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Abstract

Purpose  Currently, cortical voluntary activation (VAqy)
is assessed by superimposing transcranial magnetic stimu-
lation (TMS) on a maximal voluntary contraction (MVC),
75% MVC and 50% MVC, each contraction being inter-
spersed with 5-10 s of relaxation. Here, we assessed
whether this traditional approach (TRADI) underestimates
central fatigue due to this short recovery compared to a
continuous method (CONTI).

Methods VAq,g, motor-evoked potential (MEP), and
cortical silent period (CSP) of the vastus lateralis were
determined in 12 young healthy adults before and after a
2-min sustained MVC of knee extensors in two randomly
assigned sessions. In TRADI, evaluations comprised a
7-s rest between the three contractions (100, 75, and 50%
MVC) and evaluation following the 2-min sustained MVC
started after a minimal rest (3—4 s). In CONTI, evaluations
were performed with no rest allowed between the three lev-
els of contraction, and evaluation after the 2-min sustained
MVC commenced without any rest.

Results MVC was equally depressed at the end of the
2 min in both conditions. Post 2-min sustained MVC,
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VAq\s change was greater in CONTI than in TRADI
(=29 (15% [—42, —17] vs. =9 (4% [-13, —5], respec-
tively, P < 0.001). Differences were also observed between
TRADI and CONTI for MEP and CSP immediately after
the fatiguing exercise. All differences between the two
methods disappeared after 2 min of recovery.

Conclusion After a 2-min sustained MVC, a few seconds
of recovery change the amount of measured VAqyg and
associated parameters of central fatigue. The continuous
method should be preferred to determine deficits in volun-

tary activation.
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Abbreviations

BF Biceps femoris

CI Confidence interval
CONTI Continuous method

CSPy;~CSP;5—CSP, 0

Cortical silent period at 50-75—
100% MVC

EMG Electromyography
ERT Estimated resting twitch
FNES Femoral nerve electrical

MEP;,~MEP.,s-MEP, ,

stimulation
Motor-evoked potential at
50-75-100% MVC

M-wave Muscle compound action poten-
tial on the relaxed muscle

Msup Muscle compound action poten-
tial measured during voluntary
contraction (50% MVC)

MVC Maximal voluntary contraction

NMF Neuromuscular function
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POST At the end of the 2-min sus-

tained MVC

PRE Before the 2-min sustained
MVC

Pt Peak twitch

R2-R4-R6 2—4—6 min after the end of the
2-min sustained MVC

RF Rectus femoris

RMS Root-mean square

SIT Superimposed twitch

VA Voluntary activation

VArus Cortical voluntary activation

VL Vastus lateralis

T™MS Transcranial magnetic
stimulation

TRADI Traditional method

Introduction

Neuromuscular fatigue has been defined as any exercise-
induced decline in maximal force or power produced by a
muscle (Bigland-Ritchie and Woods 1984; Gandevia 2001).
Fatigue is generally quantified as a decrement in maximal
isometric strength that develops soon after exercise onset.
The underlying mechanisms may originate at any level of
the motor pathway and are usually divided into central and
peripheral sites of failure. The former refers to the decline
in voluntary activation or neural drive of the central nerv-
ous system (Goodall et al. 2012a), while the latter concerns
alterations at or distal to the neuromuscular junction.
Peripheral fatigue is classically identified as a decrease
in twitch or tetanic force evoked by peripheral nerve stim-
ulation on relaxed muscles (Millet et al. 2011). The most
common method to characterize central fatigue is maximal
voluntary activation (VA) calculated by twitch interpola-
tion (Merton 1953). This technique consists of superimpos-
ing peripheral electrical stimulation during a maximal vol-
untary contraction (MVC), which results in a superimposed
twitch (SIT). The greater the SIT relative to a reference
stimulation on a relaxed muscle, the lower the VA. This
observed activation deficit may be due to the inability of
the motor units to fire quickly enough or to a failure in their
spatial recruitment (Gandevia 2001). Any decrease in VA
with exercise characterizes the presence of central fatigue,
which may originate anywhere at or above the site of the
stimulation. Consequently, it is not possible to distinguish
the changes happening within the central nervous system.
The use of other techniques is, therefore, helpful to iden-
tify the different failure sites proximal to the neuromuscular
junction, which may be spinal and/or supraspinal.
Transcranial magnetic stimulation (TMS) has grown in
popularity due to its clinical significance in the diagnosis

[e.g., idiopathic generalized epilepsy (Reutens et al. 1993)]
and possible treatment of diseases [e.g., depression (Triggs
et al. 1999) and Parkinson’s disease (Siebner et al. 1999)].
In addition, single and double pulse TMS (e.g., motor-
evoked potential, MEP; cortical silent period, CSP; short
and long intracortical inhibitions) is extensively used
to understand and characterize fatigue etiology in sport
(Goodall et al. 2012b) and medical conditions such as mul-
tiple sclerosis (Thickbroom et al. 2006), cancer-related
fatigue (Cai et al. 2014), and chronic fatigue syndrome
(Sacco et al. 1999). In the voluntary activation calcula-
tion through TMS (VAqy), the superimposed stimulus is
evoked by magnetic stimulation applied directly over the
motor cortex. If a SIT is observed during a MVC, it means
that a reserve of force, which was not used voluntarily, was
still available. Thus, motor cortical output was unable to
drive all motor units maximally before stimulation (Taylor
et al. 2005), which may suggest that part of the central fail-
ure could be supraspinal (Gandevia et al. 1996). Nonethe-
less, a decline in VA after exercise does not exclusively
indicate the presence of supraspinal fatigue, as fatigue at
the spinal level may still occur.

