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Abstract

Elbow flexors (EF) and knee extensors (KE) have shown differences in performance
fatigability and recovery of neuromuscular function after isometric and isotonic single-
joint fatiguing contractions. However, dynamic multi-joint movements are more
representative of real-world activities. The aim of the study was to assess central and
peripheral mechanisms of fatigability after either arm-cranking or cycling. Ten physically-
active men performed maximal incremental arm-cranking and cycling until task-failure.
Maximal voluntary isometric contraction (MVIC) and electrically-evoked forces of both
EF and KE were assessed before (PRE) and 1 (POST) and 20 (POST20) min after
exercise. At POST, MVIC decreased similarly to 76 + 8% and 81 £+ 7% (both P <0.001) of
PRE for EF and KE, respectively. MVIC force remained lower than PRE at POST20 for
both EF and KE (85 + 8% vs. 95 + 3% of PRE, P < 0.033), having recovered less in EF
than KE (P = 0.003). Electrically-evoked forces decreased similarly from PRE to POST in
EF and KE (all P > 0.05). At POST20, the ratio of low-to-high frequency doublets was
lower in EF than KE (75 + 13% vs. 85 + 10% of PRE; P < 0.034). Dynamic maximal
incremental exercise acutely induced similar magnitudes of MVIC and evoked forces loss
in EF and KE. However, at POST20, impaired MVIC recovery and lower ratio of low-to-
high frequency doublets in EF compared to KE suggests the recovery of neuromuscular
function after dynamic maximal exercises is specific to and dependent on changes within

the muscles investigated.

Key words: arm cranking, cycling, incremental maximal exercise, fatigue, recovery

Running Head: Neuromuscular function after dynamic multi-joint exercise

2

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

INTRODUCTION

Performance fatigability is a decline in an objective measure of performance over a
discrete period of time due to changes within the neuromuscular system (1). These changes
often manifest by reducing the maximal voluntary isometric contraction (MVIC) force that
can be produced (2). Impairments in force production can originate from one or more sites
in the neuromuscular system and can be classified as central (i.e. proximal to the
neuromuscular junction and encompassing the brain and upper and lower motoneurons) (2)
or peripheral (i.e. within the skeletal muscle) (3).

Fatigability of different muscle groups is of interest since daily-living (e.g. climbing stairs,
carrying bags) and sporting (e.g. cycling, rowing) activities have different physical
requirements. As a result, comparisons of the fatigability of upper- (UL) and lower-limb
(LL) muscles have been investigated, most commonly comparing the elbow flexors (EF)
and knee extensors (KE) during maximal and submaximal single-joint isometric
contractions (4, 5). For example, Neyroud et al. (5) showed that MVIC force loss after
sustained submaximal isometric contractions at 50% MVIC until task failure in EF and KE
were not different (-40% versus -34% for EF and KE, respectively), with voluntary
activation (VA) [i.e. the level of voluntary drive to the muscle during an exercise (6)]
unchanged in either muscle group. Meanwhile, the decrease in the amplitude of high-
frequency doublets was greater in EF than KE (-59% versus -28%, respectively). Vernillo
et al. (4) showed that after a 2-min sustained MVIC, the decreases in MVIC force and VA
were ~12% and ~25% greater in KE than EF, respectively, while the decrease in the
potentiated twitch amplitude was greater in EF than KE (-86% versus -74%, respectively).
While these comparisons provide a foundation for understanding differences in fatigability
between muscle groups, they lack applicability to the real world where dynamic exercises

are usually performed (7).
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To elucidate the potential differences in the mechanisms of fatigability between UL and
LL during dynamic exercises, Senefeld et al. (8, 9) investigated fatigability after 90
submaximal isotonic EF or KE contractions at maximal voluntary shortening velocity and
observed the loss in MVIC torque was ~15% greater in EF than KE. However, these
results from dynamic single-joint contractions have not been confirmed by exercise
comprising multi-joint contractions such as arm-cranking and cycling. Specifically, to the
best of our knowledge, only Halperin et al. (10) investigated the fatigability induced by ten
10-s arm-cranking and cycling sprints (with 30 s or 180 s of rest between sprints) and
reported that MVIC decreased ~9.5% less in EF than KE with recovery conditions pooled.
However, as previously suggested (11, 12), effects of muscle group on performance
fatigability may arise from different characteristics of the fatiguing exercise task (e.g.
intermittent sprint exercise vs repeated isotonic contractions; multi-joint vs single-joint).
Since the metabolic responses to exercise are quantitatively different between UL and LL
across different exercise intensities (13—15), it is of interest to investigate whether dynamic
multi-joint incremental exercise may affect performance fatigability differently in EF and
KE.

The ability for neuromuscular function to recover after a bout of exercise may impact the
ability to perform subsequent exercise bouts even when interspersed with periods of rest.
Thus, to understand beyond immediately post-exercise, MVIC force recovery must be
considered. Previous studies have shown that the magnitude and mechanisms of recovery
after fatiguing exercise are related to the characteristics of the preceding exercise bout (12)
and may be different between muscle groups (4, 9, 16). For example, Vernillo et al. (16)
showed that after a sustained 2-min MVIC, MVIC force gradually recovered and returned
to baseline values for both EF and KE within 4 min of recovery; whereas Senefeld et al.
(9) reported that EF MVIC force loss was ~15% lower than KE MVIC force 10 min after

completing 90 submaximal isotonic contractions at maximal voluntary shortening velocity.
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The recovery of performance fatigability resulting from single-joint isometric versus
multi-joint isotonic and dynamic intermittent exercise cannot be interchangeable (12).
However, there is a lack of information about MVIC force recovery following dynamic
multi-joint exercise that regularly presents in daily-living activities. Therefore, it is of
scientific and practical interest to investigate whether differences in cardiorespiratory
demand and muscles involved in this type of exercise differently affect recovery of
neuromuscular function in EF and KE.

Therefore, the primary aim of this study was to evaluate the magnitude and aetiology of
neuromuscular function changes in EF and KE from & dynamic multi-joint maximal
incremental exercise on either an arm-cranking or a cycle ergometer. We hypothesized
there would be a larger MVIC force decrease in EF than KE after dynamic multi-joint
maximal exercise due to greater contractile function impairment in EF. This is because UL
muscles have a lower oxidative capacity than LL muscles, resulting in a higher reliance on
anaerobic metabolism (11, 28, 35), lower lactate handling capacity and, consequently,
higher lactate production at a similar relative exercise intensity (22, 27). This hypothesis
contrasts with the findings of Halperin et al. (11), who used repeated sprint exercise
involving much shorter exercise bouts. A secondary aim was to investigate the recovery in
neuromuscular function 20 minutes after termination of maximal incremental exercise in
UL and LL. We hypothesized that there would be less recovery of neuromuscular function
in EF than KE since recovery depends on the characteristics of the fatiguing exercise task
(12) and the expected greater contractile function impairment in EF, compared to KE, may
delay recovery of neuromuscular function (9).

