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Abstract

Neuromuscular fatigue reduces the temporal structure, or complexity, of muscle torque output.
Exercise-induced muscle damage reduces muscle torque output for considerably longer than
high-intensity fatiguing contractions. We hypothesised that muscle damaging eccentric
exercise would lead to a persistent decrease in torque complexity, whereas fatiguing exercise
would not. Ten healthy participants performed five isometric contractions (6 s contraction, 4 s
rest) at 50% maximal voluntary contraction (MVC) before, immediately after, 10, 30 and 60
minutes, and 24 hours after eccentric (muscle damaging) and isometric (fatiguing) exercise.
These contractions were also repeated 48 hours and one week after eccentric exercise. Torque
and surface EMG signals were sampled throughout each test. Complexity and fractal scaling
were quantified using approximate entropy (ApEn) and the detrended fluctuation analysis a
exponent (DFA «). Global, central and peripheral perturbations were quantified using MVCs
with femoral nerve stimulation. Complexity decreased following both eccentric (ApEn, mean
(SD), from 0.39 (0.10) to 0.20 (0.12), P < 0.001) and isometric exercise (from 0.41 (0.13) to
0.09 (0.04); P <0.001). After eccentric exercise ApEn and DFA a required 24 hours to recover
to baseline levels, but only 10 minutes following isometric exercise. MVC torque remained
reduced (from 233.6 (74.2) to 187.5 (64.7) N.m) 48 hours after eccentric exercise, with such
changes only evident up to 60 minutes following isometric exercise (MVC torque, from 246.1
(77.2) to 217.9 (71.8) N.m). The prolonged depression in maximal muscle torque output is

therefore accompanied by a prolonged reduction in torque complexity.

Abbreviations: ApEn, approximate entropy; DFA detrended fluctuation analysis; MVC

maximal voluntary contraction.
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Introduction

Human movement is characterized by inherent variability and fluctuations (Hamilton et al.,
2004; Stergiou and Decker, 2011). Such fluctuations have typically been quantified according
to their magnitude, using measures such as the standard deviation (SD) and coefficient of
variation (CV; Jones et al., 2002; Taylor et al., 2003). However, these fluctuations also possess
an irregular temporal structure, or complexity (Lipsitz and Goldberger, 1992), which refers to
the relationship between successive data points and the predictability of a time-series (Pincus,
1991; Slifkin and Newell, 2000). Complex outputs are thought to be a hallmark of healthy
physiological systems (Peng et al., 2009), and can be observed in, inter alia, normal heart rate,
gait and muscle torque output (Hausdorff et al., 1995; Goldberger, 1996; Slifkin and, Newell,
1999). A loss of physiological complexity appears to be a ubiquitous response to ageing and/or

pathology (Lipsitz and Goldberger, 1992).

In the context of muscle torque output, it is thought that complexity reflects the adaptability of
the neuromuscular system (i.e., the ability to modulate motor output rapidly and accurately in
response to perturbations; Vaillancourt and Newell, 2003). Any loss of muscle torque
complexity therefore has the potential to negatively affect co-ordination, impact motor task
performance and exercise tolerance (Cortes et al., 2014; Pethick et al., 2016). We have recently
demonstrated that neuromuscular fatigue reduces the complexity of muscle torque output
during both maximal and submaximal isometric contractions (Pethick et al., 2015). We
subsequently demonstrated that this fatigue-induced loss of complexity is only evident during
contractions performed above the critical torque (Pethick et al., 2016) and that such losses can
be slowed by the ingestion of caffeine (Pethick et al., 2018a). These studies have demonstrated
that the loss of torque complexity is tightly coupled to the fatigue process, with complexity
declining in tandem with the loss of force-generating capacity. However, whether this effect is
specific to the development of fatigue during high-intensity contractions is not known. If the
fatigue-induced loss of torque complexity is related to the loss of force-generating capacity in
the neuromuscular system per se, then interventions that reduce this capacity independently of

metabolite-mediated fatigue should also diminish torque output complexity.

Unaccustomed eccentric exercise, which involves the active lengthening of muscle fibres
(Enoka, 1996), has been repeatedly demonstrated to lead to muscle damage, attributed to

mechanical disruption of the sarcomeres, in the days after exercise (Asmussen, 1956; Fridén et
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al., 1981; Clarkson et al., 1992; Proske and Morgan, 2001). In contrast, no such damage is
typically observed following either isometric or concentric exercise (Newham et al., 1983;
Lavender and Nosaka, 2006). A consequence of this eccentric exercise-induced muscle damage
is a decrease in maximal force generating capacity, which lasts considerably longer than after
the performance of either isometric or concentric contractions (Jones et al., 1989; Gibala et al.,
1995; Smith and Newham, 2007). While maximal force typically recovers to >90% of its fresh
value within 60 minutes of isometric contractions (Sahlin and Ren, 1989; Allman and Rice,
2001), significant decrements in maximal force following eccentric exercise have been shown
to persist for several days and, in some cases, for up to two weeks (Cleak and Eston, 1992;
Sayers and Clarkson, 2001). If the loss of torque output complexity during fatigue is directly
linked to the decrement in force generating capacity, then the persistent loss of maximal force
following eccentric exercise should be accompanied by a persistent loss of torque complexity.

In support of the contention that eccentric exercise may lead to a prolonged decrease in the
complexity of muscle torque output, it has been observed that eccentric actions result in an
increase in the magnitude of torque fluctuations, as measured by the CV, during subsequent
low, moderate and high intensity isometric contractions (Weerakkody et al., 2003; Lavender
and Nosaka, 2006; Semmler et al., 2007; Skurvydas et al., 2010). This effect has typically been
observed an hour after the cessation of exercise, though in some cases has persisted for 24
hours (Leger and Milner, 2001; Dartnall et al., 2008), and has not been observed following
isometric or concentric contractions (Lavender and Nosaka, 2007; Semmler et al., 2007). Thus,
whilst is it known that the magnitude of torque variability can be altered following eccentric
exercise, the effect on the structure of these fluctuations over several days has not yet been
investigated.

The purpose of the present study was to investigate the effect of muscle damaging eccentric
exercise on the complexity of knee extensor torque output. To that end, we aimed to compare
the recovery kinetics of torque complexity following eccentric and isometric exercise. The
experimental hypothesis tested was that muscle damaging eccentric exercise would result in a
persistent loss of torque complexity, quantified by decreased approximate entropy (ApEn) and
increased detrended fluctuation analysis o exponent (DFA o), whereas fatiguing isometric

exercise would not.
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Materials and methods

Participants

Ten healthy participants (8 male, 2 female; mean (SD): age 24.8 (6.2) years; height 1.75 (0.08)
m; body mass 69.5 (10.6) kg) provided written informed consent to participate in the study,
which was approved by the ethics committee of the University of Kent (Reference Number:
Prop_02_ 2015 2016), and adhered to the Declaration of Helsinki, except for registration in a
database. None of the participants had been involved in any lower limb strength training for >
3 months. Participants were instructed to arrive at the laboratory in a rested state (having
performed no strenuous 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. During their first visit, participants were familiarised with all testing equipment and
procedures, and the settings for the dynamometer and femoral nerve stimulation were recorded.
The second visit involved performance of fatiguing intermittent isometric knee extension
contractions (“Isometric exercise”; see below); with the third visit, 24 hours later, assessing
recovery. The contractions in these visits were performed with the dominant leg (the leg
participants would instinctively use to kick a football). At least one week after the third visit,
the fourth visit involved performance of intermittent eccentric knee extension contractions
(“Eccentric exercise”; see below); with the fifth, sixth and seventh visits, 24 hours, 48 hours
and one week later, assessing recovery. The contractions in these visits were performed with
the non-dominant leg, in order to maximise the damaging effect of the eccentric exercise. In
each visit, 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 were used to quantify global, central and

peripheral fatigue, as detailed below.