Since TMS is a relatively recent technique, most of the
experiments used peripheral stimulation to assess VA.
Nonetheless, VAt and its changes with fatigue have been
shown to be reliable for the upper (Todd et al. 2004) and
lower (Goodall et al. 2009; Sidhu et al. 2009a) limbs. Since
corticospinal excitability is enhanced during voluntary
contraction (Todd et al. 2003), the reference twitch needs
to be estimated. To do so, a linear regression between SIT
and voluntary force is drawn to obtain an estimated resting
twitch (ERT) by extrapolation (Todd et al. 2003). For a lin-
ear relationship between TMS and voluntary force to reli-
ably estimate the resting twitch, TMS should be evoked at
contractions above 50% MVC (Goodall et al. 2009, 2012b).
Hence, the most currently used method encompasses a
superimposed TMS during an MVC and two submaximal
contractions (75% MVC and 50% MVC), interspersed with
a short period (5-10 s) between contractions.

When investigated for a few seconds and up to several
minutes after repeated or sustained contractions, VAqyg
has been observed to decline in upper (Gandevia et al.
1996; Hunter et al. 2008; Szubski et al. 2007) and lower
(Bachasson et al. 2016; Goodall et al. 2009; Gruet et al.
2014; Mileva et al. 2012) limbs. However, considering
the rapid recovery of neuromuscular function that occurs
within the first 2 min after exercise (Froyd et al. 2013), the
rate of fatigue, and notably central fatigue, which appears
to recover more quickly than peripheral fatigue, may have
been underestimated in these studies. For instance, Gruet
et al. (2014) reported a full recovery of knee extensors
VArys 96 s after high-intensity quadriceps contractions
to task-failure, whereas peak twitch (Pt) only recovered



partially 276 s after exercise. As a consequence, existing
evidence may not reflect the true central fatigue induced by
exercise.

Therefore, the purpose of the current study was to com-
pare the traditional method (TRADI) of VAq,g assessment
with a continuous method (CONTI), where neuromuscular
function was evaluated with no rest between contractions
and immediately at the end of exercise. We hypothesized
that VAqys deficit would be smaller in TRADI due to the
rapid recovery of central fatigue, confirming the need to
use a CONTI method to assess the actual VA depression
induced by exercise. Since peripheral fatigue recovery is
slower, we also hypothesized that the methodology would
either have a minimal or non-existent effect on it.

Materials and methods
Subjects

Twelve healthy active men [mean (SD), age 23 (3) years,
height 181 (6) cm, and mass 74 (8) kg] participated in the
study. Written informed consent was obtained from all sub-
jects prior to their participation. This study was approved
by the ethics board at the University of Calgary (REB
14-1625) and conformed to the standards from the latest
edition of the Declaration of Helsinki. All subjects were in
good physical condition with no signs or symptoms of neu-
rological, cardiovascular, circulatory or orthopedic disor-
ders, or contraindications to TMS. Subjects refrained from
any type of physical exercise at least 2 days before testing
and did not drink any beverages with caffeine on test days.

Experimental protocol

To compare the rate of central fatigue using the CONTI and
TRADI methods, VAryg was determined before and after
a 2-min sustained MVC of knee extensors in two randomly
assigned sessions, performed on the same day, with a wash-
out period of 1.5 h. Corticospinal excitability (through
MEP) and intracortical inhibition (through CSP) were also
measured with TMS. Femoral nerve electrical stimulation
(FNES) was applied to assess neuromuscular transmis-
sion (through muscle compound action potential, M-wave)
and contractile properties (through Pt). Electromyogra-
phy activity (EMG) of vastus lateralis (VL), rectus femo-
ris (RF), and biceps femoris (BF) muscles was monitored
throughout the sessions.

Figure la illustrates the experimental protocol, which
consisted, after the baseline measurements, in two times

the following with a 1.5-h wash-out period: neuromuscu-
lar function (NMF) tests before (PRE), immediately after
(POST) and 2-4-6 min after (R2-R4-R6, respectively)
a 2-min sustained MVC (fatiguing task). The baseline
measurements (Fig. 1b) comprised (a) the determina-
tion of stimulation intensity to elicit the highest M-wave
and Pt response in the unfatigued state (this intensity was
further used for stimulation after the fatiguing protocol);
(b) a warm-up composed of 20 submaximal contractions
with progressive increases in force followed by two 3—4-s
MVCs interspersed with 1 min to set the percentage MVC
used for optimal TMS site and intensity determination; (c)
the determination of optimal TMS site; and (d) the deter-
mination of optimal TMS intensity. The NMF tests per-
formed before the fatiguing task (PRE) were performed
twice before each 2-min sustained MVC. Figure 1c shows
the NMF tests methodology to assess central (VAqys,
MEP, and CSP) and peripheral (Pt, M-wave) fatigue. The
CONTI method comprised a single voluntary contraction
including an initial ~3-4-s MVC followed by a voluntary
reduction in force output to match 75% MVC and then 50%
MVC with no rest period in-between. To allow for perfor-
mance of this continuous voluntary contraction without
any rest between the 3 levels of force (i.e., MVC, 75 and
50% MVC), one experimenter monitored the instantane-
ous values of force produced during MVC (LabChart soft-
ware was continuously providing the highest value of force
achieved). Then, after the TMS had been delivered during
the MVC, the scale of the force channel of LabChart was
reset to the maximum value of force produced before TMS
delivery. Since before the start of the experiment, two red
twines (target line) were affixed on the screen correspond-
ing to 75 and 50% of the maximum force value displayed
in the scale of the force channel, resetting this maximum
value ensured that the upper twine corresponded to 75%
and the lower twine to 50% of the maximum value rep-
resented in the channel. This reset was displayed in less
than 2 s after TMS, while the subject was either relaxing
between contractions (TRADI) or still contracting at the
previous torque level (CONTI). This procedure enabled
the performance of the NMF test right after the 2-min sus-
tained MVC without any rest in CONTL