MATERIALS AND METHODS

Participants

After a maximal incremental exercise on either an arm-cranking ergometer or a cycling

ergometer performed by the same participants during pilot testing, the effect size of the

5

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

difference between EF and KE for the pre-to-post change in the main outcome (MVIC
force) was 1.70. Using this value, an o [threshold probability for rejecting the null
hypothesis (type I error)] at 0.05 and a 3 [probability of failing to reject the null hypothesis
under the alternative hypothesis (type II error)] at 0.2, a sample size of five participants
was determined to be sufficient to detect statistical changes. Accounting for potential
dropouts, ten young, healthy, and physically active men volunteered to participate in the
study (age: 24 + 2 years; body mass: 72 + 8 kg; height: 177 + 6 cm). Participants were not
involved in any structured training program either for UL or LL, had no history of
neuromuscular or cardiovascular disease, and had not suffered a recent UL or LL injury.
They were informed about the experimental protocol and all associated risks before
providing written informed consent. All procedures conformed to the Declaration of
Helsinki and were approved by the local Ethics Committee (BESTA/IBFM, Report #43,
8/11/2017).

Experimental design

Each participant completed one familiarization session and two experimental sessions. All
sessions were separated by 3 to 7 days and performed at the same time of day. Participants
were instructed to avoid the consumption of caffeine on the day of the experiment and
avoid performing any strenuous exercise during the 48 h prior to testing. During the
familiarization session, participants performed anthropometric measurements, and
maximal/submaximal isometric contractions of EF and KE of the dominant limb on
customized ergometers, with and without peripheral nerve (EF and KE) and muscle (EF)
stimulation. Participants’ limb dominance was assessed using the Revised Waterloo
Footedness Questionnaire (17). All participants were right limb dominant for both arms
and legs. The two experimental sessions were performed in a pseudo-randomized and
counterbalanced order and consisted of a maximal incremental exercise to task failure on

either an arm-cranking ergometer or a cycle ergometer. Cardiorespiratory and metabolic
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responses to exercise were monitored during the incremental exercise. Before (PRE),
exactly 1 min (POST) and 20 min (POST20) after exercise cessation, neuromuscular
function evaluation of either EF or KE muscles was conducted (Figure 1A). The cycle and
arm-crank ergometers were positioned beside the custom-built ergometers utilized for
neuromuscular function evaluation to enable the quickest transition possible at the end of
the incremental exercise. The 1-min delay to POST measurements was the shortest that
was consistently feasible in pilot testing.

Anthropometric measurements

With the participant standing erect and the feet slightly apart, the height above the floor
and the circumference were taken at seven sites on the right leg and arm. The levels were
marked with a dermatograph pencil; the circumferences measured with a flexible steel
metric tape and the distance from the floor level measured with a digital reading
anthropometer (3.0, Itiesse s.a.s, Verona, Italy). Skin-fold thicknesses were also measured
at the same sites with a skinfold caliper (Holtain Tanner/Whitehouse Skinfold Caliper,
Crymych, United Kingdom). The following formula to calculate the volume of a truncated

cone was applied to the six truncated cones:
gh(a ++vab +b)  [Equation 1]

where a and b are the areas of two parallel surfaces derived from circumference
measurements. Then, muscle mass was calculated according to Jones and Pearson (18) and
a muscle density of about 1.0597 g/cm’. UL (i.e. two upper limbs) estimated muscle mass
resulted in 9.0 = 1.0 kg and LL (i.e. two lower limbs) estimated muscle mass resulted in
16.2 £ 1.8 kg.

Maximal ramp-incremental exercise

UL maximal incremental exercise was conducted on an arm-cranking ergometer (Cardio

Rehab 891E, Monark, Vansbro, Sweden) with the hands in a pronated position. The warm-
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up was set at 35 W for 1 min and power output increased thereafter by 9 + 4 W every
minute (depending on the participant’s fitness level) until task failure. During the test, the
participants were instructed to “pull more than push” to preferentially target the biceps
brachii (BB). LL maximal incremental exercise was conducted on a cycle ergometer
(Corival V2, Lode, Groningen, Netherlands). The warm-up was set at 60 W for 1 min and
power output increased thereafter by 23 £ 11 W every minute (depending on the
participant’s fitness level) until task failure. The exercise protocols were designed to match
the time to task failure in both arm-cranking and cycling tests (19). Tests were terminated
when participants were no longer able to maintain the arm-cranking or pedalling cadence
required (60 £ 2 rpm) for at least 10 s, despite vigorous verbal encouragement.
Neuromuscular function evaluation

During the neuromuscular function evaluation (Figure 1B for EF; Figure 1C for KE)
participants contracted to maximal force (for 5 s) and once the maximal force was attained
and plateaued a high-frequency (100 Hz) paired pulse was delivered. At the end of the
MVIC, a set of high- and low-frequency (100 and 10 Hz) paired pulses followed by a
single pulse, all separated by 2 s, were delivered to the relaxed muscle (20). Electrical
stimuli were delivered to the right femoral nerve for KE and BB motor point for EF (since
stimulation of the brachial plexus leads to contraction of both agonist and antagonist
muscles). For EF only, an additional single supramaximal stimulus was delivered to the
brachial plexus 2 s later with the muscle relaxed to elicit maximal M-waves (Mnax) (4, 5).
Visual feedback of the force produced was provided to the participants by means of a real-

time display on a computer screen.

*#**Figure 1 about here****

Data Collection
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Force and Electromyographic (EMG) Recordings

Muscle force data were obtained from voluntary and evoked isometric contractions. EF
force was assessed by a calibrated force transducer (SML load cell, Interface, Scottsdale,
AZ, USA) attached by a noncompliant strap to the wrist and to the rigid dynamometer
(Figure 1B). Participants were seated upright in a custom-built dynamometer with both
right shoulder and elbow joints at 90° of flexion, and the forearm in a supinated position.
KE force was measured by a calibrated force transducer (SML load cell, Interface)
attached by a noncompliant strap to the right leg immediately proximal to the malleoli of
the ankle joint and to the rigid dynamometer (Figure 1C). Participants were seated upright
in a custom-built dynamometer with knee and hip angles of 120° (180° corresponding to
full extension) (21), and secured by chest and hip straps. Force was collected at a sampling
rate of 2000 Hz and analog-to-digitally converted (Load Cell Adapter, Delsys, Natick,
MA, USA).

