Austria) were placed on the belly of the vastus lateralis in
line with the muscle fibers, and a single electrode was placed on the medial aspect of
the tibia at the level of the tibial tuberosity. Care was taken to ensure that these
electrode locations were identical between sessions. For femoral nerve stimulation, the
anode (100 mm x 50 mm; Phoenix Healthcare Products Ltd, Nottingham, UK) was
placed on the lower portion of the right gluteus maximus lateral to the ischial tuberosity.
Participants then sat in the chair of a Cybex isokinetic dynamometer (HUMAC Norm,;
CSMi, Stoughton, MA, USA), with the lever arm set so that the relative knee angle was
held at 90°. The chair’s position was recorded and replicated in subsequent trials. The
position of the cathode was located using a motor point pen (Compex; DJO Global,
Guildford, UK), and another Ag/AgCl electrode was placed on that point. The
establishment of the appropriate stimulator current (200 ps pulse width) was then
performed as described by Pethick et al. (42), wherein current was incrementally
increased until knee extensor torque and the compound motor unit action potential (M-
wave) response to single twitches had plateaued and was verified during stimulation
delivered during a contraction at 50% MVC to ensure a maximal M-wave during was

also evident during an isometric contraction. The stimulator current was then increased
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to 130% of the current producing a maximal M-wave. In all trials, doublet stimulation

(two 200 ps pulses with 10 ms interpulse interval) was used.

All visits followed a similar pattern of data acquisition, beginning with the
instrumentation of the participants and the (re-)establishment of the correct
dynamometer seating position and supramaximal stimulation response. Participants then
performed a series of brief (3 s) MVCs to establish their maximum torque. These
contractions were separated by 60 s rest, and continued until three consecutive peak
torques were within 5% of each other. Participants were given a countdown, followed
by very strong verbal encouragement to maximize torque. The first MVC was used to
establish the fresh maximal EMG signal, against which the subsequent EMG signals
were normalized (Data analysis; see below). The second and third MVCs were
performed with peripheral nerve stimulation. In all instances, where MVCs were
performed with stimuli, the stimuli were manually delivered ~1.5 s into the contraction
to coincide with maximal torque, and 2 s after the contraction to provide a resting
potentiated doublet. Following the establishment of maximal torque, participants
rested for 10 min, and then performed either one of the severe or sub-CT trials (see
below). In all of these trials, at task end/failure participants immediately performed an

MVC, which was accompanied by peripheral nerve stimulation.

Severetrials (performed above CT)

During visit two (the first of the severe trials), the highest instantaneous pre-test
measure of voluntary torque was recorded as the peak MVC torque, and the target
torques for the submaximal contractions in visits two to five were calculated from this
value. The submaximal contractions were performed using a duty cycle of 0.6, with
contractions held for 6 s, followed by 4 s rest. The target for the submaximal

contractions in visit two was set at 50% of the peak torque measured in the pre-test
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MVCs. Participants were instructed to match their instantaneous torque with a target bar
superimposed on the display in front of them and were required to continue matching
this torque for as much of the 6 s contraction as possible. The test was conducted until
task failure, the point at which the participant failed to reach the target torque on three
consecutive occasions, despite strong verbal encouragement. Participants were not
informed of the elapsed time during the test, but were informed of each “missed”
contraction. After the third missed contraction, participants were instructed to
immediately produce an MVC, which was accompanied by peripheral nerve

stimulation.

The duration of the initial severe trial at 50% MVC was used to determine the
percentage of MVC used in subsequent trials, which were performed in an identical
manner. The objective of these tests was to yield trial durations of between two and
fifteen minutes, which have been recommended for the assessment of CT (25). The
subsequent severe-intensity trials were performed in a randomized order. Visits two to
five were used to determine the CT; individual trials were identified as severe 1 (S1) to

severe 4 (S4), with S1 being the lowest and S4 being the highest torque.

Sub-CT trials

The final two visits were performed at target torques of 50% and 90% of the calculated
CT (identified as 50%CT and 90%CT), the order of which was determined by a coin
toss. These trials were conducted in the same manner as the severe trials, requiring the
participants to perform intermittent contractions (6 s on, 4 s off) at a target torque. In
these trials, the contractions continued for 30 min or until task failure, whichever
occurred sooner. Immediately after completion of the trial or task failure, participants
were instructed to perform an MVC, which was accompanied by peripheral nerve

stimulation. The two sub-CT trials were performed in a randomized order.
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Data acquisition and participant interface

Data acquisition was performed in the same manner as described in Pethick et al. (42).
Briefly, all peripheral devices were connected via BNC cables to a Biopac MP150
(Biopac Systems Inc., California, USA) and a CED Micro 1401-3 (Cambridge
Electronic Design, Cambridge, UK) interfaced with a personal computer. All signals
were sampled at 1 kHz. The data were collected in Spike2 (Version 7; Cambridge
Electronic Design, Cambridge, UK). A chart containing the instantaneous torque was
projected onto a screen placed ~1 m in front of the participant. A scale consisting of a
thin line (1 mm thick) was superimposed on the torque chart and acted as a target, so
that participants were able to match their instantaneous torque output to the target

torque during each test.