The TRADI method consisted of three ~3—4-s volun-
tary contractions: one MVC, one 75% MVC, and one 50%
MVC, each contraction being interspersed by ~7-s relax-
ation periods. In TRADI, a 3-4-s rest was also allowed
between exercise termination and fatigue evaluation. This
was not the case in CONTI. During voluntary contrac-
tions, TMS was only delivered when the subjects attained
and maintained the desired force level. Immediately after
TMS delivery, subjects were asked to re-contract at the
same force level as fast as possible.
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Fig.1 a Experimental protocol, which consisted of baseline meas-
urements and two times the following testing (interspersed by a
1.5-h wash-out period): neuromuscular function (NMF) tests before
(PRE), immediately after (POST) and 2-4—-6 min (R2-R4-R6) after
a 2-min sustained MVC (fatiguing task). b Baseline measurements,
which comprised: (a) electrically evoked responses to elicit the high-
est M-wave and twitch response in the unfatigued state; (b) warm-up
followed by 2 x 3—4-s MVCs; (c) determination of optimal TMS site;

Dependent variables
Force measurements

Subjects sat on a custom-built quadriceps chair with the
right hip angle set at 90° and knee joint angle set at 100°
of flexion (full knee extension = 180°). A noncompli-
ant strap connected to a force transducer was attached
3-5 cm above the subject’s lateral malleoli. Force data
were acquired using a PowerLab data acquisition system
(16/30—ML880/P, ADInstruments, Bella Vista, Aus-
tralia) at a sampling rate of 2 kHz. The subjects were
firmly secured to the chair with noncompliant straps to
minimize body movement. The target force to meet dur-
ing each submaximal contraction of the TMS testing
procedure and real-time visual feedback of the force pro-
duced was provided to the subject via custom software
and macros (LabChart 7, ADInstruments) on a wide com-
puter screen throughout the experiment. Strong verbal

28s

and (d) determination of optimal TMS intensity. The black arrow
indicates femoral nerve electrical stimulation (FNES), whereas the
dotted arrow represents the transcranial magnetic stimulation (TMS).
¢ The NMF tests methodology to assess central and peripheral
fatigue. The continuous method (CONTI) comprised one unique vol-
untary contraction, while the traditional method (TRADI) consisted
of three ~3—4-s voluntary contractions (MVC, 75% MVC, and 50%
MVC) interspersed by ~7-s relaxation periods

encouragement was given during brief and prolonged
MVCs.

Electromyographic recordings

The EMG signals of the right VL, RF and BF were recorded
using bipolar silver chloride surface electrodes of 10-mm
diameter (Type 0601000402, Controle Graphique Medical)
during the voluntary contractions and electrical/magnetic
stimuli. The recording electrodes were secured lengthwise
to the skin over the muscle belly, with an inter-electrode
distance of 25 mm. The positions of the electrodes were
marked on the skin in case replacement was necessary. The
reference electrode was attached to the patella. Low imped-
ance (Z < 5 kQ) at the skin—electrode surface was obtained
by abrading the skin with fine sand paper and cleaning
with alcohol. EMG data were recorded with a PowerLab
system (16/30—ML880/P, ADInstruments) with a sam-
pling frequency of 2 kHz. The EMG signal was amplified



with octal bio-amplifier (Octal Bioamp, ML138, ADIn-
struments) with a bandwidth frequency ranging from 5 to
500 Hz (input impedance = 200 MQ, common mode rejec-
tion ratio = 85 dB, gain = 1000), transmitted to the PC and
analyzed with the LabChart 7 software (ADInstruments).

Femoral nerve electrical stimulation

Electrical stimulation was delivered percutaneously to the
femoral nerve via a self-adhesive electrode (10-mm diam-
eter, Ag—AgCl, Type 0601000402, Controle Graphique
Medical, Brie-Comte-Robert, France). The anode, a
10 X 5 cm self-adhesive stimulation electrode (Medicom-
pex SA, Ecublens, Switzerland), was located in the gluteal
fold. A constant current stimulator (Digitimer DS7A, Hert-
fordshire, United Kingdom) was used to deliver a square-
wave stimulus of 1-ms duration with maximal voltage
of 400 V. The optimal stimulus intensity was determined
from knee extensors response producing both maximal Pt
and maximal M-wave amplitude. The stimulating inten-
sity [151 (67) mA] was supramaximal (i.e., 120% of opti-
mal intensity) and held constant throughout the protocol.
Supramaximal FNES was delivered: (1) 2 s after the MVC
in relaxed muscle in TRADI or 2 s after last 50% MVC in
relaxed muscle in CONTI and (2) during the 50% MVC
(see Fig. 1c¢).