Dynamometry
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Participants sat in the chair of a Cybex isokinetic dynamometer (HUMAC Norm; CSMi,
Stoughton, MA, USA), initialised and calibrated according to the manufacturer’s instructions.
The leg to be used was attached to the lever arm of the dynamometer, with the seating position
adjusted to ensure that the lateral epicondyle of the femur was in line with the axis of rotation
of the lever arm. The lower leg was securely attached to the lever arm above the malleoli with
a padded Velcro strap, while straps secured firmly across both shoulders and the waist
prevented any extraneous movement and the use of the hip extensors during the contractions.
The seating position was recorded during familiarisation and replicated during each subsequent

Visit.

Electromyography and femoral nerve stimulation

During all visits, on arrival at the laboratory participants had the leg to be used in that visit
shaved and cleaned using an alcohol swab over the belly of the vastus lateralis and on the
medial aspect of the tibia, at the level of the tibial tuberosity. 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 for EMG acquisition.

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 gluteus maximus, lateral to the ischial
tuberosity. The location of the cathode was determined 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 s pulse width) was then determined
as described in Pethick et al. (2015). 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 with stimulation delivered during an isometric contraction at 50%
MVC to ensure a maximal M-wave was also evident during an isometric contraction. The
stimulator current was then increased 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, with
stimuli delivered 1.5 seconds into MVCs to coincide with maximal torque and assess the
maximality of the contraction, and 2 seconds after the contraction to provide a potentiated
doublet.

Protocol
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Each participant performed two tasks involving isometric contraction of the knee extensors: 1)
MVCs, to assess torque generating capacity; and 2) a constant force task at 50% MVC, to
assess muscle torque complexity. These measures were taken before, immediately after, 10, 30
and 60 minutes after, and 24 hours after the eccentric and isometric exercise. Additional
measures were taken 48 hours and one week after eccentric exercise. Estimates of muscle

damage and soreness were also taken prior to and after the eccentric and isometric exercise.

MVC task. Following the instrumentation of the participants, the (re)-establishment of the
correct dynamometer seating position and the establishment of the supramaximal stimulation
response, participants performed a series of brief (3 second) MVCs to establish the maximum
torque of the leg to be used in that visit. These MVCs were separated by a minimum of 60
seconds 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
maximise torque. The first MVVC was used to establish the fresh maximal EMG signal, against
which the subsequent EMG signals were normalised (“Data analysis”; see below). The second
and third MV Cs were performed with femoral nerve stimulation.

Constant force task. Following the establishment of maximal torque, participants rested for 10
minutes and then performed a series of five isometric contractions at a target torque of 50%
MVC, based on the fresh pre-test MVC recorded in visit 2 or 4. These contractions were 6

seconds long and separated by 4 seconds rest.

Estimates of muscle damage. Participants were asked to rate their muscle soreness and capillary
whole-blood was sampled from a fingertip. Muscle soreness was measured using a visual
analog scale consisting of a horizontal line 10 cm long, with 0 and 10 marked at each end. On
this scale, zero corresponded to no muscle soreness and 10 corresponded to the most intense
soreness imaginable. Participants performed a squat down to ~90° of knee flexion and were
asked to draw a line marking their subjective soreness, with the distance to the mark (in
centimetres) being used to quantify soreness. A fingertip blood sample was then taken, and
centrifuged for 10 minutes to obtain plasma. Plasma samples were then stored at —-80°C for
later analysis of creatine kinase (CK). Plasma CK was determined using a commercially
available kit (CKNAC, Randox Laboratories Ltd., Crumlin, County Antrim, UK) and standard
spectrophotometric-colorimetric procedures with a Randox Monza (Randox Laboratories Ltd.,

Crumlin, County Antrim, UK). These measures were obtained prior to exercise, immediately

8
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at task failure, 60 minutes after and 24 hours after both the eccentric and isometric conditions.

They were additionally obtained 48 hours and one week after eccentric exercise.

Isometric and eccentric exercise

Isometric contractions (ISO). Participants performed intermittent isometric knee extension
contractions at a target torque of 50% MVC until task failure in their second visit to the lab.
The target torque of 50% MVC was based on the highest instantaneous torque recorded during
the pre-test MVCs. The duty cycle for the contractions was 0.6; with contractions lasting 6
seconds and being followed by 4 seconds rest. The contractions were performed 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 trials, but were informed of each “missed” contraction. After the third missed
contraction, participants were instructed to immediately produce an MVC, which was

accompanied by femoral nerve stimulation.

Eccentric exercise (ECC). Eccentric knee extension actions with the non-dominant leg were
used to induce a minimum 40% reduction of isometric MV C torque (Prasartwuth et al., 2006;
Dartnall et al., 2008) in visit four. This protocol was used to induce a similar amount of muscle
damage in all participants, compared to the large variation in strength loss that can be seen
following a fixed number of eccentric contractions (Hubal et al., 2007). Participants were
seated with their non-dominant leg strapped to the dynamometer, and raised their leg to an
angle of 20° extension (with full extension being 0°). The dynamometer then flexed the
participant’s knee to an angle of 90° extension, at a constant angular velocity of 60°-s%, whilst
the participant resisted this motion by attempting to maximally extend their knee. Each
eccentric contraction was separated by a minimum of 3 seconds rest. Contractions were
performed in sets of 10, followed by a 1 minute rest period. At the start of each 1 minute rest
period, participants performed an isometric MVC. The eccentric exercise continued until there
was a reduction in isometric MV C torgue exceeding 40%. At this point, participants performed

another isometric MVC, this time accompanied by femoral nerve stimulation.

Data acquisition and participant interface
Data acquisition was performed in the same manner as described in Pethick et al. (2015). All

peripheral devices were connected via BNC cables to a Biopac MP150 (Biopac Systems Inc.,

9
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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.

Data analysis

All data were processed and analysed using code written in MATLAB R2013a (The
MathWorks, Massachusetts, USA). The analysis focused on three main areas: 1) measures of
torque and EMG; 2) measures of global, central and peripheral fatigue; and 3) measures of

torque variability and complexity.

Torque and EMG. The mean and peak torque for each isometric contraction at 50% MVC (i.e.
from the constant force tasks and isometric fatigue test) were determined. The mean torque was
calculated based on the steadiest five seconds of the contraction, identified by MATLAB code
as the five seconds containing the lowest standard deviation. To determine task failure in the
isometric condition, the mean contraction torque produced in the first minute of contractions
was calculated, and task failure 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 point of task failure (Pethick et al.,
2015).

The EMG signal from the vastus lateralis from the isometric contractions at 50% MVC was
filtered (10-500 Hz) and full-wave rectified with a gain of 1000. The average rectified EMG
(arEMG) for each contraction was then calculated and normalised by expressing arEMG as a
fraction of the arEMG obtained during an MVC from fresh muscle.

Global, central and peripheral fatigue. Global fatigue was assessed as the fall in MVC torque.
Measures of central and peripheral fatigue were calculated based on the stimuli delivered to
the femoral nerve during and after the pre-test and recovery MVCs. Peripheral fatigue was
evidenced by a fall in the peak potentiated doublet torque, and central fatigue by the decline in

voluntary activation (VA; Behm et al., 1996):
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Voluntary activation (%) = (1 — superimposed doublet/potentiated doublet) x 100 [1]

where the superimposed doublet was that measured during the contraction of interest and the

potentiated doublet was measured 2 seconds after the contraction.

Variability and complexity. All measures of variability and complexity were calculated using
the steadiest five seconds of each isometric contraction at 50% MVC, identified as the five
seconds containing the lowest standard deviation (SD; Forrest et al., 2014). The magnitude of
variability in the torque output of each contraction was measured using the SD and the CV.
These provide measures of the absolute magnitude of variability in a time series, and the
magnitude of variability in a time series normalised to the mean of the time series, respectively.