Data analysis
All data were processed and analyzed using code written in MATLAB R2013a (The
MathWorks, Massachusetts, USA).

Torque and EMG. The mean and peak torque for each contraction in every test was
determined. The mean torque was calculated based on the steadiest five seconds of each
contraction. The torque impulse (the integral of torque and time) was also calculated for
each contraction. The EMG signal from the vastus lateralis was filtered (10-500 Hz)
full-wave rectified with a gain of 1000. The average rectified EMG (arEMGQG) for each
contraction was then calculated and normalized by expressing the arEMG as a fraction
of the arEMG obtained during an MVC from the fresh muscle performed at the

beginning of each trial.

10
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To determine task failure, the mean contraction torque produced in the first minute of
the contractions was calculated, and task failure was deemed to have occurred when
participants’ mean torque output failed to achieve that in the first minute by more than 5
N.m for three consecutive contractions, with the first of these contractions being the
time at which task failure occurred. To determine the CT, the total torque impulse
produced until task failure and the total contraction time during each individual trial
were calculated. The torque impulse was then plotted against the contraction time, and
the parameters of the torque-duration relationship were estimated using linear regression

of the torque impulse vs. contraction time (7, 8):

Torque impulse = W'+ CT - t [1]

where W’ represents the curvature constant parameter and t is the time to task failure.

Central and peripheral fatigue. Measures of central and peripheral fatigue were

calculated based on the stimuli delivered during and after pre-test and task failure
MVCs. Global fatigue was assessed using the fall in the MVC torque, peripheral
fatigue was evidenced by a fall in the peak potentiated doublet torque, and central

fatigue by the decline in voluntary activation (VA; 5):

VA = 1- (superimposed doublet/potentiated doublet) x 100 2]

The time to peak torque and the half-relaxation time were also calculated from each
resting potentiated doublet. The time to peak torque was measured as the time from the
delivery of the stimulus to the highest torque response, and the half-relaxation time was

measured as half the time from the peak torque to the recovery of baseline torque. In

11
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one participant during the CT50% trial, the stimulator failed to deliver a doublet

stimulus and the doublet data from that test were not used in the analysis.

Variability and complexity. All measures of variability and complexity were calculated
using the steadiest five seconds of each contraction, identified as the 5 seconds
containing the lowest standard deviation (SD). The amount of variability in the torque
output of each contraction was measured using the SD, which provides a measure of the
absolute amount of variability in a time series and coefficient of variation (CV), which
provides a measure of the amount of variability in a time series normalized to the mean
of the time series. Force accuracy was quantified by calculating the root mean squared
error (RMS error) between the target torque and the instantaneous torque during the

steadiest 5 seconds of each contraction.

The temporal structure, or complexity, of torque output was then examined using
multiple time domain analyses. To determine the regularity of torque output, we
calculated ApEn (43), and to estimate the temporal fractal scaling of torque detrended
fluctuation analysis (DFA) was used (39). Sample entropy was also calculated (48), but
as shown in Pethick et al. (42) this measure did not differ from ApEn, and was not
included in the present analysis. As detailed in Pethick et al. (42), ApEn was calculated
with the template length, m, set at 2 and the tolerance, r, set at 10% of the standard
deviation of torque output, and DFA was calculated across time scales (57 boxes

ranging from 1250 to 4 data points).