Transcranial magnetic stimulation

A magnetic stimulator (Magstim 2007, The Magstim Com-
pany, Dyfed, United Kingdom) was used to stimulate the
motor cortex area of the right leg. Single TMS pulses of
1-ms duration were delivered via a concave double-cone
coil (diameter 110 mm, maximum output 1.4 T) posi-
tioned over the vertex of the scalp and held tangentially
to the skull. To determine optimal TMS site, the coil was
positioned to preferentially activate the left motor cortex
(contralateral to the right leg) and elicit the largest MEP
in the VL with only a small MEP in the BF (<10% of VL
MEP) during isometric knee extension at 10% MVC with
a stimulus intensity of 50% of maximal stimulator power
output (Sidhu et al. 2009a). The optimal stimulus site was
marked on a breathable swimming cap, which was worn on
the head throughout the protocol to ensure reproducibility
of the stimulus conditions for each subject. To determine
optimal stimulation intensity, TMS was elicited during
brief (~5 s) submaximal (20% MVC) isometric knee exten-
sions at 30, 40, 50, 60, 70, and 80% of maximal stimulator
power output in random order. Four consecutive contrac-
tions were performed at each stimulus intensity with 10 s of
rest between contractions. The stimulus intensity [68 (10)%
of maximal stimulator power output] that elicited the larg-
est right VL MEPs and SIT with small MEP of the right BF

(<10% of VL MEP) was considered optimal and employed
throughout the protocol, as previously suggested (Rupp
et al. 2012). If a plateau was not reached, higher intensities
(i.e., 90 and 100%) were investigated.

Data analysis
Mechanical responses

Peak forces measured during MVC were calculated as the
maximal values obtained before the stimuli. At PRE, the
highest of the two MVCs was chosen for further analysis.
To calculate global force quantity (intensity X duration)
produced throughout the 2-min sustained MVC (Rozand
et al. 2014), force time integral (N s) was calculated and
summed over eight periods of 15 s along the 2 min. Pt was
also determined.

M-wave

M-wave peak-to-peak amplitudes, durations, and areas
were calculated from VL EMG responses to single FNES
in the relaxed muscle (M-wave) and at 50% MVC (Msup,
Fig. 1c).

TMS parameters

Motor-evoked potential areas of quadriceps muscles dur-
ing submaximal (MEPs, and MEP;; for 50 and 75% MVC,
respectively) and maximal contractions (MEP,,) were nor-
malized to Msup (Sidhu et al. 2012). The duration of the
CSP during submaximal (CSPs, and CSP,5 for 50 and 75%
MVC, respectively) and maximal contractions (CSPy,)
was determined manually as the interval from the stimu-
lus to the return of continuous EMG activity (Sidhu et al.
2009b). VAqys was quantified by measurement of the
superimposed force responses to TMS. At PRE, only the
highest VAqyg value from the two NMF tests was used for
further analysis. The SIT amplitude evoked during contrac-
tions at 100, 75, and 50% MVC was calculated, and the
y-intercept of the linear regression between the mean SITs
and voluntary force was used to quantify ERT (Todd et al.
2003). For both TRADI and CONTI, VAqyg (%) was then
calculated using the following equation:

VAqys = [1 = (SIT/ERT)] x 100.

The reliability of this method for the determination of
VAqys has been previously described for the knee exten-
sors (Goodall et al. 2009; Sidhu et al. 2009a). 6 VAqyg
out of a total of 120 assessments had to be ruled out, as 5
showed a poor linear regression between SIT and voluntary
force and 1 POST NMF test (in TRADI condition) was not
performed by a subject.



EMG during 2-min sustained MVC

During the 2-min sustained MVC, the EMG activity of
VL, RF, and BF was calculated as the average root-mean-
square (RMS) over the same 15-s periods, as for force
analysis (see above).

Statistical analyses

Data are presented in the text as mean (SD) and 95% con-
fidence interval [CI]. Data are shown in the figures and
tables as mean (SD). The statistical analyses were per-
formed with Statistica (version 8, Tulsa, USA). Normal-
ity of distribution and homogeneity of variances of the
main variables were checked using a Shapiro—Wilk nor-
mality test and the Levene’s test, respectively. A two-way
ANOVA (condition X time) with repeated measures was
performed for the two conditions (CONTI and TRADI)
and five timepoints of each condition (PRE, POST,
R2, R4, and R6) or nine timepoints when investigating
torque/EMG kinetics during the 2-min MVCs (MVC
PRE, 0-15, 15-30, 30-45, 45-60, 60-75, 75-90, 90-105,
and 105-120 s). Because VAryg was not normally dis-
tributed at PRE, this parameter was analyzed with a
two-way ANOVA with repeated measures performed
on the change from baseline measurements, i.e., condi-
tion (CONTI, TRADI) X time (APRE-POST, APRE-R2,
APRE-R4, and APRE-R6). Where the ANOVA revealed
significant main effects or interactions, the data were fur-
ther explored using pair-wise comparisons with a Bonfer-
roni correction. For all statistical analyses, an alpha level
of 0.05 was used as the cutoff for significance.