During isometric contractions, EMG signals of EF (BB) and KE [vastus lateralis (VL)]
were recorded with pairs of self-adhesive surface electrodes in a bipolar configuration
(Trigno EMG sensor, Delsys) positioned over the muscle belly (22). EMG signals were
digitalized at a sampling rate of 2000 Hz and band-pass filtered (20-450 Hz, 40/80
dB/dec).

Peripheral stimulation

All single and paired-pulse electrical stimuli (200-us duration) were delivered via
constant-current stimulator (DS7AH, Digitimer, Welwyn Garden City, Hertfordshire, UK).
During EF evaluation, the intramuscular nerve fibres of BB were stimulated using a
cathode (H135SG, Covidien, Mansfield, USA) located over the BB muscle belly and
anode (H135SG, Covidien,) over the bicipital tendon. This site was selected since
stimulation of the brachial plexus leads to contraction of both the agonist and antagonist

muscles. The brachial plexus was also stimulated for M-wave measurement using a
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cathode (H135SG, Covidien) securely taped into the supraclavicular fossa and rectangular
anode (50 x 90 mm Durastick, DJO Global, USA) placed over the acromion. During KE
evaluation, stimuli were delivered to the right femoral nerve using a surface cathode
securely taped into the femoral triangle (H135SG, Covidien) and rectangular anode (50 x
90 mm Durastick, DJO Global) in the gluteal fold. Stimulus intensity was always
determined by single stimuli delivered with increasing intensity in the relaxed muscle state
until M-wave and twitch amplitudes plateaued. A stimulus intensity of 120 % of the
maximal intensity was used for the evaluation of neuromuscular function (153 £ 51 mA
for BB muscle belly stimulation; 125 + 29 mA for brachial plexus stimulation; 149 + 34
mA for femoral nerve stimulation).

Cardiorespiratory and metabolic responses to exercise

To determine that participants reached maximal effort as well as the amount of work
performed, cardiorespiratory and metabolic data were captured during incremental
exercise. Pulmonary ventilation (VE), O, consumption (VO,) and CO, output (VCO,)
were continuously assessed breath-by-breath via a metabolic cart (Vyntus CPX,
CareFusion, Germany). Respiratory exchange ratio (RER) was calculated as VCO,/VO,.
Before each test, gas analysers and turbine flowmeter were calibrated. Heart rate (HR) was
recorded using a HR chest band (H7; Polar, Finland) throughout each test. At the end of
each incremental exercise, the rate of perceived exertion (RPE) was determined using the
Borg 6-20 scale (23). At rest and at discrete time intervals during the recovery period (3, 5,
7 min), 20 uL of capillary blood was collected from pre-heated earlobe for the
determination of blood lactate concentration ([La]y) by electroenzymatic analyser (Biosen
C-line, EKF, Germany). The test was considered maximal when at least two of the
following criteria were observed: (i) RPE > 15; (ii) peak HR (HRpeax) > 95% of the age-

predicted maximum; (iii) RER > 1.1; and (iv) peak [La], > 8 mmol-L™' (24). The gas

10

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

exchange threshold (GET) was visually, individually and independently determined by two
blinded expert investigators using both the V-slope method and secondary criteria (24).
Data Analysis
Cardiorespiratory and metabolic responses to exercise
Data analyses were performed using Prism 8.0 (GraphPad, Software Inc., San Diego, CA,
USA) and Excel (Office 365, Microsoft Inc., Redmond, WA, USA). Peak power output
(Ppeak) was defined as the highest power output recorded before task failure. Data obtained
during the last 20 s of the incremental tests were considered peak values. The highest [La]y,
value obtained during the recovery was considered as the peak value ([La]ypeax) and
retained for further analysis. The amount of total work performed during each test was
calculated as:

Work = Y?W; xt;  [Equation 2]
where W is the power output of each step (i) during the incremental exercise and t is the
duration of each step (i) at that power output. Then the total amount of work was
normalized per the estimated muscle mass involved in the exercise (see “anthropometrics”
paragraph).
Neuromuscular Function
Data were analysed offline using EMGworks (version 4.5, Delsys). MVIC force was
considered as the greatest force before the delivery of electrical stimulation. To quantify
impairments to central nervous system drive, EF and KE VA was assessed by twitch
interpolation (Figure 2) using the superimposed (sDbjg) and potentiated high-frequency

doublets (Dbjgg) during and after MVIC and calculated from the equation (25):

VA (%) = [1- (522)] x 100 [Equation 3]
*#**FFigure 2 about here****
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where sDbjgo was calculated as the difference between the voluntary force pre-stimulus
and the peak force immediately after.

Changes to skeletal muscle function were assessed by changes in the amplitudes of
potentiated twitch (Twyo; muscle contractile properties), Dbjgo and the ratio of low- and
high-frequency doublets (Dbjg.100) to assess changes in excitation-contraction coupling
(26). Maximal rate of force development from Twp, (RFDTw) was calculated as the
instantaneous slope from the ascending part of the force-time curve. Peak-to-peak
amplitude, area and duration of Mp,y elicited by brachial plexus or femoral nerve electrical
stimulation for BB and VL, respectively, were measured to assess action potential
propagation along the sarcolemma. Area and duration were determined from the initial
deflection from baseline to the second crossing of the horizontal axis (27). All data at
POST and POST20 were normalized as a percentage of the PRE evaluation except for VA,
for which the raw data are presented.

Statistical analysis

Results are presented as means + SD. Standardized Cohen's effect size (ES) with Hedges' g
correction and [95% confidence interval] were also computed (28). The data were tested
for normality using a Shapiro-Wilk W-test. Student’s paired z-tests were used to determine
differences in cardiorespiratory and metabolic responses to maximal incremental exercise
between arm cranking and cycling. Repeated-measures ANOVAs with time (PRE, POST,
POST20) and muscle (EF, KE) as within-participant factors were used to evaluate changes
in neuromuscular function parameters. Sphericity was checked using Mauchly's test. For
all parameters, Mauchly’s test of sphericity indicated that the assumption of sphericity had
not been violated (all P > 0.184). When significant main effects or interactions were
observed, Bonferroni's test was used for post-hoc analysis. Pearson product moment

correlation coefficient () was used to examine the relationship between EF and KE MVIC
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force loss after exercise. Precision of estimates is indicated as [95% confidence intervals]
(29). Statistical analyses were conducted using IBM™ SPSS™ Statistics (version 26.0.0;
IBM Corp., Somers, New York, NY) with the criterion a-level set to 0.05.