Statistics
All data are presented as means + SEM. Two-way ANOVAs with repeated measures
were used to test for differences between conditions and time points, and for a

condition*time interaction for torque, arEMG, potentiated doublet torque, voluntary

12
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activation, variability and complexity. The variability and complexity measures were
analyzed using means from the first minute and the final minute before task end/failure.
The rates of change in all parameters were analyzed using one-way ANOVAs with
repeated measures. Main effects were considered significant when P < 0.05. When
main effects were observed, Bonferroni-adjusted 95% paired-samples confidence

intervals were then used to determine specific differences.
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Results

Preliminary measures and the CT

The peak instantaneous MVC torque recorded during an MVC in visit two was 198.1 +
17.2 N.m. This was used to set the target torques for the four tests performed above CT,
which ranged from 78.7 + 6.3 to 112.7 +£ 9.0 N.m, or 40.8 + 2.6 to 57.8 £ 2.5% MVC
(Table 1). The CT was calculated to be 57.5 £ 4.7 N.m, which was equivalent to 29.7 +
1.7% MVC, and the W’ was 3637 + 537 N.m.s. The 95% CI for the estimation of CT
was 11.8 = 2.3 N.m. The two trials below CT (50%CT and 90%CT) were performed at
28.7+2.3and 51.7+£4.2 N.m, or 14.9 £ 0.9 and 26.7 + 1.6% MVC, respectively (Table

).

Torque and EMG

For the trials above the CT, task failure occurred when participants were no longer able
to achieve the target torque, despite a maximal effort. All trials above the CT resulted in
significant decreases in MVC torque (F = 62.17, P <0.001), with the mean MVC torque
at task failure being not significantly different from (S1-S3) or significantly lower than
(S4) the torque produced during the submaximal contractions (Table 1). In contrast, all
participants completed 30 minutes of contractions in both trials below the CT. At the
end of these trials, the mean MV C torque was still significantly greater than the
submaximal torque requirements (paired-samples confidence intervals (CIs): 90%CT,
52.6, 168.2 N.m; 50%CT, 92.2, 211.3 N.m), indicating that contractions performed

below the CT ended with a substantial reserve in maximal torque.

The arEMG amplitude increased over time in all of the trials above the CT, reaching
~61-77% of the pre-test MV C value at task failure (F = 14.33, P = 0.005; Table 1).

Contractions below the CT resulted in only modest increases in arEMG as the trials

14
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progressed, with the values at task end not significantly different from those at the start

(ClIs: 90%CT, —4.7, 19.0%; 50%CT, —0.6, 2.9%).

Peripheral and central fatigue

All the trials above the CT resulted in significant reductions in potentiated doublet
torque (F =34.34, P=0.001; Table 1), indicating the presence of peripheral fatigue.
The potentiated doublet torque attained at task failure was not significantly different
between trials above CT (CIs: S1 vs. S2 —19.2, 20.5 N.m; S1 vs. S3,-10.9, 12.4 N.m;
S1vs.S4,-11.9, 17.2 N.m; Table 1). The time to peak tension (F =2.85, P=0.15) and
half-relaxation time (F = 0.34, P = 0.62) were unaffected by contractions above CT.
Voluntary activation significantly declined during all trials above the CT (F = 192.21, P
< 0.001; Table 1), indicating the presence of central fatigue. The potentiated doublet
torque was reduced in both trials below CT, but not to the same extent as trials above
CT (Table 1). Voluntary activation also significantly decreased in 90%CT (CI: -9.4, —
1.7%). There was no change in voluntary activation during contractions at 50%CT (CI:

-5.9,3.5%).

Variability and complexity

The variability and complexity data are presented in Table 2. All trials above the CT
resulted in a significant increase in the amount of variability, as measured by the SD (F
=110.15,P<0.001) and CV (F =136.96, P <0.001). The values attained at task failure
for the SD were not significantly different across trials above CT. The trials below the
CT resulted in no change in the amount of variability (SD ClIs: 90%CT,-0.1, 0.7 N.m;
50%CT, —0.1, 0.5 N.m; CV: 90%CT, —0.2, 1.5%; CT50%, —0.1, 2.0%), and the values
at task end were significantly lower than those at task failure in the trials above the CT

(Table 2). Force accuracy was higher in the CT50% and CT90% trials than in S1 (F =

15
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23.06, P <0.001), and accuracy declined only during contractions performed above the

CT (F=101.5, P <0.001, Table 2).

Complexity at the beginning of the trials decreased with increasing torque requirements
from 50%CT to S4 (ApEn, F =35.54, P<0.001; DFA a, F =38.97, P <0.001; Figure
1). Representative time series of torque output during contractions below and above CT
are shown in Figure 2. All trials above the CT resulted in decreases in complexity, as
measured by ApEn (F =192.30, P <0.001) and DFA a (F =46.28, P <0.001; Figure 2;
Figure 3). ApEn decreased as the trials progressed, with the values at task failure in S1-
S4 being similar, despite different starting values (Table 2; Figure 1A). DFA a
increased, indicating more Brownian-like noise, as the trials progressed, with no
significant differences between trials for the values at task failure. In contrast, the trials
below the CT resulted in no significant change in complexity after 30 min of
contractions: ApEn Cls, 90%CT, —0.23, 0.10; 50%CT, —0.29, 0.05; DFA o CIs 90%CT,
—0.12, 0.04; 50%CT, —0.06, 0.11. At the end of these tasks the values were significantly
higher (ApEn) or lower (DFA o) than at task failure above CT (Table 2; Figure 1B;

Figure 3).