Results
Fatiguing protocol

Figure 2 shows the typical force trace and EMG VL dur-
ing the TRADI and CONTI evaluation of one subject.
Force and EMG VL values were not different between
TRADI and CONTI during the 2-min sustained MVC
(Fig. 3). Force was significantly depressed at the end of the
2-min MVC (P < 0.001) to a similar extent in both condi-
tions (=75 (5)% [-78, —73] vs. =74 ()% [-77, —70] in
TRADI and CONTI, respectively). VL and RF EMG were
depressed at the end of the 2-min MVC, with no differences
between conditions. In addition, force quantity produced
during the 2-min MVC showed no differences between
TRADI and CONTI (28.7 (4.5) kN s [26.1, 31.2] vs. 28.0
(4.6) kN s [25.4, 30.6], respectively, NS).
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Fig. 2 Typical force trace and VL EMG during TRADI (a) and
CONTI (b) evaluation before the fatiguing task. The bottom part of
the panel shows the MEP and CSP at MVC, 75% MVC and 50%
MVC. Dotted lines represent TMS. The solid lines at the top repre-
sent FNES, whereas at the bottom they represent the end of the CSP

Maximal voluntary force

Maximal voluntary contraction values are reported in
Fig. 4a. At PRE, MVCs were similar in both conditions.
MVC changes from PRE to POST were significantly
greater in CONTI compared to TRADI (—79 (6)% [—83,
—76] vs. =45 (10)% [-51, —40], respectively, P < 0.001).
At R2, R4, and R6, the MVCs were not different between
conditions. Despite a partial recovery, MVC at R6 was
still lower than at baseline both in TRADI (—15 (8)%
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[—=19, —10], P < 0.001) and in CONTI (=15 (7)% [-19,
—11], P < 0.001).

Peripheral fatigue

Mechanical and EMG responses to electrical stimulation
are shown in Table 1. Pt did not differ between condi-
tions at PRE. At POST, Pt was significantly depressed
(P < 0.001) to a similar extend in both conditions (—62
(15)% [—71, =53] vs. —63 (18)% [—73, —52] in TRADI
and CONTI, respectively). Values at R6 indicated a par-
tial and similar recovery in TRADI and CONTI. The
M-wave area was not different between conditions at
PRE. There was a significant effect of time (P < 0.001),
i.e., M-wave area increased similarly in both TRADI
and CONTI at POST (17 (9% [11, 22] vs. 17 (11)% [10,
24], respectively, P < 0.001), R2 (20 (6)% [16, 24] vs.
11 (11)% [5, 18], respectively, P < 0.001), R4 (8 (21)%
[—4, 21] vs. 7 (8)% [3, 12], respectively, P = 0.001),
and R6 (10 (8)% [5, 15] vs. 5 (9)% [0, 10], respectively,
P =0.009).

Voluntary activation

VAqys at PRE was not different between conditions
(Fig. 4b). At POST, VA5 decreased significantly in both
conditions, but the decline was significantly greater in
CONTI compared to TRADI (=29 (15)% [—40, —19] vs.
-9 4% [—12, —6], respectively, P < 0.001). At R2, VAys
was not significantly different compared to PRE anymore
for both conditions.

Corticospinal excitability and intracortical inhibition

Figure 5 shows the changes in MEP during fatigue and
recovery. At PRE, MEP,,,, MEP,5 and MEP;; did not dif-
fer between CONTI and TRADI. At POST, MEP,, showed
a significant increase in CONTI only (115 (63)% [76, 154],
P < 0.001) and this parameter was significantly greater in
CONTI than in TRADI at this timepoint (P = 0.004). From
R2, MEP,, values were not different from PRE, whatever
the conditions. MEP;5 remained unchanged throughout the
protocol for both conditions. There was a significant effect
of time (P < 0.001) for MEPs, as it decreased similarly
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Fig.4 a Maximal voluntary contraction force (MVC) before
(PRE), at the end of the 2-min sustained MVC (POST), and 2 min
(R2), 4 min (R4), and 6 min (R6) after exercise. N = 12. b Maxi-
mal voluntary activation by TMS (VAq,s) before (PRE), at the end
of the 2-min sustained MVC (POST), and 2 min (R2), 4 min (R4),
and 6 min (R6) after exercise. N = 8. Dashed line indicates wash-
out period of 1.5 h. Data are mean (SD) in TRADI and CONTI
conditions. Significantly different from PRE of the same condition:
*P < 0.05, ¥**¥*P < 0.001; significantly different from the same time-
point in TRADI: P < 0.001

in both conditions at POST (—10 (24)% [-25, 4] vs. =33
(19)% [—45, —21] in TRADI and CONTI, respectively). At
R2, MEPs, had completely recovered in both conditions.
Changes in CSP are shown in Table 1. At PRE,
CSP9, CSP;5 and CSPs did not differ between CONTI
and TRADI. CSP,,, was significantly greater at POST
in CONTI only (22 (18)% [11, 32], P = 0.003). CSP5
analysis showed an effect of time. Although no signifi-
cant changes were observed compared to PRE, CSP;5
was significantly longer at POST compared to R4 (3
(13)% [-5, 11] vs. 8 (17)% [-2, 18] in TRADI and
CONTI, respectively, P = 0.017) and R6 (8 (11)% [2,
15] vs. 7 (13)% [0, 15] in TRADI and CONTI, respec-
tively, P = 0.002). There was a significant time effect for
CSP;5, as it was significantly longer at POST compared