The temporal structure, or complexity, of torque output was quantified using multiple time
domain analyses, as recommended by Goldberger et al. (2002). To determine the regularity of
torque output, we calculated approximate entropy (ApEn; Pincus, 1991), and to estimate the
temporal fractal scaling of torque the detrended fluctuation analysis (DFA) o exponent was
used (Peng et al., 1994). ApEn and DFA o were calculated as in our previous studies (Pethick
et al., 2015; Pethick et al., 2016; Pethick et al., 2018a), with these calculations briefly detailed

below.

ApEn quantifies the negative natural logarithm of the conditional probability that a template of
length m (set at 2) is repeated during a time series (Pincus, 1991). Matching templates that
remain arbitrarily similar (i.e. within the tolerance, r, set at 0.1SD; Pincus, 1991) are counted,
with the number of matches to the ith template of length m designated Bi. The number of these
matches that remain similar for the m + 1th point is then counted, with this number for the ith
template designated Ai. The conditional probability that the template including the m + 1th data
point matches given the template of length m is then calculated for each template match. The
negative logarithm of the condition probability is calculated for all templates and the results
averaged. If the data are highly ordered, then templates that are similar for m points are likely
to also be similar for m + 1 points. The conditional probability will be close to 1, and the
negative log, and therefore the entropy, will be close to zero. This will reflect low complexity

and high predictability.

11
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ApEn(m,r,N)= N m

N-m AI
log — 2
2 log 8 [2]
where: N is the number of data points in the time series, m is the length of the template, Ai is

the number of matches to the ith template of length m + 1 data points, and B is the number of

matches to the ith template of length m data points.

In the DFA algorithm, the time series is first integrated and the vertical characteristic scale of
this integrated time series is measured. The integrated time series is then divided into boxes of
length n and a least-squares line is fitted, representing the trend in each box. The y co-ordinate
of the straight-line segment of length n in the kth box is denoted by yn(k), and the integrated
time series is detrended by subtracting the local trend in each box. For a given box size, n, the

characteristic size of fluctuation for the integrated and detrended time series is given by:

F(n)=J%Z[y<k)—yn(k)]
[3]

This computation is repeated over all time scales of box sizes to provide a relationship between
box size and F(n). We used 57 boxes, ranging from 1250 to 4 data points. The slope of the log-
log plot of n and F(n) determines the scaling parameter a. When a = 0.5, every value will be
completely independent of the values of previous observations. When o # 0.5, each observation
is not completely independent and is correlated, to some extent, with the values of previous
observations. When 0< o <0.5 power law anti-correlations are present, and when 0.5< a <1
power law correlations are present. When oo >1 correlations exist but cease to be of a power

law form. Brownian noise is indicated by a = 1.5.

Statistics

All data are presented as means (SD) unless otherwise stated, and results were deemed
statistically significant when P < 0.05. No comparisons were made between the 1SO and ECC
conditions due to the fact that the limbs used in each condition were selected rather than
randomised. Consequently, the time courses in each condition were analysed. To that end, one-
way ANOVAs with repeated measures were used to test for differences between time points

for MVC torque, arEMG, potentiated doublet torque, voluntary activation, measures of
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variability, measures of complexity, muscle soreness and plasma creatine kinase in 1SO and
ECC. When main effects were observed, Bonferroni-adjusted 95% confidence intervals were

then used to determine specific differences.

Results

Preliminary measures

The contractile properties of the knee extensors, along with muscle soreness and plasma CK,
measured prior to ISO and ECC are shown in Table 1. The variability and complexity of torque
output prior to ISO and ECC are shown in Table 2. These tables show that there were no

significant differences between the conditions prior to exercise for any of the variables.

Plasma creatine kinase and muscle soreness

As shown in Table 1, plasma CK increased in ECC (F = 19.68, P <0.001). CK peaked 24 hours
after exercise (893 (388) U.L; 95% paired samples confidence intervals (Cls) 299, 1144 U.L"
1) and remained significantly elevated 48 hours after exercise (Cls 203, 998 U.L™Y). It had
recovered and was not significantly different from its pre-test value one week after exercise
(CIs—161, 71 U.L™"). There were no significant differences between time points for plasma CK
in 1SO.

Self-reported muscle soreness increased following both ECC (F = 27.48, P < 0.001) and 1SO
(F =13.42, P <0.001; Table 1). By the end of ECC, soreness had increased from 0.4 (0.4) to
6.9 (3.0) cm (Cls 3.4, 9.7 cm) and remained significantly elevated over the next 48 hours (Cls
3.3, 6.5 cm), before recovering to its pre-test level one week after exercise (Cls —0.7, 0.2 cm).
At the end of ISO, soreness had increased from 0.5 (0.4) to 5.0 (2.3) cm (Cls 2.2, 6.8 cm). It
decreased over the next 24 hours, though remained significantly elevated at this time point (Cls
0.3, 2.2 cm).

Torque and EMG

Both ECC (F = 64.37, P < 0.001) and I1SO (F = 93.21, P < 0.001) had significant effects on
MVC torque (Figure 1; Table 1). Task end in ECC occurred when an isometric MVC
performed at the end of a set had decreased by 40%. This occurred after 182 + 24 contractions
and resulted in a change in MV C torque from 233.6 (74.2) to 137.7 (45.6) N-m; a decrease of

13
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41.0 (5.2)% (Cls —46.7, —35.2%). MV C torque slowly recovered over the next 48 hours, but
remained significantly depressed at this time point, by 19.7 (9.4)% (Cls —-30.1, -9.3%). MVVC
torque had recovered and was not significantly different from its pre-test value one week after
exercise (Cls —6.1, 10.2%). Task failure in 1SO occurred when participants were no longer able
to achieve the target torque (123.0 (38.6) N-m) despite a maximal effort. This occurred after
4.3 (1.7) minutes and resulted in a change in MV C torque from 246.1 (77.2) to 130.6 (36.2)
N-m; a decrease of 46.2 (4.5)% (Cls -50.9, —41.5%). MVC torque exhibited partial recovery
throughout the subsequent 60 minutes, though still remained significantly depressed, by 11.9
+ 2.1%, at the end of this period (Cls —18.8, -5.0%). MVC torque had recovered and was not

significantly different from its pre-test value 24 hours after exercise (Cls —0.3, 4.3%).

The mean arEMG, normalised to a fresh pre-test MVC, during the contractions at 50% MVC
changed in ECC (F = 24.59, P < 0.001; Table 1). ECC resulted in an increase in arEMG from
51.2 (6.9) to 66.5 (13.1)% (Cls 1.1, 29.2%). Throughout the subsequent 60 minutes this
increased further, reaching 89.7 (7.9)% at the end of this period. arEMG remained significantly
elevated after 48 hours (68.4 (11.2)%; Cls 4.5, 30.0%) and had recovered, and was not
significantly different, from its pre-test value one week after exercise (Cls —13.2, 4.9%). The
mean arEMG also changed in ISO (F = 18.33, P < 0.001; Table 1). ISO resulted in an increase
in arEMG from 52.9 (6.4) to 88.3 (18.4)% (Cls 18.5, 52.2%). arEMG decreased over the
subsequent 60 minutes, but still remained significantly elevated at the end of this period (66.2
(8.5)%; Cls 7.3, 19.2%). It had recovered and was not significantly different from its pre-test

value 24 hours after exercise (Cls —10.9, 7.1%).

Peripheral and central perturbations

Both ECC (F = 33.22, P < 0.001) and ISO (F = 26.52, P < 0.001) resulted in significant
reductions in potentiated doublet torque (Figure 1; Table 1), indicating the presence of
peripheral perturbations. In ECC, potentiated doublet torque decreased from 109.2 (28.7) to
84.8 (24) N-m (Cls —34.0, -14.9 N-m) and continued to decrease in the subsequent 60 minutes,
reaching 70.8 (18.1) N-m at the end of this period. It had recovered and was not significantly
different from its pre-test value 48 hours after exercise (Cls —2.6, 29.1 N-m). In ISO,
potentiated doublet torque decreased from 107.9 (26.2) to 63.3 (16.8) N-m (Cls —69.0, —20.2
N-m). Throughout the subsequent 60 minutes it exhibited partial recovery, but still remained

significantly decreased at the end of this period (Cls —31.7, —9.0 N-m). It had recovered and
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was not significantly different from its pre-test value 24 hours after exercise (Cls 5.8, 13.9
N-m).