Rates of fatigue development

The rates of decrease in MVC torque, potentiated doublet torque and voluntary
activation all increased with increasing torque requirements from 50%CT to S4 and
were significantly greater above compared to below the CT (MVC, F=34.41, P <
0.001; potentiated doublet, F = 16.68, P = 0.002; voluntary activation, F =17.71, P =
0.001; Table 1). The rate of increase in arEMG also increased with increasing torque
requirements and was significantly greater above compared to below the CT (F = 8.63,

P =0.008; Table 1).
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The rate of decrease in ApEn (Figure 4A) increased with increasing torque requirements
from 90%CT to S4 and was significantly greater above compared to below the CT
(ApEn, F =34.94, P <0.001; Table 2). The rate of increase in DFA a (Figure 4B)
increased with increasing torque requirements from 90%CT to S4 and was significantly

greater above compared to below the CT (F = 14.52, P=0.001; Table 2).

Discussion

The major novel finding of this investigation was that the complexity of knee extensor
torque output was reduced during contractions performed exclusively above the critical
torque. Contractions performed above CT were associated with the development of
substantial central and peripheral fatigue, accompanied by reduced complexity and
increasingly Brownian (DFA o = 1.50) fluctuations in torque output. At task failure
above CT, torque complexity, voluntary activation and the potentiated doublet torque all
fell to reach similar values regardless of the torque requirement of the task. In contrast,
contractions below the CT resulted in no change in the complexity of torque output, in
spite of the development of peripheral fatigue (at 50% and 90%CT) and central fatigue
(at 90%CT). These results provide new evidence that torque complexity is sensitive to
the development of neuromuscular fatigue only during high-intensity (>CT) voluntary

contractions.

Effect of fatigue on the magnitude of torque fluctuations: variability vs. complexity

The contractions performed above the CT led to a marked increase in the SD, CV and
RMS error of torque fluctuations, whereas contractions below the CT did not (Table 2).
A fatigue-induced increase in the amplitude of torque fluctuations during isometric
contractions has been repeatedly observed (10, 18, 26). Whilst a progressive increase in

the amplitude of torque fluctuations mirrors the loss of torque output complexity, it is
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431  important to appreciate that measures of complexity quantify different properties of the
432 torque signal (31). Specifically, the ApEn statistic quantifies regularity by identifying
433 template matches in a time series, with fewer matches indicating greater complexity,
434  and the DFA o exponent identifies noise color and, if present, long-range correlations.
435  The DFA o exponent increasing above unity towards ~1.5 (as seen the present study)
436  also indicates a less complex, Brownian noise-like signal. Crucially, changes in time
437  series complexity can be observed in the absence of changes in the magnitude of

438  fluctuations (i.e., the SD), as reported, for example, in postural tremor in Parkinson’s
439  patients (58). Thus, the temporal structure of physiological time series contains

440  information additional to, and distinct from, amplitude-based measures of time series
441  variability (32).

442

443 Neuromuscular fatigue and complexity below and above the critical torque

444  The fatigue-induced loss of torque complexity we previously reported was observed
445  during either a series of MVCs or contractions performed at 40% MVC to task failure
446  (42). By utilizing a broad range of target torques in the present study (from ~15-60%
447  MVC), we aimed to examine whether the fatigue-induced loss of complexity was

448  dependent on contractile intensity, with specific reference to the CT. Although the
449  critical power (or torque) was originally proposed to represent a power (or torque)

450  below which fatigue would not occur (34), it is now known that fatigue does develop
451  below the CT, but at a disproportionately slower rate than above CT (8). The results of
452  the present study support this, with the decrease in MVC torque occurring more than
453  four times faster for the S1 trial compared to the 90%CT trial, and with the rate of

454  fatigue in all its forms increasing as the torque demands increased above CT (Table 1).
455 It is thought that the dominant mechanism of fatigue above CT is metabolite-induced
456  peripheral fatigue (7, 8), on the basis that progressive phosphorylcreatine (PCr)

457  depletion and phosphate (P;) and H' accumulation only occur above the CT (29, 60). P;
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458  accumulation, in particular, has been associated with fatigue in skinned fiber