Table 1 Peak twitch force (Pt), EMG responses to single-pulse stimuli on the relaxed vastus lateralis muscle (M-wave), and vastus lateralis cortical silent period (CSP) during contractions at

50, 75, and 100% of MVC before (PRE), at the end of the 2-min sustained MVC (POST), and 2 min (R2), 4 min (R4), and 6 min (R6) after exercise

CONTI

TRADI

R6

R4

R2

Post

Pre

R6

R4

R2

Post

Pre

103 (17)%#
16.8 (5.2)

100 (23)F##
16.9 (5.3)
10.0 (2.0)

94 (28"
16.6 (5.1)
10.5 (2.2)

1

47 (19)¢
16.2 (4.9)
10.8 2.7)

132 (26)
16.1 (5.1)
10.1 (1.8)
104 (40)
319 (78)
316 (76)

298 (81)

94 (33)F##
15.0 (7.0)
10.4 (2.4)

96 (34)%#*
16.0 (6.2)
11.4 (3.0)

94 (30)#
16.7 (5.3)
112 (2.5)

51(22)%
167 (5.2)
117 2.6)

136 (33)
15.9 (5.4)
10.7 2.2)
106 (38)
303 (71)
297 (79)
302 (82)

Pt (V)

M-wave amplitude (mV)

9.9 (2.0)
111 (43)#
313 (77)
316 (72)
295 (77)

Duration (ms)
Area (UV s)
CSPs, (ms)

113 (43)#
314 (71)
311 (71)
296 (84)

116 (41)¥
325 (74)
314 (72)
299 (70)

11

121 (42)*

117 (43)#
284 (56)
277 (73)
301 (72)

119 (50)#
305 (98)
292 (68)

127 (47)H##
287 (74)
296 (67)
297 (83)

122 (42)¥#
322 (82)%
304 (80)
314 (92)

360 (71)
344 (80)

CSP5 (ms)

357 (84)**

319 (100)

CSP, ¢ (ms)

11. Data are mean (SD) for TRADI and CONTI conditions
Significantly different from PRE (main effect of time): ¥ P < 0.01, ¥ P < 0.001; significantly different from PRE of the same condition: ** P < 0.01

N=
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Fig. 5 Vastus lateralis motor-evoked potential areas (MEP) assessed
by TMS and normalized to Msup areas. Data are presented before
(PRE), at the end of the 2-min sustained MVC (POST), and 2 min
(R2), 4 min (R4), and 6 min (R6) after exercise. a—¢ MEPs obtained
during MVC (MEP,,) and during submaximal contraction at 75%
MVC (MEP;5) and 50% MVC (MEPs), respectively. N = 10. Dashed

to PRE in both conditions (7 (10)% [1, 12] vs. 15 (10)%
[9, 21] in TRADI and CONTI, respectively, P = 0.002).
Discussion

The objective of this paper was to determine whether the
methodology to evaluate VAqys would influence the rate

R6 PRE

sk ok ™ TRADI
=]

| CONTI
|
|
|
|
|
|
R6 = PRE POST R2 R4 R6
|
I
|
I
|
|
|
I
R6  PRE POST R2 R4 R6

POST R2 R4 R6

line indicates wash-out period of 1.5 h. Data are mean (SD) for
TRADI and CONTI conditions. Significantly different from PRE of
the same condition: ***P < 0.001; significantly different from the
same timepoint in TRADI: /P < 0.01; significantly different from
PRE (main effect of time): ¥*P < 0.001

of central fatigue and corticospinal properties. Our study
design is the first to permit the comparison between the
conventional method, which starts the neuromuscular eval-
uation a few seconds after exercise termination and allows
a short relaxation between contractions, with a continuous
method, which comprised fatigue assessment at exercise
completion and with no recovery period between contrac-
tions. The main results are that 3—4 s between the end of



exercise and neuromuscular evaluation, together with 7 s of
rest between contractions, leads to a 20% underestimation
of the extent of central fatigue assessed by VAqys. Further-
more, intracortical inhibition and corticospinal excitability
changes were also underestimated when short relaxation
times were allowed. Therefore, this study highlights the
need for measuring central parameters immediately after
exercise completion to adequately appreciate fatigue ampli-
tude and etiology. The proposed method to evaluate cen-
tral fatigue has implications not only in the field of sport
but also in the clinical setting, where quantifying and char-
acterizing fatigue is relevant (Cai et al. 2014; Sacco et al.
1999; Thickbroom et al. 2006).

Maximal voluntary force changes and peripheral
fatigue

The present study showed a ~75% decline in force at the
end of the 2-min sustained MVC, regardless of the condi-
tion. These findings are in accordance with previous lit-
erature, as 100-s and 2-min sustained MVCs of the knee
extensors have been shown to induce force decrements
of about 63-79% (Doix et al. 2013; Goodall et al. 2009;
Kennedy et al. 2014; Lloyd et al. 2015; Martin and Rat-
tey 2007; Place et al. 2007; Rattey et al. 2006; Siegler and
Marshall 2015).