Both ECC (F = 16.05, P < 0.001) and ISO (F = 12.70, P < 0.001) also resulted in significant
reductions in voluntary activation (Figure 1; Table 1), indicating the presence of central
perturbations. In ECC, voluntary activation decreased from 92.0 (2.5) to 68.3 (16.8)% (Cls —
37.3, -10.0%). It remained significantly decreased after 30 minutes of recovery (Cls —18.8, —
1.2%), but had recovered and was not significantly different from its pre-test value 60 minutes
after exercise (Cls —2.4, 8.6%). In ISO, voluntary activation decreased from 91.7 (1.9) to 77.3
(10.2)% (Cls —25.5, —3.3%). It remained significantly decreased after 30 minutes of recovery
(Cls-15.4,-0.3%), but had recovered and was not significantly different from its pre-test value
60 minutes after exercise (Cls —1.3, 9.7%).

Variability and complexity

ECC had a significant effect on the amount of variability, as measured by the SD and CV
during the contractions at 50% MVC (SD, F =8.39, P <0.001; CV, F = 7.88, P <0.001). In
ECC, the SD increased from 3.5 (1.5) to 8.0 (5.0) N-m (Cls 0.09, 9.3 N-m), while the CV
increased from 2.8 (0.6) to 7.4 (5.0)% (Cls 0.05, 9.0%). The CV remained significantly higher
10 minutes after exercise (Cls 0.1, 6.0%). I1SO also had a significant effect on the SD and CV
during the contractions at 50% MVC (SD, F = 19.39, P < 0.001; CV, F = 24.70, P < 0.001;
Table 2). In 1SO, the SD increased from 3.3 (1.5) to 10.4 (5.4) N-m (Cls 1.9, 12.4 N-m), while
the CV increased from 2.6 (0.4) to 9.6 (4.2)% (Cls 2.5, 11.4%). Both had recovered and were
not significantly different from the pre-test values after 10 minutes of recovery (SD, Cls —0.7,
0.7 N-m; CV, Cls -0.5, 0.4%).

The torque profiles of contractions in a representative participant in both conditions are shown
in Figure 3. Complexity, as measured by ApEn, changed over time in both ECC (F=17.16, P
<0.001) and ISO (F = 28.27, P < 0.001) for the contractions at 50% MVC (Figure 2; Table 2).
In ECC, ApEn decreased from 0.39 (0.10) to 0.20 (0.12) (Cls -0.3, —0.08) and remained
significantly depressed 60 minutes after exercise (0.25 (0.13); ClIs -0.2, -0.07). It had
recovered and was not significantly different from the pre-test value 24 hours after exercise
(Cls —0.06, 0.2). In 1SO, ApEn decreased from 0.41 (0.13) to 0.09 (0.04) (Cls —0.4, -0.2). It
had recovered and was not significantly different from the pre-test value 10 minutes after
exercise (0.36 (0.13), ClIs -0.1, 0.1).
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DFA o changed over time in both ECC (F = 16.21, P < 0.001) and ISO (F = 32.45, P < 0.001)
for the contractions at 50% MVC (Figure 2; Table 2). In ECC, DFA a increased from 1.43
(0.07) to 1.55 (0.11) (Cls 0.04, 0.2) and remained significantly elevated 60 minutes after
exercise (1.56 (0.09); Cls 0.04, 0.2). It had recovered and was not significantly different from
its pre-test value 24 hours after exercise (Cls 0.1, 0.03). In ISO, DFA «a increased from 1.39
(0.10) to 1.64 (0.07) (ClIs 0.2, 0.3). It was still significantly elevated 10 minutes after exercise
(1.46 0.09); ClIs 0.02, 0.1), but had recovered and was not significantly different from its pre-

test value 30 minutes after exercise (Cls —0.1, 0.02).

Discussion

The major novel finding of the present study was that, consistent with our hypothesis, eccentric
exercise resulted in a prolonged loss of torque complexity, which was of greater duration than
that induced by fatiguing isometric exercise. Both the eccentric and isometric conditions were
associated with a loss of MV C torque and the development of significant central and peripheral
perturbations, which were accompanied by increasingly Brownian fluctuations in torque output
(DFA o = 1.50). Importantly, recovery of MVC torque and torque complexity were
significantly delayed following eccentric exercise. Torque complexity recovered back to
baseline levels after 10 minutes of recovery in the isometric condition, but required 24 hours
recovery in the eccentric condition. These results provide the first evidence that eccentric
exercise reduces torque complexity during subsequent isometric contractions, demonstrating
that such a loss of complexity is not unique to the effects of neuromuscular fatigue. The
prolonged depression of complexity following eccentric exercise, which occurred in concert
with the prolonged loss of maximal torque-generating capacity, suggests that torque

complexity may reflect the functional capacity and adaptability of the neuromuscular system.

Effect of eccentric exercise on torque complexity, MVC torque and EMG

It has long been established that eccentric exercise results in a prolonged decrement in force-
generating capacity (Davies and White, 1981; Newham et al., 1987; Jones et al., 1989). More
recently, it has been shown that eccentric exercise also results in a prolonged increase in the

magnitude of torque variability (Semmler et al., 2007; Dartnall et al., 2008). The present study

16



535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568

is the first study to demonstrate that such responses also apply to torque complexity (Table 2).
Eccentric exercise resulted in a reduction in isometric knee extension torque complexity, as
measured by significantly decreased ApEn (indicating increased signal regularity) and
significantly increased DFA o (indicating increasingly Brownian fluctuations). Over the next
60 minutes, complexity exhibited no recovery and remained at the same level as at the cessation
of exercise. It was only after 24 hours that complexity had recovered back to its baseline level.
Such findings are similar to those investigating the magnitude of variability, which have shown
increased CV during the 60 minutes following eccentric exercise (Lavender and Nosaka, 2006;
Semmler et al., 2007; Skurvydas et al., 2010). It has been suggested that the complexity of a
physiological output reflects the underlying system’s ability to adapt to environmental
challenges (Lipsitz and Goldberger, 1992; Goldberger et al., 2002; Pethick et al., 2017). If so,
our results demonstrate that eccentric exercise results in a prolonged narrowing of system
responsiveness and loss of adaptability in motor control, which could increase the risk of failing
a motor task, such as dropping objects, failing to correct a fall, or, in the present experiments,

failing to produce the required joint torque (Pethick et al., 2018b).

The present study revealed that the recovery kinetics of both fatigue-related variables and of
torque complexity were substantially delayed following eccentric exercise compared to
fatiguing isometric exercise. Recovery of MVC torque has been shown to be ~90% complete
60 minutes after isometric exercise (Sahlin and Ren, 1989; Allman and Rice, 2001), but takes
several days to recover following eccentric exercise (Jones et al., 1989; Sayers and Clarkson,
2001). The present study provides further support for such recovery kinetics: MVC torque
reached ~88% of its fresh value after 60 minutes recovery from isometric exercise, but was still
decreased after 48 hours recovery from eccentric exercise (Figure 1; Table 1). As previously
observed (Pethick et al., 2015; Pethick et al., 2016; Pethick et al., 2018a), torque complexity
significantly decreased over the course of isometric exercise performed to task failure. In
contrast to the eccentric exercise, recovery of torque complexity following isometric exercise
was complete 10 minutes after the cessation of exercise (Table 2). Given that both the eccentric
and isometric conditions resulted in significant global, central and peripheral perturbations, it
is possible that the losses in complexity in each condition have, to some extent, similar causes.
However, that complexity recovers almost immediately upon the cessation of isometric
exercise, but takes 24 hours following eccentric exercise suggests a specific effect of eccentric
exercise is responsible for this delayed recovery. It has been speculated that the delayed

recovery of the magnitude of variability following eccentric exercise is of central origin, and
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could be due to increased motor unit recruitment and rate coding to compensate for losses from
damaged motor units or due to enhanced motor unit synchronisation (Semmler et al., 2007;
Dartnall et al., 2008); both of which have been associated with the fatigue-induced loss of
complexity observed previously (Pethick et al., 2015; Pethick et al., 2016).