459  preparations (15, 37), either through a direct effect on crossbridge force (12, 38), or
460  through depressive effects on Ca®" kinetics (15). Recently, it has also been suggested
461  that the effects of P; and H™ accumulation are additive (36), resulting in profound

462  peripheral fatigue during high-force contractions. The loss of muscle force-generating
463  capacity in vivo results in additional motor unit recruitment to sustain the demands of
464  the task (1, 2), reflected, albeit indirectly, by an increase in vastus lateralis EMG

465  amplitude (Table 1). Collectively, these metabolic and neuromuscular responses drive
466  the non-steady state increases in muscle and pulmonary VO, that occur above the

467  critical power/torque (46, 49, 61). As a result, neuromuscular fatigue above critical
468  power leads to a progressive decrease in muscular efficiency (23).

469

470  The present investigation adds a further dimension to the critical power concept,

471  because for the first time we show that the fatigue-induced loss of torque output

472 complexity we previously reported (42) occurs only above the CT. Specifically, above
473 the CT the ApEn statistic decreased (indicating increased signal regularity) and the DFA
474 ¢ exponent increased towards values approximating Brownian noise (~1.5, Table 2,
475  Figures 2 and 3). Both metrics indicate a progressive reduction in the complexity of the
476  torque signal as fatigue develops above, but not below, CT. The factors that link this
477  loss of complexity with CT are not clear, but Seely and Macklem (50) have

478  hypothesized a link between a system’s prevailing metabolic rate and its output

479  complexity. Our results support this hypothesis, since it is only above the CP/CT that
480 muscle V02 rises inexorably as a function of time, and we show here that complexity
481  only falls as a function of time above CT. Thus, it is possible that the loss of

482  complexity observed in the present study is linked to the distinct metabolic,

483  neuromuscular and respiratory perturbations that occur above the critical power/torque.

484
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Despite the lack of change in complexity during contractions below the CT, a modest
degree of global, central and peripheral fatigue was nevertheless observed in these
conditions (Table 1). Specifically, by the end of the task in both the 50%CT and 90%CT
trials, the potentiated doublet torque had declined, and at 90%CT the voluntary
activation had decreased. This suggests that complexity is dissociated from the
development of central and peripheral fatigue below the CT, and that fatigue
mechanisms particular to contractions above CT are responsible for the loss of
complexity we observed. Below CT, the responses of PCr, P; and pH to exercise (29)
are probably too small to affect the neuromuscular system’s submaximal output to any
significant degree. Thus, the neuromuscular system’s freedom to explore and achieve
control solutions (i.e., its “adaptability”, reflected by its output complexity; 31, 40, 51,
59) is not significantly perturbed and contractions continue with relative ease. These
results considerably advance our previous findings on both neuromuscular fatigue (8)
and torque complexity (42) in that they demonstrate that metrics derived from the field
of non-linear dynamics can be used to identify changes in neuromuscular system

behavior coincident with the CT.

Physiological bases for changes in torgue complexity above critical torque

During fatiguing submaximal contractions, the neuromuscular system must maintain the
torque output in the face of reduced muscle fiber twitch forces (3) and motoneurone
excitability (33), by increasing central drive and thus motor unit recruitment and rate
coding (1, 6, 14). As the fatiguing contractions progress, therefore, a greater pool of
fibers is engaged in the task, but due to peripheral fatigue each fiber contributes
progressively less to the torque output. The net effect of this would likely be a
smoothing of the torque time series, and thus reduced torque complexity (Figures 2 and
3;42). Although we observed no change in the time to peak tension or the half-

relaxation time in response to doublet stimulation of the femoral nerve (Table 1), a
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slowing of these responses has been reported previously (9, 27) and could, if present,
also contribute to a smoothing of the torque time series. That the fatigue-induced loss
of complexity appears to occur exclusively above the CT (at least for tasks lasting 30
min or less) is crucial, because it suggests that only metabolite-mediated peripheral
fatigue is capable of commencing the chain of events leading to the loss of torque
complexity. These events seem to include both peripheral alterations and the central

adjustments required to counter them in order to continue exercise.