RESULTS

Maximal incremental exercise

Table 1 shows the cardiorespiratory and metabolic variables during the incremental
exercises. Time to task failure for the incremental exercise was not different between UL
and LL (P = 0.190, ES = 0.5 [-1.2; 0.1]). Peak VE, VO,, VCO, and RER and Py, values
were lower in UL compared to LL (all P < 0.039). Normalized VOzpeak values were lower
in UL than LL (36.0 + 8.1 mL-kg ™ -min™ versus 48.4 + 6.3 mL-kg"-min”, P < 0.001, ES =
2.4 [-4.0; -1.3]). Time spent above GET was ~19% longer in UL than LL (391 + 86 s
versus 307 + 71 s, respectively, P = 0.043, ES = 0.8 [-0.1; 1.8]). Both [La], (9.0 + 2.7
mmol-L" versus 10.3 £ 2.1 mmol-L", P = 0.163, ES = -0.7 [-1.6; 0.2]) and RPE (17 + 2
versus 18 £ 1, P=0.351, ES=-0.3 [-1.0; 0.3]) were not different between UL and LL. The
total work, normalized per unit of estimated muscle mass, performed during UL and LL
incremental tests was not different (7945 + 2190 J-kg™ of estimated muscle mass versus

9017 + 1443 J'kg'1 of estimated muscle mass, P = 0.138, ES = 0.6 [-0.2; 1.3]).

****Table 1 about here****

Performance fatigability

MVIC force (Figure 3) showed time (F(236 = 83.7, P <0.001) and muscle (F(,13) = 6.9, P
= 0.017) effects and a muscle x time interaction (F36 = 2.7, P = 0.030). MVIC force
decreased to 76 £ 8% and 81 + 7% of PRE values at POST for EF and KE (both P <
0.001), respectively, and there was no difference between muscles (P = 0.238, ES = 0.5

[0.1; 1.1]). At POST20, MVIC force remained lower than at PRE for both EF and KE
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(both P < 0.033) although MVIC force increased from POST for both EF (P = 0.008, ES =
1.1 [0.6; 1.7]) and KE (P < 0.001, ES = 1.8 [1.0; 3.0]). MVIC force, as a percentage of

PRE, was lower in EF than KE (P =0.003, ES = -1.3 [0.4; 2.4]) at POST20.

****Figure 3 about here®***

A significant correlation (Figure 4) was found between force loss, expressed as percentage
of the PRE evaluation, in EF and KE at POST (» = 0.66 [0.1; 0.9], P = 0.038). No

relationship was found for the same variables at POST20 (» = 0.24 [-0.5; 08], P = 0.514).

****Figure 4 about here®***

Voluntary activation

VA showed a muscle effect (£1,18y= 7.6, P = 0.013) where VA was higher in EF than KE.
No time effect (Fo36 = 3.2, P = 0.054) or muscle x time interaction (F36 = 0.1, P =
0.866) were observed. VA was 97 + 2% and 91 + 7% at PRE for EF and KE, respectively,
93 £+ 5% and 86 + 8% at POST for EF and KE, respectively, and 93 + 7% and 89 + 8% at
POST20 for EF and KE, respectively.

Electrically-evoked forces and M waves

Twipot showed a time effect (F(236) = 110.2, P < 0.001) but not a muscle effect (F(;,15)= 0.5,
P = 0.500) or a muscle x time interaction (F236 = 0.3, P = 0.758) (Figure SA). Twp
decreased to 51 = 12% (P < 0.001, ES = -4.2 [-6.6; -2.4]) of PRE values at POST. At
POST20, Twyo remained lower than PRE (63 + 11% of PRE, P <0.001, ES =-3.6 [-5.7; -
2.0]) but greater than POST (P = 0.008, £S = 0.6 [0.4; 0.8]). RFDTw showed a time (F(2,36)
= 66.6, P = 0.021) effect whereas no muscle (F(1,15) = 0.2, P = 0.688) effect or muscle x

time interaction (F(236) = 0.8, P = 0.466) were observed. At POST, RFDTw decreased to
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54 £ 15% of PRE (P < 0.001, ES =-3.3 [-5.5; -1.7]). At POST20, RFDTw remained lower
than PRE (59 £+ 20 % of PRE, P < 0.001, ES = -2.5 [-4.4; -1.2]). Db showed a time
effect (F(236) = 50.2, P < 0.001) but not a muscle effect (£(1,15y = 0.0, P = 0.963) or a
muscle % time interaction (F(236 = 0.0, P = 0.998) (Figure 5B). Db,y decreased to 70 +
11% (P < 0.001, ES = -2.4 [-4.0; -1.2]) of PRE values at POST. At POST20, Db
remained significantly lower than PRE (84 + 8% of PRE, P< 0.001, ES =-1.8 [-3.1; -0.7])
but greater than POST (P < 0.001, ES = 1.0 [0.7; 1.4]). Dbjo.100 showed a time effect
(Fo36 = 61.8, P <0.001) and a muscle x time interaction (F(2,36) = 5.0, P = 0.012) but not
a muscle effect (F1,13) = 1.2, P = 0.282) (Figure 5C). Db.199 decreased to 75 + 11% and
72 = 10% of PRE values at POST for EF and KE (both P < 0.001), respectively, and there
was no difference between muscles (P = 0.541, ES = 0.2 [-1.2; 0.7]). At POST20, Dbj.100
remained significantly lower than PRE for both EF (75 + 13% of PRE, P < 0.001, ES = -
2.5 [-4.1; 1.2]) and KE (85 + 10% of PRE, P = 0.002, ES = -2.1 [-3.5; -0.9]). Dbio.100
increased from POST to POST20 for KE (P =0.011, ES = 1.2 [0.7; 1.9]) but not for EF (P
=1.000, ES = 0.0 [-0.1; 0.1]), resulting in Dby¢.;90 greater in KE than EF (P = 0.034, ES =
0.7 [-0.1; 1.6]) at POST20. M. peak-to-peak amplitude did not show a time (F(236) = 0.8,
P =0.441) or muscle (F(1,18) = 0.5, P = 0.496) effect or a muscle x time interaction (F(2 3
=0.2, P=0.817). Mpax area did not show a time (F(236 = 2.9, P = 0.070) or muscle (F(1,1s)
= 0.0, P = 0.997) effect or a muscle x time interaction (F235 = 0.3, P = 0.757). Mmax
duration also did not show a time (F(236 = 0.2, P = 0.799) or muscle (F(1,15y = 2.5, P =

0.129) effect or a muscle x time interaction (F2,36) = 1.0, P = 0.364).