An important and unexpected observation in the present study was that the recovery kinetics
of MVC and potentiated doublet torque, in both conditions, differed from those of complexity.
Torque generating capacity recovered appreciably more slowly than torque complexity (Table
1; Table 2). Following fatiguing isometric contractions, decrements in MVC and potentiated
doublet torque were still evident after 60 min of recovery. In contrast, torque complexity
recovered within 10-30 minutes. A similar pattern was seen in the eccentric condition:
complexity recovered after 24 hours, but MVC and the potentiated doublet required at least 48
hours to return to control values. Thus, while the loss of torque complexity appears to be tightly
coupled to the neuromuscular fatigue process during exercise (Pethick et al., 2016; Pethick et
al., 2018a), the same is not true during recovery from exercise. The cause of this uncoupling
of torque complexity from the functional capacity of the muscle is not clear. However, it is
possible that in recovery from both fatigue and muscle damage, the restoration of functional
capacity reaches a point at which motor control, which complexity measures reflect, is
effectively restored even though maximal torque-generating capacity remains depressed. In
short, the neuromuscular system’s complexity during submaximal contractions appeared to be
restored more rapidly than its maximal torque-generating capacity in both of our experimental

conditions.

Previous research has indicated that eccentric exercise results in an increase in the amplitude
of submaximal EMG during recovery (Semmler et al., 2007; Dartnall et al., 2008). In the
present study, EMG amplitude following isometric exercise was significantly increased at task
failure, but decreased throughout the subsequent 60 minutes of recovery. However, following
eccentric exercise the EMG amplitude continued to increase throughout that 60 minutes (Table
1) and it was not until 60 minutes after eccentric exercise that EMG amplitude reached its peak.
That EMG starts to recover immediately upon cessation of isometric exercise, but continues to
increase during the 60 minutes following eccentric exercise may be of importance to the
recovery of complexity. Specifically, increased motor unit synchronisation has been observed
immediately following eccentric exercise (Dartnall et al., 2008), with this increase lasting as

long as one week (Dartnall et al., 2011). Several computer simulation studies have suggested
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that increased motor unit synchronisation substantially increases EMG amplitude (Yao et al.,
2000; Zhou and Rymer, 2004). Moreover, motor unit synchronisation has previously been
speculated to be a potential cause of the fatigue-induced loss of torque (Pethick et al., 2016;
Pethick et al., 2018a) and EMG (Mesin et al., 2009; Beretta-Piccoli et al., 2015) complexity.

Physiological bases for changes in torque complexity with eccentric exercise

Eccentric exercise is well known for impairing neuromuscular function through peripheral
mechanisms, i.e. the muscle damage it induces (Allen, 2001). These mechanisms include those
directly related to myofibrillar damage, and those related to damage to sarcolemmal
membranes (Allen et al., 2005). The muscle damage brought about by eccentric exercise results
in some muscle fibres contributing little to force production (Proske and Morgan, 2001). Thus,
in order to compensate for losses from damaged motor units, increased recruitment and rate
coding would be necessary to achieve the target torque (Semmler et al., 2007), as indicated by
the increasing EMG during the first 60 minutes of recovery (Table 1). Such an increased
activation of the motor unit pool may potentially contribute to the observed prolonged
reduction in complexity, since knee extensor torque complexity appears to decrease as
contractile intensity increases (Pethick et al., 2016). However, the muscle damage experienced
and decreased force generating capability persist for longer than the decreased complexity.
Furthermore, during recovery from isometric exercise the continued presence of peripheral
fatigue would likely indicate fibres contributing less to force production, necessitating greater
activation of the motor unit pool, yet complexity recovers within 10 minutes of the cessation
of exercise. It may be that measures of complexity during contractions at 50% MVC are
insensitive to small differences in neuromuscular system adaptability produced by fatigue as
the muscle recovers; higher intensity contractions might be required to reveal a closer
correspondence between the recovery from fatigue or muscle damage and that of torque

complexity.

Previous studies have observed increased motor unit synchronisation immediately after and 24
hours after eccentric exercise (Dartnall et al., 2008; Dartnall et al., 2011) and this has been
speculated to be a cause of the increased EMG amplitude and torque variability seen after such
exercise (Saxton et al., 1995; Semmler et al., 2007; Dartnall et al., 2008). The increasing EMG
amplitude (Table 1) and increased amount of variability (Table 2) observed in the 60 minutes
following eccentric exercise are both typical of increased motor unit synchronisation (Yao et

al., 2000; Zhou and Rymer, 2004) and suggest a role for adjustments in motor unit activation
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(Dartnell et al. 2008). Common synaptic input to muscles, and motor unit synchronisation,
have been proposed to be major determinants of force variability (Dideriksen et al., 2012;
Farina and Negro, 2015) and have been demonstrated to increase with fatigue (Castronovo et
al., 2015). We have, therefore, previously speculated a link between motor unit synchronisation
and torque complexity (Pethick et al., 2016; Pethick et al., 2018a). However, direct
measurement of individual motor units via high-density surface EMG electrodes will be
necessary to confirm a link between motor unit synchronisation and torque complexity, rather
than the analysis of motor unit action potential trains recorded using bipolar EMG, as was

utilised in the present study.

Two limitations of the present design were the lack of randomisation of the legs used in each
condition, and the non-randomised order of conditions themselves. However, there were strong
physiological reasons for choosing this design: it was necessary to ensure that there were no
spillover effects to or from the eccentric condition, and this meant that the non-dominant leg
was chosen for this condition, and the dominant leg for the isometric condition that preceded
it. Conducting the isometric condition first was necessary to ensure that any adaptation
following the eccentric exercise-induced damage did not affect the response to isometric
exercise. Given the rationale for the present design, the most important effect of the lack of
randomisation was on the assumptions of the statistical tests used to directly compare the two
conditions. Consequently, no such statistical tests were conducted or reported, and we have
instead drawn our conclusions from the separate analysis of the time course of the dependent
variables in each condition. It is possible that having shown the effect of unmitigated eccentric
induced damage in the present study, a future study could be conducted employing
randomisation. However, the long washout time that would be required in such a study would,
we believe, most likely compromise the between-condition comparison and negatively affect

participant compliance.

Conclusion

In summary, the present study has demonstrated that muscle-damaging eccentric exercise
results in a decrease in isometric knee extensor torque complexity, as measured using ApEn
and DFA a, with this decrement being considerably more prolonged than that resulting from
fatiguing isometric exercise. Eccentric exercise was also associated with more prolonged
decreases in MVC torque and peripheral perturbations than isometric exercise, which are

attributed to the effects of muscle damage. As torque complexity recovered rapidly following
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isometric exercise, the prolonged reduction in complexity following eccentric exercise was also
likely due to an effect of this muscle damage. Whether this was due to the mechanical
disruption itself or due to the mechanical disruption impairing and/or influencing neural drive
is yet to be fully elucidated, though adjustments in motor unit activation appear to be a strong
candidate mechanism. These results suggest that the effects of eccentric exercise are not limited
to the periphery, but also extend to the central nervous system and the ability to control torque

output.

21



697

698

699

700
701
702
703
704
705
706
707
708
709

Additional information:

Funding:

This work was supported by a University of Kent 50" Anniversary Scholarship. No external

funding was received for this work.

Competing interests:

The authors report no competing interests for this work.

Acknowledgements:

The authors would like to thank Dr Glen Davison for assistance with creatine kinase assay.