One of the central adjustments that may be key to the fatigue-induced loss of
complexity is the common synaptic input to motoneurons and the modulation of motor
unit discharge rates (i.e., common drive; 13, 16). A necessary consequence of a
common synaptic input to all motoneurons is the correlated discharge of action
potentials, known as motor unit synchronization (16). It has recently been demonstrated
that there is an increase in common synaptic input when the net excitatory input to
motoneurons increases, whether this is due to an increase in contraction intensity or to
the progression of fatigue and the necessary recruitment of a greater proportion of the
motor unit pool (11). The fatiguing contractions performed in Castronovo et al. (20-
75% MVC; 11) were likely to have been above the “critical force” for the tibialis
anterior, since critical force typically occurs at ~15% MVC for sustained contractions
(34). The present study demonstrates that both increased contractile intensity and
neuromuscular fatigue are also associated with decreased torque output complexity
(Figure 1, Table 2). Consequently, if common synaptic input explains most of the
variance in torque fluctuations (16, 17), then our results imply that fatigue processes
may influence the temporal complexity of common synaptic input and thus neural drive
to the muscle (17). However, the EMG measurements made in the present study (using
a single set of bipolar surface electrodes) did not allow us to address this hypothesis.

Nevertheless, common synaptic input oscillating at a single dominant frequency has
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been suggested to cause the increased regularity of loaded postural tremor with aging

(55).

As we have previously observed (8), peripheral fatigue developed more than four times
faster above than below CT, and its rate of development accelerated as the torque
requirements increased above CT (Figure 4B; Table 1). At task failure, however, the
potentiated doublet had declined to similar levels, regardless of its rate of change or the
intensity of the contractions themselves (Table 1). This is consistent with previous data
demonstrating a consistent level of metabolic disturbance and/or peripheral fatigue at
task failure (4, 8, 60). A major novel finding of the present investigation was that at
task failure the values of ApEn and DFA o were similar for each of the trials above the
CT, regardless of their starting values and their rate of change during the trials (Table
2). This indicates that task failure is characterized not only by consistent levels of
metabolic disturbance and peripheral fatigue, but also by consistently low levels of
torque complexity (Figure 1). Whether low complexity torque output plays a direct role
in precipitating task failure is not presently clear (42). Nevertheless, a high level of
physiological complexity is thought to be advantageous because it endows
physiological systems with the ability to rapidly adapt to sudden changes in demand
(31, 32, 40, 54). A loss of motor output complexity is associated with diminished motor
control in aging (53-55, 59). In the present study, the high-frequency fluctuations
present at the beginning of the trials above CT were progressively attenuated as task
failure approached, giving way to large, low-frequency fluctuations (Figure 2B). These
patterns are a signature of the neuromuscular system becoming unable to consistently
match the target demand (54). At task failure, torque complexity reached consistently
low values that may have compromised motor control and therefore limited task
performance, in agreement with the purported functional importance of physiological

complexity (31, 40, 54, 59). Thus, a role for low torque complexity in the mechanism
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of task failure is plausible, but further studies are required to directly test this

hypothesis.

Per spectives and Sgnificance

The loss of torque complexity that occurred during fatiguing contractions above the CT
in this study extends the “loss of complexity hypothesis” developed in aging and disease
(32) to high-intensity (>CT) contractions in young healthy participants. Exploration of
the central and peripheral mechanisms of this loss of torque complexity should,
therefore, center on muscle contractions performed above the CT. The loss of
complexity observed above CT implies that adaptability of the neuromuscular system is
progressively compromised, which likely contributes to the processes resulting in task
failure. Whether the fatigue-induced loss of complexity occurs when the target torque is
varied (during sinusoidal or ramp-and-hold contractions, for example; 1, 59), or when
dynamic contractions are performed in tasks such as cycling, is not clear. Establishing
the effect of fatigue on neuromuscular output complexity in a range of tasks, and
establishing the central and peripheral processes involved are, therefore, important next
steps. Given the development of wearable or equipment-mounted devices to measure
neuromuscular output during exercise, such work could pave the way to real-time

assessment of the fatigue process in free running conditions.
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Figure legends

Figure 1

Relationship between knee extensor torque requirement and torque complexity
Panel A shows the approximate entropy measured in the first minute and in the last
minute of each intermittent contraction trial. Panel B shows the DFA o scaling
exponent measured in the same trials as panel A. Each trial (50%CT, 90%CT, S1-S4) is
highlighted between the two panels. CT occurred at 29.7 £ 1.7% MVC. Note that
complexity is significantly decreased (as shown by reduced ApEn and increased DFA o
exponent) only during contractions above the CT (white triangles). All values are mean

+ SEM.