****Figure 5 about here®***

DISCUSSION
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This study compared the magnitude and aetiology of changes in neuromuscular function
following maximal incremental exercise of the upper and lower limbs in the same
participants. The results show that both MVIC force loss and decreases in evoked forces
were not different between EF and KE 1 min after task failure. However, 20 min after task
failure, MVIC force and Dbj.1¢0, as a percentage of PRE, were greater in KE than EF. The
present findings suggest that the recovery of neuromuscular function after dynamic multi-
joint maximal exercises is specific to the muscle group investigated.

Incremental exercise

Performance fatigability is a reversible and acute exercise-induced reduction in force
caused by changes within the central nervous system and/or muscles. Exercise
characteristics (e.g. type, duration, intensity) affect the magnitude and aetiology of
performance fatigability (30). As such, similar characteristics of fatiguing exercise are
important pre-requisites to investigate the magnitude and aetiology of neuromuscular
changes between muscles. In the present study, VOapeak and VE,eu values were lower in
UL compared to LL, as previously observed (15, 31). However, the exercise duration was
similar between arm-cranking and cycling tests. Moreover, all participants reached task
failure and the cardiorespiratory data at the end of each test met the secondary criteria (e.g.
HR, [La],, RER and RPE) for the determination of VOspeax (24), suggesting that a maximal
effort was achieved in both conditions. Importantly, the calculated amount of work
normalized per estimated muscle mass was not different between UL and LL exercise.
Therefore, the presented similarities in duration, intensity and amount of work allowed us
to compare the effects of arm-cranking and cycling incremental exercise tests on
performance fatigability and recovery. However, it should be acknowledged that the time
spent above GET was significantly different between UL and LL. This may limit the

interpretation of the fatigue recovery across EF versus KE since time of exercise
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performed in a specific intensity domain affects fatigability and the subsequent recovery
(12).

Magnitude of fatigability and recovery

Performance fatigability is often investigated by changes in the MVIC force (2). In the
present study, MVIC force decreased by 23% and 19% from PRE to POST in EF and KE,
respectively (Figure 3). This suggests that the capacity for EF and KE muscles to produce
force is similarly impaired 1 min after dynamic incremental exercise to task failure of
similar duration, intensity, and amount of performed work normalised to estimated muscle
mass. The magnitudes of MVIC force loss in EF and KE at POST in the present study (-
23% and -19% for EF and KE, respectively) were generally comparable with Senefeld et
al. (8) for KE (-18%) but lower for EF (-30%). The MVIC force loss was also different
than previously reported immediately after either isometric (4, 5) or dynamic (10) exercise
tasks. More specifically, sustained submaximal (-40% and -34% for EF and KE,
respectively) (5) and maximal (-58% and -70% for EF and KE, respectively) (4) isometric
tasks reported higher MVIC force losses; while Halperin et al. (10) reported lower MVIC
force loss of ~15% in EF but comparable MVIC force loss of ~24% in KE following
repeated intermittent sprints. Although the delay to MVIC force evaluation after exercise
cessation influences the results, these findings collectively suggest that sustained isometric
tasks elicit a greater MVIC loss than dynamic intermittent tasks. Moreover, intermittent
exercise with repeated cycles of contraction and relaxation elicit different magnitude of
fatigue than continuous exercise sustaining a contraction, reinforcing that performance
fatigability depends on the characteristics of the fatiguing exercise task (30). To better
understand the individual response to exercise we assessed the relationship between MVIC
force decrements in EF and KE. There was a significant correlation whereby participants

with greater EF MVIC loss also had greater KE MVIC loss at POST (Figure 4).
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Twenty minutes after exercise cessation, the recovery in MVIC force was lower for EF
(85% of PRE) than KE (95% of PRE), indicating that EF force recovered slower than in
KE. Although the exact mechanisms involved in neuromuscular function recovery to
specific exercise tasks are still to be definitively elucidated (12), the difference in force
recovery rate may be due to differences in muscle fiber composition between EF (larger
proportion of type II muscle fibres) and KE (larger proportion of type I muscle fibers)
(32). Indeed, the smaller mitochondrial volume and lower activity of oxidative enzymes in
type Il muscle fibers (compared to type I fibers) (33) may have delayed clearance of waste
products of muscle contraction in EF, compared to KE, potentially hindering the recovery
process (3).

Etiology of performance fatigability and recovery

The observed MVIC loss can be attributed to changes in neuromuscular function, whether
proximal [i.e. within the brain and motoneurons (2)] or distal [i.e. within the skeletal
muscle (3)] to the neuromuscular junction. The lack of change in VA from PRE to POST
and POST20 suggests that central nervous system impairment did not contribute to the
magnitude and aetiology of MVIC force loss either 1 or 20 minutes after exercise. These
results are comparable to previous findings obtained during cycling for a similar duration
in the heavy-intensity domain (34) and they are in line with the studies that have observed
that prolonged endurance exercise causes greater impairment of the central nervous system
than short high-intensity exercise (35, 36).

On the other hand, contractile muscle properties were impaired in both arm-cranking and
cycling, as demonstrated by the decreases in Twpe, RFDTw, Dbjgy and Dbjg.i00.
Meanwhile, the lack of change in My, properties suggests that action potential
propagation along the sarcolemma and t tubules and/or muscle membrane excitability was
unaffected by the exercise bouts. These results support the results of previous cycling

studies (36, 37) that showed muscle contractile impairments without changes to the M-
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wave and suggest that the observed MVIC force loss in EF and KE was due to changes in
muscle contractile properties changes. It is likely that during exercise, intramuscular P;
accumulation reduced the free Ca®" available for release from the sarcoplasmic reticulum
(38) (coupled with increasing recruitment of muscle fibers) leading to disrupted skeletal
muscle contractile processes (3). Indeed, Dbo.100 represents the preferential loss of force at
low frequencies of electrical stimulation and is believed to occur due to a reduction in the
release of Ca** from the sarcoplasmic reticulum, leading to excitation-contraction coupling
failure (26). On the other hand, the lack of changes in My,,x suggest that muscle relaxation
during each revolution of the contralateral limb may have prevented an excessive increase
in extracellular [K'] during both arm-cranking and cycling, further suggesting that that
muscle excitability changes did not contribute to MVIC force loss (39).