22



710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743

References

Allen D.G. (2001). Eccentric muscle damage: mechanisms of early reduction of force. Acta
Physiolica Scandinavica, 171(3), 311-319. https://doi.org/10.1046/].1365-201x.2001.00833.x

Allman B.L., & Rice C.L. (2001). Incomplete recovery of voluntary isometric force after
fatigue is not affected by old age. Muscle Nerve, 24(9), 1156-1167.
https://doi.org/10.1002/mus.1127

Asmussen E. (1956). Observations on experimental muscular soreness. Acta Rheumatology
Scandivavica, 2(2), 109-116. https://doi.org/10.3109/rhe1.1956.2.issue-1-4.12

Behm D.G., St-Pierre D.M.M., & Perez D. (1996). Muscle inactivation: assessment of
interpolated twitch technique. Journal of Applied Physiology, 81(5),2267-2273.
https://doi.org/10.1152/jappl.1996.81.5.2267

Beretta-Piccoli M., D’Antona G., Barbero M., Fisher B., Dieli-Conwright CM., Clijsen R., &
Cescon C. (2005). Evaluation of central and peripheral fatigue in the quadriceps using fractal
dimension and conduction velocity in young females. PLoS One, 10, e0123921.
https://doi.org/10.1371/journal.pone.0123921

Castronovo A.M., Negro F., Conforto S., & Farina D. (2015). The proportion of synaptic input
to motor neurons increases with an increase in net excitatory input. Journal of Applied
Physiology, 119(11), 1337-1346. https://doi.org/10.1152/japplphysiol.00255.2015

Clarkson P.M., Nosaka K., & Braun B. (1992). Muscle function after exercise-induced muscle

damage and rapid adaptation. Medicine and Science in Sports and Exercise, 24(5), 512-520.

Cleak M.J., & Eston RG. (1992). Muscle soreness, swelling, stiffness and strength loss after

intense eccentric exercise. British Journal of Sports Medicine, 26(4), 267-272.

Cortes N., Onate J. & Morrison S. (2014). Differential effects of fatigue on movement
variability. Gait and Posture, 39(3), 888-893. https://doi.org/10.1016/j.0aitpost.2013.11.020

23


https://doi.org/10.1046/j.1365-201x.2001.00833.x
https://doi.org/10.1002/mus.1127
https://doi.org/10.3109/rhe1.1956.2.issue-1-4.12
https://doi.org/10.1152/jappl.1996.81.5.2267
https://doi.org/10.1371/journal.pone.0123921
https://doi.org/10.1152/japplphysiol.00255.2015
https://doi.org/10.1016/j.gaitpost.2013.11.020

744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777

Dartnall T.J., Nordstrom M.A., & Semmler J.G. (2008). Motor unit synchronization is
increased in biceps brachii after exercise-induced damage to elbow flexor muscles. Journal of
Neurophysiology, 99(2), 1008-1019. https://doi.org/10.1152/jn.00686.2007

Dartnall T.J., Nordstrom M.A., & Semmler J.G. (2011). Adaptations in biceps brachii motor
unit activity after repeated bouts of eccentric exercise in elbow flexor muscles. Journal of
Neurophysiology, 105(3), 1225-1235. https://doi.org/10.1152/jn.00854.2010

Davies C.T.M., & White M.J. (1981). Muscle weakness following eccentric work in man.
Pflligers Archiv 392(2), 168-171. https://doi.org/10.1007/BF00581267

Dideriksen J.L., Negro F., Enoka R.M., & Farina D. (2012.) Motor unit recruitment strategies
and muscle properties determine the influence of synaptic noise on force steadiness. Journal
of Neurophysiology, 107(12), 3357-3369. https://doi.org/10.1152/jn.00938.2011

Enoka R.M. (1996). Eccentric contractions require unique activation strategies by the nervous
system. Journal of Applied Physiology, 81(6): 2339-2346.
https://doi.org/10.1152/jappl.1996.81.6.2339

Farina D. & Negro F. (2015). Common synaptic input to motor neurons, motor unit
synchronization and force control. Exercise and Sport Sciences Reviews, 41(1), 23-33.
https://doi.org/10.1249/JES.0000000000000032.

Forrest S.M., Challis H.J & Winter S.L. (2014). The effect of signal acquisition and processing
choices on ApEn values: towards a “gold standard” for distinguishing effort levels from
isometric force records. Medical Engineering and Physics, 36(6), 676-683.
https://doi.org/10.1016/j.medengphy.2014.02.017

Fridén J., Sjostrom M., & Ekblom B. (1981). A morphological study of delayed muscle
soreness. Experientia, 37(5), 506-507. https://doi.org/10.1007/BF01986165

Gibala M.J., MacDougall J.D., Tarnopolsky M.A., Stauber W.T., Elorriaga A. (1995). Changes
in human skeletal muscle ultrastructural and force production after acute resistance exercise.
Journal of Applied Physiology, 78(2), 702-708. https://doi.org/10.1152/jappl.1995.78.2.702

24


https://doi.org/10.1152/jn.00686.2007
https://doi.org/10.1152/jn.00854.2010
https://doi.org/10.1007/BF00581267
https://doi.org/10.1152/jn.00938.2011
https://doi.org/10.1152/jappl.1996.81.6.2339
https://doi.org/10.1249/JES.0000000000000032
https://doi.org/10.1016/j.medengphy.2014.02.017
https://doi.org/10.1007/BF01986165
https://doi.org/10.1152/jappl.1995.78.2.702

778
779
780
781
782

783

784

785

786
787

788
789
790
791
792
793
794
795
796
797

798
799
800

801
802
803
804
805
806
807
808
809
810

Goldberger A.L. (1996). Non-linear dynamics for clinicians: chaos theory, fractals, and
complexity at the bedside. The Lancet, 347(9011), 1312-1314.
https://doi.org/10.5555/uri:pii:S0140673696909484

Goldberger A.L., Amaral L.A.N., Hausdorff J.M., Ivanov P.C., Peng C.K., & Stanley H.E.
(2002). Fractal dynamics in physiology: Alterations with disease and aging. Proceedings of
the National Academy of Sciences, 99(Suppl 1), 2466-2472.
https://doi.org/10.1073/pnas.012579499

Hamilton A.F.D.C., Jones K.E., & Wolpert D.M. (2004). The scaling of motor noise with
muscle strength and motor unit number in humans. Experimental Brain Research, 157(4), 417-
430. https://doi.org/10.1007/s00221-004-1856-7

Hausdorff J.M., Peng C.-K., Ladin Z.V.1., Wei J.Y., & Goldberger A.L. (1995). Is walking a
random walk? Evidence for long-range correlations in stride interval of human gait. J Appl
Physiol, 78(1), 349-358. https://doi.org/10.1152/jappl.1995.78.1.349

Hubal M.J., Rubinstein S.R., & Clarkson P.M. (2007). Mechanisms of variability in strength
loss after muscle-lengthening actions. Medicine and Science in Sports and Exercise, 39(3),
39461-468. https://doi.org/10.1249/01.mss.0000247007.19127.da

Jones D.A., Newham D.J., Torgan C. (1989). Mechanical influences on long-lasting human
muscle fatigue and delayed-onset pain. Journal of Physiology, 412, 415-427.
https://doi.org/10.1113/jphysiol.1989.sp017624

Jones K.E., Hamilton A.F.D.C., & Wolpert D.M. (2002). Sources of signal-dependent noise
during isometric force production. Journal of Neurophysiology, 88(3), 1533-1544.
https://doi.org/10.1152/jn.2002.88.3.1533

Lavender A.P., & Nosaka K. (2006). Changes in fluctuation of isometric force following
eccentric and concentric exercise of the elbow flexors. European Journal of Applied
Physiology, 96(3), 235-240. https://doi.org/10.1007/s00421-005-0069-5