Although there was a similar force drop during the
2-min sustained MVC, the fatiguing protocol induced a
decline in MVC at POST of about 79% in CONTI and 45%
in TRADI. Previous literature has documented a decre-
ment in knee extensors MVC ranging from 10 to 33% at
the POST 2-min measurement (Doix et al. 2013; Goodall
et al. 2009; Kennedy et al. 2014; Lloyd et al. 2015; Mar-
tin and Rattey 2007; Place et al. 2007; Rattey et al. 2006).
The lower decline in these studies is likely due to a delay in
neuromuscular assessment after fatigue, which ranged from
a few seconds up to 30 s (Martin and Rattey 2007). Our
study corroborates this idea, as a 3—4-s rest period led to a
34% recovery in force. Neuromuscular function evaluation
should, therefore, be performed as close to exercise com-
pletion as possible to avoid fatigue underestimation and
fatigue etiology misinterpretations, as discussed below.

As opposed to MVC, Pt was reduced after exercise to a
similar extent in both conditions. The 63% decline observed
in the present study was greater compared to the decrease
of 26% in Pt reported previously (Goodall et al. 2009). At
the end of the fatiguing protocol, Goodall et al. (2009) per-
formed 3 MVCs with peak twitch assessment 2 s after each
MVC. The rest (even if minimal) between the end of the
fatigue protocol and the first MVC, between each MVC and
peripheral stimulation, and between peripheral stimulation
and the following MVC might have led to some additional

recovery. In addition, the authors averaged the three peak
twitch values. Due to the rest between assessments, the
second and third evoked responses already benefited from
some recovery (probably more than 15-20 s), which might
have significantly affected the average obtained from the
three assessments. Therefore, the rest between assessments
and the use of the average of the three peak twitch val-
ues may help explain the lower peak twitch depression in
Goodall et al. (2009) compared to our study.

The lack of difference in Pt depression between TRADI
and CONTI suggests that it may take longer to recover
from peripheral fatigue. In fact, Pt was still depressed 6 min
after exercise in both conditions.

Cortical voluntary activation and corticospinal
excitability changes

Since the linear association between SIT and voluntary
force was preserved even after fatigue, we were able to
extrapolate the ERT (Todd et al. 2003) in both methods.
Goodall et al. (2009) documented a 17% VAqyg decline
after the same knee extensor fatiguing protocol. To our
knowledge, only one study (Sidhu et al. 2009b) used a
CONTI method to assess neuromuscular fatigue. However,
in this study, the continuous method was used after a 30-s
MVC, which was itself conducted after cycling exercise.
Thus, it is not possible to differentiate the role of methodol-
ogy vs. the role of the type of fatiguing exercise in VApyg
reduction. The present study is the first one to demonstrate
that a few seconds of relaxation were enough to observe
a pronounced difference in VAqyg between CONTI and
TRADI.

Differences between conditions were not limited to
VAqys. Indeed, MEP,,, was increased at POST in CONTI
only, with no differences anymore at R2. The increased
MEP,,, in CONTI is in agreement with previous litera-
ture in the upper body for sustained MVC, since MEP,,
in these experiments was performed without rest (Gande-
via et al. 1996; Kennedy et al. 2014; Szubski et al. 2007).
Our findings are also consistent with previous works on
the knee extensors, as enhanced MEP,,, was reported at
task failure after a repeated isometric submaximal contrac-
tion protocol (Gruet et al. 2014). Gruet et al. (2014) also
reported a very rapid recovery, as MEP,,, was not different
from baseline 96 s after task failure. This quick recovery
is further supported by our study, as the TRADI condition
did not show any significant MEP,,, depression at POST.
Thus, it seems that after sustained maximal contractions,
only a few seconds are sufficient for TMS-induced changes
in corticospinal excitability during MVC to be reversed.

This is the first study documenting changes in MEP at
various force levels after a 2-min sustained MVC of the
knee extensors. Strikingly, MEPs, was depressed at POST



in CONTI and TRADI. To our knowledge, only Todd et al.
(2003) assessed MEP changes at the same relative forces
after a sustained contraction of the elbow flexors. In their
study, however, the sustained contraction terminated when
the subjects were no longer able to maintain 60% of the ini-
tial MVC. Although MEPs, was significantly smaller with
fatigue, MEP,,, and MEP,5; remained unaltered. These
findings are, at least partly, in agreement with the changes
observed in our study. Indeed, it seems that a longer recov-
ery time is required for MEPs, to return back to baseline, as
there was a similar depression in both TRADI and CONTI.
Todd et al. (2003) further support this idea, as the depres-
sion in MEPs, was still evident 8 s after exercise termina-
tion. In our study, MEP,,, did not show any differences
at POST in TRADI, suggesting a quicker recovery than
MEPs,. Thus, Todd et al. (2003) may have failed to report
any changes at MEP,, due to the 8-s rest allowed after
exercise completion.

Before exercise, MEP amplitude usually reaches its peak
near 50% MVC, decreasing thereafter in stronger contrac-
tions up to 100% MVC. Since motoneuron discharge rate
increases from 50% up to 100% MVC, it is more likely that
upon TMS delivery more motoneurons are in the refractory
period at 100% MVC than at 50% MVC. Thus, motoneu-
rons are less responsive to TMS at maximal voluntary con-
tractions, which explain why MEP is smaller at 100% MVC
than at 50% MVC (Todd et al. 2016).