Twenty minutes were insufficient for Twpe, RFDtw or Dbjg to fully recover after task
failure for either EF or KE. These results agree with previous observations from Kriiger et
al. (36), who failed to observe complete recovery in KE after 8 min following constant
work-rate cycling, suggesting that EF and KE muscle contractile properties are still
compromised for an extended period after exercise cessation. Interestingly, Dbjg.100 also
did not recover after 20 min and was lower in EF (75% of PRE) than KE (85% of PRE) at
POST20. This result could be explained by a delayed restoration of metabolic homeostasis
induced by the dynamic maximal exercise in EF compared to KE. Thus, we can speculate
that MVIC force loss was similar 1 min after exercise cessation due to comparable
intracellular metabolic perturbations after arm-cranking and cycling (3). However, after 20
min of recovery, we can hypothesize that removal of lactate, H" and P; was slower, and
intracellular Ca®" handling impaired, in EF compared to KE. This resulted in impaired
MVIC and Dby 00 recovery 20 min after exercise. A possible explanation is that the
higher percentage of type II fibers in UL muscles, compared to LL muscles (40—42), may

have affected muscle oxidative function, lactate extrusion rate, and sarcoplasmic reticulum
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Ca®" uptake, leading to delayed restoration of metabolic homeostasis in EF, compared to
KE. Further studies are required to determine how different physiological characteristics in

UL and LL muscles influence performance fatigability recovery.

Limitations

It has been observed that handgrip position affects the neuromuscular responses to arm-
cranking exercise (43). In this study participants arm-cranked with their hands pronated,
rather than in neutral or supinate positions. However, it has been demonstrated that BB and
brachioradialis EMG activity is similar during arm-cranking for these three handgrip
positions (43). Additionally, a pronated handgrip showed (i) greater EF change in
intramuscular oxygen status (44) and (ii) higher power output than the supinated position
(45) and it is also the most similar position to those utilized during other exercises with
upper limbs such as rowing and kayaking (46). Another limitation is that time above GET
was different between UL and LL during incremental exercise performed to task failure.
Although this exercise protocol was selected to replicate functional evaluations tests
routinely used on healthy participants and patients, we cannot exclude those
neuromuscular changes observed in EF versus KE would have been different with other
exercise paradigms. However, we decided to control for duration of exercise to reduce as
much as possible the influence of one potential confounder affecting neuromuscular
fatigue (i.e. time of exercise) whereas controlling the protocol for something other than
time of exercise (e.g. time spent above GET) would have created further methodological
issues. Furthermore, it should be considered that our study design was pseudorandomized
and counterbalanced, and a different study design is needed to control for time above GET.
Finally, neuromuscular evaluations were performed exactly 1 min after exercise cessation.
This was the shortest delay possible to consistently assess the neuromuscular function in

our experimental setting. The reported neuromuscular impairments have likely been
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underestimated since MVIC and electrically-evoked force recovery begins immediately
when exercise ceases and measures of muscle activation are affected if a short time delay
exists between task failure and measurement (47). Thus, caution should be taken when

comparing the changes observed in this study with other experimental designs and settings.

Conclusion

When mechanisms of performance fatigability after dynamic multi-joint maximal exercise
are compared in the same participant, EF and KE present a similar magnitude of
neuromuscular function impairment which is not from central determinants (i.e. proximal
to the neuromuscular junction and encompassing the brain as well as upper and lower
motoneurons). Instead, impairments are due to peripheral (i.e. within the skeletal muscle)
factors. The recovery in MVIC and Dbjg.190 20 minutes after exercise was lower in EF,
suggesting that exercise-induced recovery is muscle-specific. The differences in MVIC
and electrically-evoked force recovery 20 min after exercise between arm-cranking and
cycling pave the way for further studies investigating whether the delayed restoration of
metabolic homeostasis in EF, compared to KE, is responsible for differences in recovery of

neuromuscular function.

Perspectives and Significance

The results of the present study extend the current knowledge about performance
fatigability and recovery characteristics in EF and KE muscles after dynamic multi-joint
exercise, highlighting muscle-specific neurophysiological differences. These results have
direct implications for daily-life (e.g. climbing stairs, carrying bags) and sporting activities
(e.g. cycling, rowing) involving dynamic contractions of UL and/or LL. Furthermore, the
differences in recovery in EF and KE suggest coaches and physicians should monitor
recovery between bouts when prescribing multi-joint UL exercises for training and/or

rehabilitation of athletes and/or patients.

21

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

Acknowledgements
The authors thank all the participants for their time and effort; Magda Pedrali for assisting
with this project; Carla Pedretti and Laura Marti for their technical support with images

design; and Hayley L. Patmore for editorial assistance.

Author contributions

MC, LR, MM and SP conceived of and designed the research. MC, LR, and SP performed
the experiment. MC, LR, GB and GV analysed the data. MC, LR, GB, JT, GV, MM and
SP interpreted the data of the experiment. MC, LR, GB, JT, GV, MM and SP edited and
revised the manuscript. MC, LR, GB, JT, GV, MM and SP approved the final version of
the manuscript.

Grants Funding

This research was partially supported by an intramural grant from the Universita degli
Studi di Milano (#PSR2019 VERNILLO) to GV.

Availability of data and materials

Available under motivated request to SP.

Code availability

Not applicable.

Declarations

Conflict of interest

The authors declare that they have no conflict of interest. The authors declare that the
results of the study are presented clearly, honestly, and without fabrication, falsification, or
inappropriate data manipulation.

Ethical approval

22

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

This study was conducted in accordance with the recommendations of the 1964
Declaration of Helsinki and its later amendments. The research plan was examined and
approved by the local ethical committee (BESTA/IBFM, Report #43, 8/11/2017).

Consent to participate

Prior to testing, all participants gave a voluntary written informed consent which indicated
the purpose, the benefits and the risks of the investigation and the possibility stopping their
participation at any time

Open Access

This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution, and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The
images or other third-party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit

https://creativecommons.org/licenses/by/4.0/

23

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

References

1.

10.

11.

Enoka RM, Duchateau J. Translating Fatigue to Human Performance. Med Sci Sport
Exerc.2016;48(11):2228-38.

Gandevia SC. Spinal and supraspinal factors in human muscle fatigue. Physiol Rev.
2001;81(4):1725-89.

Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue: cellular mechanisms.
Physiol Rev. 2008;88(1):287-332.

Vernillo G, Temesi J, Martin M, Millet GY. Mechanisms of fatigue and recovery in
upper versus lower limbs in men. Med Sci Sports Exerc. 2018;50(2):334-43.
Neyroud D, Riittimann J, Mannion AF, et al. Comparison of neuromuscular
adjustments associated with sustained isometric contractions of four different
muscle groups. J Appl Physiol. 2013;114(10):1426-34.

Gandevia SC, Allen GM, McKenzie DK. Central fatigue: Critical issues,
quantification and practical implications. Adv Exp Med Biol. 1995;384:281-94.
Cairns SP, Knicker AJ, Thompson MW, Sjegaard G. Evaluation of models used to
study neuromuscular fatigue. Exerc Sport Sci Rev. 2005;33(1):9-16.