25


https://doi.org/10.5555/uri:pii:S0140673696909484
https://doi.org/10.1073/pnas.012579499
https://doi.org/10.1007/s00221-004-1856-7
https://doi.org/10.1152/jappl.1995.78.1.349
https://doi.org/10.1249/01.mss.0000247007.19127.da
https://doi.org/10.1113/jphysiol.1989.sp017624
https://doi.org/10.1152/jn.2002.88.3.1533
https://doi.org/10.1007/s00421-005-0069-5

811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844

Leger A.B., &Milner T.E. (2001). Motor impairment in the human hand following eccentric
exercise.  European  Journal  of  Applied  Physiology, 84(3), 213-220.
https://doi.org/10.1007/s004210170007

Lipsitz L.A., & Goldberger A.L. (1992). Loss of ‘complexity’ and aging: potential applications
of fractals and chaos theory to senescence. JAMA, 267(13). 1806-18009.
https://doi.org/10.1001/jama.1992.03480130122036

Mesin L., Cescon C., Gazzoni M., Merletti R., & Rainoldi A. (2009). A bi-directional index
for the selective assessment of myoelectric manifestations of peripheral and central muscle
fatigue. Journal of Electromyography Kinesiology, 19(5): 851-863, 2009.
https://doi.org/10.1016/j.jelekin.2008.08.003

Newham D.J., McPhail G., Mills K.R., Edwards R.H.T. (1983). Ultrastructural changes after
concentric and eccentric contractions of human muscle. Journal of the Neurological Sciences,
61(1): 109-122, 1983. https://doi.org/10.1016/0022-510X(83)90058-8

Newham D.J., Jones D.A., & Clarkson P.M. (1987). Repeated high-force eccentric exercise:
effects on muscle pain and damage. Journal of Applied Physiology, 63(4), 1381-1386.
https://doi.org/10.1152/jappl.1987.63.4.1381

Peng C.K., Buldyrev S.V., Havlin S., Simon M., Stanley H.E., & Goldberger A.L. (1994).
Mosaic organization of DNA nucleotides. Physical Review E, 49(2), 1685-1689.
https://doi.org/10.1103/PhysRevE.49.1685

Peng C.-K., Costa M., & Goldberger A.L. (2009). Adaptive data analysis of complexity
fluctuations in physiologic time series. Advances in Adaptive Data Analysis, 1(1), 61-70,
2009. https://doi.org/10.1142/S1793536909000035

Pethick J., Winter S.L., & Burnley M. (2015). Fatigue reduces the complexity of knee extensor
torque fluctuations during maximal and submaximal intermittent isometric contractions in
man. Journal of Physiology, 593(8): 2085-2096. https://doi.org/10.1113/jphysiol.2015.284380

26


https://doi.org/10.1007/s004210170007
https://doi.org/10.1001/jama.1992.03480130122036
https://doi.org/10.1016/j.jelekin.2008.08.003
https://doi.org/10.1016/0022-510X(83)90058-8
https://doi.org/10.1152/jappl.1987.63.4.1381
https://doi.org/10.1103/PhysRevE.49.1685
https://doi.org/10.1142/S1793536909000035
https://doi.org/10.1113/jphysiol.2015.284380

845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877

Pethick J., Winter S.L., & Burnley M. (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), 1144-
1153. https://doi.org/10.1152/ajpreqgu.00019.2016

Pethick J., Winter S.L., & Burnley M. (2018a). Caffeine ingestion attenuates fatigue-induced
loss of muscle torque complexity. Medicine and Science in Sports and Exercise, 50(2), 236-
245. https://doi.org/10.1249/MSS.0000000000001441

Pethick J., Winter S.L. & Burnley M. (2018b). Effects of ipsilateral and contralateral fatigue
and muscle blood flow occlusion on the complexity of knee extensor torque output in humans.
Experimental Physiology, 103(7), 956-967. http://doi.org/10.1113/EP086960

Pincus S.M. (1991). Approximate entropy as a measure of system complexity. Proceedings of
the National Academy of Sciences, 88(6), 2297-2301. https://doi.org/10.1073/pnas.88.6.2297

Prasartwuth O., Allen T.J., Butler J.E., Gandevia S.C., & Taylor J.L. (2006). Length-dependent
changes in voluntary activation, maximum voluntary torque and twitch responses after
eccentric damage in  humans. Journal of Physiology, 571(1), 243-252.
https://doi.org/10.1113/jphysiol.2005.101600

Proske U., & Morgan D.L. (2001). Muscle damage from eccentric exercise: mechanism,
mechanical signs, adaptation and clinical applications. Journal of Physiology, 537(2), 333-345.
https://dx.doi.org/10.1111%2Fj.1469-7793.2001.00333.x

Sahlin K., & Ren J.M. (1989). Relationship of contraction capacity to metabolic changes during
recovery from a fatiguing contraction. Journal of Applied Physiology, 67(2), 648-654.
https://doi.org/10.1152/jappl.1989.67.2.648

Saxton J.M., Clarkson P.M., James R., Miles M., Westerfer M., Clark S., & Donnelly A.E.
(1995). Neuromuscular dysfunction following eccentric exercise. Medicine and Science in
Sports and Exercise, 27(8), 1185-1193.

27


https://doi.org/10.1152/ajpregu.00019.2016
https://doi.org/10.1249/MSS.0000000000001441
http://doi.org/10.1113/EP086960
https://doi.org/10.1073/pnas.88.6.2297
https://doi.org/10.1113/jphysiol.2005.101600
https://dx.doi.org/10.1111%2Fj.1469-7793.2001.00333.x
https://doi.org/10.1152/jappl.1989.67.2.648

878
879
880
881
882
883

884
885
886

887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910

Sayers S.P., & Clarkson P.M. (2001). Force recovery after eccentric exercise in males and
females.  European  Journal of  Applied Physiology, 84(1-2), 122-126.
https://doi.org/10.1007/s004210000346

Semmler J.G., Kornatz K.W., Dinenno D.V., Zhou S., & Enoka M. (2002). Motor unit
synchronisation is enhanced during slow lengthening contractions of a hand muscle. Journal
of Physiology, 545(2), 681-695. https://doi.org/10.1113/jphysiol.2002.026948

Semmler J.G., Tucker K.J., Allen T.J., & Proske U. (2007). Eccentric exercise increases EMG
amplitude and force fluctuations during submaximal contractions of elbow flexor muscles.
Journal of Applied Physiology, 103(3), 979-989.
https://doi.org/10.1152/japplphysiol.01310.2006

Skurvydas A., Brazaitis M., Kamandulis S., & Sipaviviene S. (2010). Muscle damaging
exercise affects isometric force fluctuation as well as intra-individual variability of cognitive
function. Journal of Motor Behavior, 42(3), 179-186.
https://doi.org/10.1080/00222891003751835

Slifkin A.B., & Newell K.M. (1999). Noise, information transmission, and force variability.
Journal of Experimental Psychology: Human Perception and Performance, 25(3), 837-851.
http://doi.org/10.1037/0096-1523.25.3.837

Slifkin A.B., & Newell K.M. (2000). Variability and noise in continuous force production.
Journal of Motor Behavior, 32(2), 141-150. https://doi.org/10.1080/00222890009601366

Smith I.C.H., & Newham D.J. (2007). Fatigue and functional performance of human biceps
muscle following concentric or eccentric contractions. Journal of Applied Physiology, 102(1),
207-213, 2007. https://doi.org/10.1152/japplphysiol.00571.2006

Stergiou N., & Decker L.M. (2011). Human movement variability, nonlinear dynamics and
pathology: is there a connection. Human Movement Science, 30(5): 869-888.
https://doi.org/10.1016/j.humov.2011.06.002

28


https://doi.org/10.1007/s004210000346
https://doi.org/10.1113/jphysiol.2002.026948
https://doi.org/10.1152/japplphysiol.01310.2006
https://doi.org/10.1080/00222891003751835
http://doi.org/10.1037/0096-1523.25.3.837
https://doi.org/10.1080/00222890009601366
https://doi.org/10.1152/japplphysiol.00571.2006
https://doi.org/10.1016/j.humov.2011.06.002