As a result of the slowing of motoneuron discharge rate
during a 2-min MVC (Bigland-Ritchie et al. 1983), it is
plausible to admit that, after exercise, discharge frequency
during an MVC is closer to that of a 50% MVC before
exercise. Therefore, after exercise, TMS is likely to elicit a
greater response at 100% MVC, because less motoneurons
are in the refractory period, which may explain the exer-
cise-induced increase in MEP,, observed in CONTL

Motoneuron discharge rate at 50% MVC after a 2-min
MVC is likely to be similar to the discharge rate of contrac-
tions <50% MVC before exercise. The lower corticospi-
nal excitability at these discharge rates with lower spatial
recruitment at these torque levels may explain the decrease
in MEP;, after exercise.

Although the pronounced exercise-induced changes in
absolute force might have affected motor unit recruitment
(both spatial and temporal) at submaximal and maximal
force intensities, which in turn might have induced different
responses in MEP,,, and MEPjsj, this remains speculative
and needs to be addressed in future research.

Intracortical inhibitions
The 2-min sustained MVC induced a lengthening in CSPj,

in both conditions, while CSP,,, was increased solely in
CONTI. At the end of a sustained contraction, intracortical

inhibitions during MVC have been shown to be enhanced
both in the upper (Gandevia et al. 1996; Szubski et al.
2007; Taylor et al. 1996) and lower limbs (Gruet et al.
2014; Mileva et al. 2012; Sidhu et al. 2009b). Since CSP,,
returned to baseline at POST in TRADI, it appears that
3—4 s are sufficient to see a full recovery in CSP,,,. Con-
versely, the lengthened CSP,, 6 s after exercise in Gruet
et al. (2014) would suggest a more long-lasting CSP,,
increase. The use of a repeated isometric submaximal con-
traction protocol by Gruet et al. (2014) differed from the
sustained MVC used in our study, which may explain the
contrasting results in CSP, .

Most studies assessed intracortical inhibition during
maximal contractions only. Nonetheless, longer CSP, have
been previously reported in knee extensors (Gruet et al.
2014; Sidhu et al. 2009b) and ankle flexors (Mileva et al.
2012) after fatiguing tasks. Since in Gruet et al. (2014),
these changes were only noticeable right at the end of the
fatiguing protocol (i.e., the first post measurement revealed
a total recovery of intracortical inhibition), a 6-s relaxation
appeared to be enough to observe a full recovery of intra-
cortical inhibitions in that study. However, we observed a
CSPy, depression both in CONTI and in TRADI. Further
research is thus required to investigate if fatigue-induced
changes in CSP depend on the intensity of contraction
(maximal vs. submaximal) as well as on motor task inten-
sity and/or modality (i.e., sustained vs. intermittent).

The concomitant analysis of MEPs and CSPs helps to
explain the etiology of VAqyg deficit. In the CONTI ses-
sion, VAqyg, MEP, and CSP changes occurred at POST,
with a complete recovery of all parameters in R2. How-
ever, the TRADI condition revealed an attenuated but still
significant VAqyg decline at POST, with changes only in
MEPs, and CSPy,, which confirms that central fatigue does
not necessarily imply modified corticospinal excitabil-
ity and inhibition (Gandevia 2001). Consequently, central
mechanisms other than changes in intracortical inhibitions
and excitability of motor cortical cells with corticospinal
projections might explain central fatigue. Such a hypothesis
has been previously suggested, as when the elbow flexors
were held ischemic following a sustained MVC, MEPs
recovered, while VAp,g did not (Gandevia et al. 1996; Tay-
lor et al. 2000).

In addition to the impact of the methodology used on
central fatigue quantification, the different timings of
NMF assessment at POST (i.e., 3—4 s after 2-min MVC
in TRADI vs. no rest in CONTI) might have also contrib-
uted to the differences observed in central fatigue. The fact
that the MVC was significantly different at POST between
TRADI and CONTI provides a good indication that neu-
romuscular function can significantly recover within 3—4 s,
reinforcing the need to reduce any period of recovery when
measuring fatigue.



Conclusion

The method widely used to quantify neuromuscular
changes following a fatiguing protocol comprises electri-
cal and magnetic stimulation at submaximal and maximal
intensities, interspersed with a few seconds of recovery. In
addition, most literature that reported central and periph-
eral fatigue allowed a period of rest between exercise com-
pletion and fatigue evaluation, which may range from a
few seconds up to 5 min. The present study showed that
the methodology greatly influences fatigue quantification,
as the traditional method led to fatigue underestimation
of maximal voluntary activation decline and associated
parameters. Thus, the results from previous research that
used this methodology might not reflect the actual central
fatigue caused by the fatiguing protocols and prevent the
right analysis of fatigue etiology. This is especially impor-
tant in protocols that use maximal sustained contractions,
as in this case, the recovery of the neuromuscular system
is very quick. The differences between the two methods
are not expected to be as high for other types of fatiguing
protocols. The continuous method used in the present study
should be preferred to evaluate central fatigue induced by
exercise in sport and in the clinical setting.
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