Senefeld J, Yoon T, Hunter SK. Age differences in dynamic fatigability and
variability of arm and leg muscles: associations with physical function. Exp
Gerontol. 2017;87(January):74-83.

Senefeld J, Yoon T, Bement MH, Hunter SK. Fatigue and recovery from dynamic
contractions in men and women differ for arm and leg muscles. Muscle Nerve.
2013;48(3):436-9.

Halperin I, Collins BW, Monks M, et al. Upper and lower body responses to
repeated cyclical sprints. Eur J Sport Sci. 2018;18(7):994-1003.

Place N, Millet GY. Quantification of Neuromuscular Fatigue: What Do We Do

Wrong and Why? Sport Med. 2020;50(3):439-47.

24

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Carroll TJ, Taylor JL, Gandevia SC. Recovery of central and peripheral
neuromuscular fatigue after exercise. J App! Physiol. 2016;122(5):1068-76.

Calbet JAL, Gonzalez-Alonso J, Helge JW, et al. Cardiac output and leg and arm
blood flow during incremental exercise to exhaustion on the cycle ergometer. J App!/
Physiol. 2007;103(3):969-78.

Calbet JAL, Gonzalez-Alonso J, Helge JW, et al. Central and peripheral
hemodynamics in exercising humans: Leg vs arm exercise. Scand J Med Sci Sport.
2015;25:144-57.

Koppo K, Bouckaert J, Jones AM. Oxygen uptake kinetics during high-intensity
arm and leg exercise. Respir Physiol Neurobiol. 2002;133(3):241-50.

Vermnillo G, Temesi J, Martin M, Kriiger RL, Millet GY. Spinal contribution to
neuromuscular recovery differs between elbow-flexor and knee-extensor muscles
after a maximal sustained fatiguing task. J Neurophysiol. 2020;124(3):763-73.
Elias LJ, Bryden MP, Bulman-Fleming MB. Footedness is a better predictor than is
handedness of emotional lateralization. Neuropsychologia. 1998;36(1):37—43.
Jones PR, Pearson J. Anthropometric determination of leg fat and muscle plus bone
volumes in young male and female adults. J Physiol. 1969;204(2):63—6.

Bentley DJ, Newell J, Bishop D. Incremental exercise test design and analysis:
implications for performance diagnostics in endurance athletes. Sport Med.
2007;37(7):575-86.

Kriiger RL, Aboodarda SJ, Jaimes LM, MacIntosh BR, Samozino P, Millet GY.
Fatigue and recovery measured with dynamic properties versus isometric force:
Effects of exercise intensity. J Exp Biol [Internet]. 2019;222(9)
doi:10.1242/jeb.197483.

Trecroci A, Porcelli S, Perri E, et al. Effects of different training interventions on

the recovery of physical and neuromuscular performance after a soccer match. J

25

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Strength Cond Res. 2019;E-pub N:1.

Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of
recommendations for SEMG sensors and sensor placement procedures. J
Electromyogr Kinesiol. 2000;10(5):361-74.

Borg GAV. Perceived exertion: a note on “history” and methods. Med Sci Sports.
1973;5(2):90-3.

Beaver WL, Wasserman K, Whipp BJA, Whipp BJA. A new method for detecting
anaerobic threshold by gas exchange. J App! Physiol. 1986;60(6):2020-7.

Allen GM, Gandevia SC, McKenzie DK. Reliability of measurements of muscle
strength and voluntary activation using twitch interpolation. Muscle Nerve.
1995;18(6):593—-600.

Jones DA. High- and low-frequency fatigue revisited. Acta Physiol Scand.
1996;156(3):265-70.

Martin PG, Gandevia SC, Taylor JL. Output of human motoneuron pools to
corticospinal inputs during voluntary contractions. J Neurophysiol. 2006;95:3512-8.
Cumming G, Calin-Jageman RIJ. Introduction to the new statistics: Estimation, open
science, and beyond. 2017. 594 p.

Hopkins WG, Marshall SW, Batterham AM, Hanin J. Progressive statistics for
studies in sports medicine and exercise science. Med Sci Sports Exerc.
2009;41(1):3—12.

Enoka RM, Duchateau J. Muscle fatigue: What, why and how it influences muscle
function. J Physiol. 2008;586(1):11-23.

Bhambhani Y, Maikala R, Buckley S. Muscle oxygenation during incremental arm
and leg exercise in men and women. Eur J Appl Physiol Occup Physiol.
1998;78(5):422-31.

Venturelli M, Saggin P, Muti E, et al. In vivo and in vitro evidence that intrinsic

26

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

33.

34.

35.

36.

37.

38.

39.

40.

41.

upper- and lower-limb skeletal muscle function is unaffected by ageing and disuse
in oldest-old humans. Acta Physiol. 2015;215(1):58-71.

Schwerzmann K, Hoppeler H, Kayar SR, Weibel ER. Oxidative capacity of muscle
and mitochondria: Correlation of physiological, biochemical, and morphometric
characteristics. Proc Natl Acad Sci U S A. 1989;86(5):1583-7.

Thomas K, Elmeua M, Howatson G, et al. Intensity-Dependent Contribution of
Neuromuscular Fatigue after Constant-Load Cycling. Med Sci Sports Exerc.
2016;48(9):1751-60.

Lepers R, Maffiuletti NA, Rochette L, Brugniaux J, Millet GY. Neuromuscular
fatigue during a long-duration cycling exercise. J App! Physiol. 2002;92(4):1487—
93.

Kriiger RL, Aboodarda SJ, Jaimes LM, Samozino P, Millet GY. Cycling performed
on an innovative ergometer at different intensities—durations in men: Neuromuscular
fatigue and recovery kinetics. Appl Physiol Nutr Metab. 2019;44(12):1320-8.
Schifer LU, Hayes M, Dekerle J. The magnitude of neuromuscular fatigue is not
intensity dependent when cycling above critical power but relates to aerobic and
anaerobic capacities. Exp Physiol. 2019;104(2):209-19.

Allen DG, Westerblad H. Role of phosphate and calcium stores in muscle fatigue. J
Physiol. 2001;536(3):657-65.

Kent-Braun JA, Fitts RH, Christie A. Skeletal muscle fatigue. Compr Physiol.
2012;2(2):997-1044.

Mohr M, Nielsen TS, Weihe P, et al. Muscle ion transporters and antioxidative
proteins have different adaptive potential in arm than in leg skeletal muscle with
exercise training. Physiol Rep. 2017;5(19):e13470.