911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936

Takekura H., Fujinami N., Nishizawa T., Ogasawara H., & Kasuga N. (2001). Eccentric
exercise-induced morphological changes in the membrane systems involved in excitation-
contraction coupling in rat skeletal muscle. Journal of Physiology, 533(2), 571-583.
https://dx.doi.org/10.1111%2F].1469-7793.2001.0571a.x

Taylor A.M., Christou E.A., & Enoka R.M. (2003). Multiple features of motor-unit activity
influences force fluctuations during isometric contractions. Journal of Neurophysiology,
90(2),1350-1361. https://doi.org/10.1152/jn.00056.2003

Vaillancourt D.E., & Newell K.M. (2003). Aging and the time and frequency structure of
force output variability. Journal of Applied Physiology, 94(3), 903-912.
https://doi.org/10.1152/japplphysiol.00166.2002

Weerakkody N., Percival P., Morgan D.L., Gregory J.E., & Proske U. (2003). Matching
different levels of isometric torque in elbow flexor muscles after eccentric exercise.
Experimental Brain Research, 149(2), 141-150(2). https://doi.org/10.1007/s00221-002-1341-
0

Yao W., Fuglevand A.J., & Enoka R.M. (2000). Motor-unit synchronization increases EMG
amplitude and decreases force steadiness of simulated contractions. Journal of
Neurophysiology, 83(1),441-452, 2000. https://doi.org/10.1152/jn.2000.83.1.441

Zhou P., & Rymer W.Z. (2004). Factors governing the form of the relation between muscle
force and the EMG: a simulation study. Journal of Neurophysiology, 92(5) 2878-2886.
https://doi.org/10.1152/jn.00367.2004

29


https://dx.doi.org/10.1111%2Fj.1469-7793.2001.0571a.x
https://doi.org/10.1152/jn.00056.2003
https://doi.org/10.1152/japplphysiol.00166.2002
https://doi.org/10.1007/s00221-002-1341-0
https://doi.org/10.1007/s00221-002-1341-0
https://doi.org/10.1152/jn.2000.83.1.441
https://doi.org/10.1152/jn.00367.2004

Table 1. Voluntary torque, potentiated doublet torque, voluntary activation, EMG, muscle soreness and plasma creatine kinase responses over the
course of the isometric and eccentric tests.

Parameter Pre Task 10 mins post | 30 mins post | 60 mins post | 24 hours post | 48 hours post | 1 week post
end/failure

MVC torque, | Iso 100 53.8 (4.5) 78.0 (11.0)" | 79.8 (9.6) 88.1 (6.6)" 102.0 (2.2) - -
% pre Ecc 100 59.0 (5.2)" 64.6 (8.6)" | 68.8(9.1)" 71.9 (7.4) 76.1 (9.8)" 80.3 (9.4) 98.0 (7.4)
Doublet, Iso | 107.9 (26.2) | 63.3(16.8)" | 87.2(22.5)" | 87.7(22.0)" | 87.6(22.0)° 103.9 (26.6) - -
N-m Ecc | 109.2(28.7) | 84.8(24.0)" | 73.8(19.0)" | 71.4(18.7)" | 70.8(18.1)" 91.6 (24.5)" 96.0 (24.2) | 100.4 (24.5)
VA, Iso 91.7 (1.9) 77.3 (10.2)" 82.2 (8.4)" 83.9 (7.1)" 87.5 (5.6) 91.5 (3.9) - -
% Ecc | 92.0(2.5) 68.3 (10.2)" 78.1 (7.4)" 82.0 (8.3)" 84.1(8.1) 88.9 (5.3) 89.8 (4.1) 91.2 (4.3)
arEMG, Iso 52.9 (6.4) 88.3 (18.4)" | 72.0 (11.3)" | 66.4 (11.4)" 66.2 (9.0)" 54.9 (11.1) - -
% MVC Ecc| 51.2(6.9) 66.3 (13.1)" | 80.0 (13.1)" | 86.7 (18.2)" | 89.7 (15.1) 76.7 (9.5)" 68.4 (11.3)" 55.3(9.2)
Soreness, Iso 0.5 (0.4) 5.0 (2.3)" — — 3.5(2.6) 1.7 (1.3)" — —
cm Ecc| 0.4(0.4) 6.9+3.0° — — 6.00 (2.7)" 5.3 (1.4)" 5.3 (1.6)" 0.6 (0.6)
CK, Iso 166 (108) 168 (110) — — 196 (128) 200 (130) - -
U/L Ecc | 172 (164) 317 (255) — — 378 (202)" 893 (388)" 722 (293)" 217 (101)

Values are means (SD). MVC, maximal voluntary contraction; doublet, potentiated doublet torque; VA, voluntary activation; arEMG, average rectified EMG of the vastus

lateralis; CK, plasma creatine kinase; 1so, isometric condition; Ecc, eccentric condition. * indicates a statistically significant difference from the pre-test value.
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Table 2. Variability, complexity and fractal scaling responses over the course of the isometric and eccentric tests.

Parameter Pre Task 10 mins 30 mins post 60 mins 24 hours 48 hours 1 week post
end/failure post post post post

SD, N-m Iso 3.3(L5) 10.4 (5.4) 3.3(1.2) 3.2(1.2) 35(1.2) 3.0(0.9) — —

Ecc | 3.5(L.5) 8.0 (5.0)" 6.2 (3.3) 5.5 (3.4) 5.0 (2.8) 3.6 (2.0) 3.3(1.6) 2.9 (1.1)
CV, % Iso 2.6 (0.4) 9.6 (4.2)° 2.6 (0.5) 2.6 (0.5) 2.9 (0.6) 2.4 (0.3) - —

Ecc | 2.8(0.4) 7.4 (5.0)" 5.9 (3.2)" 5.1 (3.5) 4.4 (2.4) 3.0 (1.5) 2.7 (1.0) 2.4 (0.5)
ApEn Iso | 0.41(0.13) | 0.09(0.04)" | 0.36 (0.13) 0.37 (0.14) 0.35(0.12) | 0.37(0.09) — -

Ecc | 0.39(0.10) | 0.20(0.12)° | 0.19 (0.07)° | 0.21(0.09)° | 0.25(0.13)° | 0.33(0.13) | 0.36(0.15) 0.38 (0.11)
DFA o Iso | 1.39(0.10) | 1.64(0.07)" | 1.46(0.10)" | 1.44(0.10) 1.45(0.09) | 1.42(0.07) — —

Ecc | 1.43(0.07) | 154(0.11)" | 156 (0.07)° | 1.57(0.07)° | 1.55(0.09)° | 1.49(0.10) | 1.45(0.10) 1.43 (0.11)

Values are means (SD).

SD, standard deviation; CV, coefficient of variation; ApEn, approximate entropy; DFA a, detrended fluctuation analysis; Iso, isometric condition; Ecc,
eccentric condition. * indicates a statistically significant difference from the pre-test value.
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Figure Legends

Figure 1: Maximal voluntary contraction (panel A), potentiated doublet (panel B), and
voluntary activation (panel C) before and following fatiguing isometric contractions and
damaging eccentric exercise. Note that recovery from isometric exercise is complete within

24 hours, whereas eccentric exercise requires at least 24-48 hours. Values are mean + SD.

Figure 2: complexity of torque output in response to isometric and eccentric exercise.
Panel A shows the responses of approximate entropy (ApEn), and panel B shows the results of
the detrended fluctuation analysis. Note the rapid recovery of complexity following isometric
contractions (complete within 10-30 min), but the slower recovery following eccentric exercise

(recovery requiring 24 hours). Values are mean + SD

Figure 3: example contractions from a representative participant in each condition. Note
the decrease in complexity at task failure in both conditions. Recovery to, or towards, the
complexity observed in a fresh isometric contraction (Before) required 10 minutes (isometric

condition) or 24 hours (eccentric condition).
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Figure 2
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