Figure 2

Responses of knee extensor torque during representative contractions below and
above the critical torque

Panel A shows three contractions from the 90%CT trial in a representative participant:
one in the first minute (3rd contraction), one at the mid-point (90th contraction), and one
at the end of the task (1 8o™ contraction). Notice that there is no change in the measures
of torque complexity as contractions progress. The amplitude of fluctuations appear
greater at the mid-point and at the end of the task by virtue of a slightly larger SD in
these contractions (1.4, 1.8, and 1.9 N.m, in first minute, mid-point and task end,
respectively). In panel B, data are taken from a test performed at 50% MVC (S3 trial),
in which task failure occurred in 3 min 50 s. The first minute is represented by the 2
contraction of the test, the mid-point by the 12™ contraction (2 min) and task failure by
the 22™ contraction (immediately preceding task failure). Notice the progressive loss of
torque complexity in each contraction (shown by the decreased ApEn and increased

DFA o exponent).
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Figure 3

Time course of complexity in response to contractions below and above the critical
torque

Panel A shows approximate entropy (ApEn), Panel B shows the Detrended Fluctuation
Analysis o scaling exponent (“DFA o exponent”). In each panel, the white circles
represent the 90%CT trial (below CT) and the black circles the S1 trial (the lowest
torque performed above CT). Note the progressive decrease in ApEn and the
progressive increase in the DFA o exponent during contractions above the CT, with no

change during contractions below the CT. All values are mean = SEM.

Figure 4

Rate of change in torque complexity in relation to torque requirements

Panels A and B show the rate of change in ApEn and the DFA o exponent, respectively.
White circles, trials below CT; black symbols, trials above CT. Note that the rates of
change for all variables are different from zero only above CT, and these rates increase

as torque requirements are increased above CT. All values are mean + SEM.
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Table 1. Voluntary torque, peripheral and central fatigue parameters, and EMG responses to contractions below (50%CT and 90%CT) and

above (S1-S4) the critical torque.

Parameter 50%CT 90%CT Sl S2 S3 S4
Mean test torque, N.m 28.7+£23 51.7+42 78.7+6.3 89.7+6.8 104.0+84 112.7£9.0
Mean test torque, * % MVC 149+0.9 26.7+1.6 40.8+2.6 46.7+3.2 53.9+34 57.8£2.5
Time to task end/failure, min 30.0+0.0 30.0+0.0 175+1.3 8.1+0.7 48+0.5 29+03
Global fatigue
Pre-exercise MVC, N.m 226.2+19.7 223.8+21.8 199.9 +18.6 198.1+17.2 200.6 £ 15.5 209.6 £19.2
Peak MVC at task end/failure, N.m 205.6 £ 18.67% 182.2 + 19.57% 101.9 £8.27 110.7 £ 9.7 119.4 +£10.2F 112.7 £8.07
Mean MVC at task end/failure, N.m 180.5 £ 18.3* 162.1 £17.8* 77.7+5.7 87.4+ 8.1 101.0 £ 8.5 95.1 +£7.6*
AMVC/At, N.m.min"' —0.7+0.1% -1.4+03% —6.2+1.3 -12.2+1.8% —18.5+3.2% —36.4 +£5.5%
Peripheral fatigue
Pre-exercise doublet, N.m 97.2+73 98.6 +8.5 95.1+79 94.4 + 8.7 92.3+8.5 919+7.7
Doublet at task end/failure, N.m 90.8+6.9t1 86.3£7.61% 63.5+4.9% 63.8£8.1F 62.8 £5.07 60.9 + 6.3}
% Change at task end/failure 6.6+1.3 125+23 322+3.8 32.6+49 29.8+5.2 32.7+£55
Adoublet/At, N.m.min™’ —0.2 £ 0.05% —0.4+0.1% -1.8+0.4 -3.9+£0.7% —6.1 +1.3% —11.6 £2.5%
Time to peak torque
Pre-exercise, ms 91.3+1.7 934+24 95.4+48 94.6 +4.5 949+49 93.6+2.8
At task end/failure, ms 92.1+22 91.6+2.5 86.8+1.6 90.8 +3.2 91.9+44 91.9+22
One-half relaxation time
Pre-exercise, ms 201.7 £31.7 162.3+21.9 191.5£27.5 179.6 +28.5 205.3 £26.4 215.6 £42.2
At task end/failure, ms 148.1 £27.4 135.0+19.9 141.7+19.8 125.9 +15.7 162.8 +21.3 168.0 +24.1
Central fatigue
Pre-exercise VA, % 924 +£0.5 93.6+£0.7 91.3+0.9 91.5+1.0 920+1.3 924 +1.1
VA at task end/failure, % 91.2+1.6% 88.0 £ 1.37 75.0£3.2F 76.1 £ 1.1F 80.0 £ 1.7F 76.9 £ 3.7F
% Change at task end/failure 0.7+£0.7 6.0+1.1 17.7+3.6 16.7+1.8 13.0£ 1.5 16.7+ 3.8
AVA/At, %/min —0.04 £ 0.04% -0.2+0.04 -0.9+0.2 —2.1+0.3% —2.7+04% -5.3+1.0%
Surface EMG
arEMG at task beginning, % MVC 13.8+ 1.1 222423 352+3.1 449+49 53.7+49 61.7+43
arEMG at task end/failure, % MVC 149+13 294+4.4 62.4+7.1F 70.1 £ 8.4F 76.5 £ 8.2F 77.6 £7.0F
AarEMG/At, % MVC/min 0.04 +0.02% 0.2+0.1% 1.6+04 35+0.9 49+1.5 54+1.7