@rtenblad N, Nielsen J, Boushel R, Soderlund K, Saltin B, Holmberg HC. The

muscle fiber profiles, mitochondrial content, and enzyme activities of the

27

Downloaded from journals.physiology.org/journal/ajpregu at Biblioteca Polo Didattico (159.149.103.019) on June 28, 2022.



682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

exceptionally well-trained arm and leg muscles of elite cross-country skiers. Front
Physiol. 2018;9(8):1031.

42.  Ortenblad N, Nielsen J, Saltin B, Holmberg HC. Role of glycogen availability in
sarcoplasmic reticulum Ca2+ kinetics in human skeletal muscle. J Physiol.
2011;589(3):711-25.

43. Bressel E, Bressel M, Marquez M, Heise GD. The effect of handgrip position on
upper extremity neuromuscular responses to arm cranking exercise. J Electromyogr
Kinesiol. 2001;11(4):291-8.

44.  Lusina SJC, Warburton DER, Hatfield NG, Sheel AW. Muscle deoxygenation of
upper-limb muscles during progressive arm-cranking exercise. Appl Physiol Nutr
Metab. 2008;33(2):231-8.

45.  Lockyer EJ, Buckle NCM, Collins BW, Button DC. Neuromuscular fatigue of the
elbow flexors during repeated maximal arm cycling sprints: the effects of forearm
position. Appl Physiol Nutr Metab. 2021;46(6):606—16.

46. Powell A, Williamson S, Heneghan NR, Horsley 1. Investigation of the closed
kinetic chain upper extremity stability test in elite canoe/kayak slalom athletes. Phys
Ther Sport. 2020;46:220-5.

47.  Froyd C, Millet GY, Noakes TD. The development of peripheral fatigue and short-
term recovery during self-paced high-intensity exercise. J Physiol.

2013;591(5):1339-46.

FIGURE CAPTIONS

Figure 1. Schematic representation of the experimental protocol. Neuromuscular function
evaluation was performed before (PRE), exactly 1-min (POST) and 20-min (POST20)
after maximal incremental exercises performed by either an arm-cranking or a cycle

ergometer (Panel A). A single-participant’s data is shown for the neuromuscular
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evaluation of either the elbow-flexor (EF, Panel B) or knee-extensor (KE, Panel C)
muscles at PRE. For both muscles, the neuromuscular function evaluation consisted of a
sustained 5-s isometric contraction during which a high-frequency paired pulse (sDbjgo)
was delivered at maximal force. Immediately after, a set of high- and low-frequency (100
and 10 Hz) paired pulses followed by a single pulse, separated by 2 s each, were delivered
to the relaxed muscle. For EF evaluation (Panel B), an additional stimulus was delivered to
the brachial plexus 2 s later to the relaxed muscle. Peripheral nerve stimulation (brachial
plexus or femoral nerve) is indicated by black arrows and biceps brachii motor point
stimulation by grey arrows. The responses are indicated as Dby (high-frequency doublet),
Dby (low-frequency doublet), Twp, (potentiated twitch), and My.x (maximal M wave).
Figure 2. Typical example of voluntary activation (VA) assessment by interpolated twitch
technique. A single-participant’s force data obtained during a sustained 5-s isometric
contraction with a high-frequency (100 Hz) pulse delivered at maximal force and to the
relaxed muscle are shown. The square highlights the force-time trace of the superimposed
100-Hz doublet (sDbjgg) that is magnified in the upper-right corner. Arrows indicate the
time points when stimuli were delivered. Capped lines indicate the forces for sDb;gy and
potentiated high-frequency doublet (Dbjg). The VA calculation for this participant, using
equation 3, is reported in the figure (see text for further details).

Figure 3. Maximal voluntary isometric contraction (MVIC) force before (PRE) and after
the incremental tests for both elbow-flexor (EF) and knee-extensor (KE) muscles. At the
end of the incremental tests, a neuromuscular function evaluation was performed 1 min
(POST) and 20 min (POST20) after exercise cessation. Values are presented as means and
standard deviations and normalized as a percentage of PRE evaluation. Asterisks (*)
denote within-limb differences compared to PRE by means of ANOVA: P < 0.05. Dollar
signs ($) denote within-limb differences compared to POST by means of ANOVA: P <

0.05. Number sign (#) denotes between-limb differences by means of ANOVA: P <0.05.
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Figure 4. Relationship between maximal voluntary isometric contraction force loss
decrement after the incremental test (POST) as percentage of before exercise (PRE) values
from knee extensors (KE) and elbow flexors (EF) muscles. The paired dashed line
represents the 95% confidence interval.

Figure 5. Potentiated twitch (Twp, Panel A), high-frequency doublet (Db, Panel B) and
ratio between low and high frequency doublets (Db;¢:Dbj g, Panel C) before (PRE) and
after the incremental tests for both elbow-flexor (EF) and knee-extensor (KE) muscles. At
the end of the incremental tests, a neuromuscular function evaluation was performed 1
(POST) and 20 (POST20) min after exercise cessation. Values are presented as means and
standard deviations and normalized as a percentage of the PRE evaluation. Asterisks (*)
denote within-limb differences compared to PRE by means of ANOVA: P <0.05. Dollar
signs ($) denote within-limb differences compared to POST by means of ANOVA: P <

0.05. Number sign (#) denotes between-limb differences by means of ANOVA: P <0.05.
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Table 1. Means + SD of peak values for the respiratory, cardiovascular, and metabolic
variables determined during the maximal incremental exercises on either an arm-cranking

[for upper limbs (UL)] or a cycle [for lower limbs (LL)] ergometer.

UL LL 4
Time to exhaustion (min) 13+2 14+3
Ppeak (W) 135.8+£25.4 * 290.0 +45.3
V Ozpeak (L-min™) 2.49+0.57 * 3.46+0.51
VCOspeax (L-min™) 3.00 +0.72 * 4.40 +0.62
RER 1.2+0.1 % 1.3+0.1
VEpeak (L-min™) 117.6+28.9 * 158.1 £30.5
GET (%V Ozpeak) 51.9+6.8 70.2+5.8
HRpeak (beatsmin™) 170 + 8 * 184+ 9
Total work (J-kg™) 7945 + 2190 9017 + 1443

Note: Time to exhaustion, peak power output (Ppeak); peak O, consumption (VOzpeak); peak
CO;, output (VCOzpeak); respiratory exchange ratio (RER); peak pulmonary ventilation
(VEpear); gas exchange threshold (GET), peak heart rate (HRpea), total work normalized per
unit of estimated muscle mass (Total work). Asterisks denote between-limb differences by

means of Student’s paired t test: * P < 0.05
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