Values are means + SEM. EMG, electromyogram; 50%CT and 90%CT, 50 and 90% of the critical torque, respectively; MVC, maximal voluntary contraction; A, change; t,
time; VA, voluntary activation; arEMG, average rectified EMG of the vastus lateralis; * Mean test torque is expressed as a percentage of the peak torque measured during the
MVCs in visit 2. Letters indicate a statistically significant difference compared to the following: *mean test torque, fpre-exercise value/value at task beginning, ISevere 1.



Table 2. Variability, complexity and fractal scaling responses to contractions below (50%CTand 90%CT) and above (S1-S4) the critical torque.

Parameter 50%CT 90%CT S1 S2 S3 S4
SD
SD at task beginning, N.m 0.9+0.1 1.3+£0.1 2.0+0.1 24+0.2 2.8+0.3 32+0.3
SD at task end/failure, N.m 1.1£0.2} 1.7+ 0.2 7.6 £0.4* 8.4 +£0.8% 8.5+ 14* 7.1+£0.8*%
ASD/At, N.m.min™" * 0.007 £ 0.003F 0.01 +0.0037 0.3+0.03 0.8+0.1 14+04 1.6+0.4
Ccv
CV at task beginning, % 32+0.2 2.5+0.2 3.0+0.1 3.0+£0.2 3.0+0.3 3.0+0.3
CV at task end/failure, % 43 +£0.4% 3.0+ 0.2¢ 11.0£1.0* 11.0 + 1.0* 9.0+ 1.0* 7.0+0.1%*
ACV/At, %.min™ 0.03 £0.01% 0.02+0.01% 0.5+0.04 1.0+£0.2 20+04 2.0+0.5
Force accuracy (RMS error)
RMS error at task beginning, N.m 2.8+0.6 25+0.3 2.7+0.24 32+0.3 44+04 39+0.4
RMS error at task end/failure, N.m 2.7+0.5% 3.0£0.5¢ 9.4+0.5% 11.2+1.2* 11.9+1.7* 11.0 £0.9*
ARMS error/At, N.m.min™" * -0.003 £0.017 0.01 £0.017 0.4+0.02 0.5+0.1 14+0.3 2.6 + 0.3}
ApEn
ApEn at task beginning 0.93 +£0.07 0.82 +0.03 0.67+0.06 0.52 + 0.05 0.49 £0.05 0.49 £0.05
ApEn at task end/failure 0.80 £ 0.077 0.75 £ 0.067 0.14+0.01* 0.13+0.02* 0.15+ 0.04* 0.20+0.03*
AApEn/At*? —0.004 + 0.002+ —0.002 £+ 0.002f -0.03 £0.01 -0.05+0.01 -0.07 £ 0.01} —0.11£0.01%
DFA «a
DFA a at task beginning 1.31 £0.02 1.36 £ 0.01 1.38 £0.03 1.42 +0.03 1.43£0.03 1.45+0.03
DFA a at task end/failure 1.34 £ 0.03} 1.32£0.03} 1.58 £ 0.01%* 1.59 + 0.02* 1.59 + 0.02* 1.57 £ 0.03*
ADFA o /At? 0.001 £ 0.001+ —0.001 £0.0017 0.01 £ 0.002 0.02 £ 0.005 0.04 +0.01F 0.05+0.01%

Values are means + SEM. 50%CT and 90%CT, 50 and 90% of the critical torque, respectively; A, change; t, time; SD, standard deviation; CV, coefficient of variation; RMS
error, root mean squared error vs. the target torque; ApEn, approximate entropy; DFA a, detrended fluctuation analysis. Letters indicate a statistically significant difference
compared to the following: *pre-exercise value/value at task beginning, TSevere 1. “Due to the duration of some trials, discrimination between conditions at 2 decimal places

is not possible. Therefore these data are expressed to 2 decimal places or the first significant figure as required.
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