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Abstract 30 

Elbow flexors (EF) and knee extensors (KE) have shown differences in performance 31 

fatigability and recovery of neuromuscular function after isometric and isotonic single-32 

joint fatiguing contractions.  However, dynamic multi-joint movements are more 33 

representative of real-world activities. The aim of the study was to assess central and 34 

peripheral mechanisms of fatigability after either arm-cranking or cycling. Ten physically-35 

active men performed maximal incremental arm-cranking and cycling until task-failure. 36 

Maximal voluntary isometric contraction (MVIC) and electrically-evoked forces of both 37 

EF and KE were assessed before (PRE) and 1 (POST) and 20 (POST20) min after 38 

exercise. At POST, MVIC decreased similarly to 76 ± 8% and 81 ± 7% (both P < 0.001) of 39 

PRE for EF and KE, respectively. MVIC force remained lower than PRE at POST20 for 40 

both EF and KE (85 ± 8% vs. 95 ± 3% of PRE, P ≤ 0.033), having recovered less in EF 41 

than KE (P = 0.003). Electrically-evoked forces decreased similarly from PRE to POST in 42 

EF and KE (all P > 0.05). At POST20, the ratio of low-to-high frequency doublets was 43 

lower in EF than KE (75 ± 13% vs. 85 ± 10% of PRE; P ≤ 0.034). Dynamic maximal 44 

incremental exercise acutely induced similar magnitudes of MVIC and evoked forces loss 45 

in EF and KE. However, at POST20, impaired MVIC recovery and lower ratio of low-to-46 

high frequency doublets in EF compared to KE suggests the recovery of neuromuscular 47 

function after dynamic maximal exercises is specific to and dependent on changes within 48 

the muscles investigated.   49 

Key words: arm cranking, cycling, incremental maximal exercise, fatigue, recovery 50 

Running Head: Neuromuscular function after dynamic multi-joint exercise  51 
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INTRODUCTION 52 

Performance fatigability is a decline in an objective measure of performance over a 53 

discrete period of time due to changes within the neuromuscular system (1). These changes 54 

often manifest by reducing the maximal voluntary isometric contraction (MVIC) force that 55 

can be produced (2). Impairments in force production can originate from one or more sites 56 

in the neuromuscular system and can be classified as central (i.e. proximal to the 57 

neuromuscular junction and encompassing the brain and upper and lower motoneurons) (2) 58 

or peripheral (i.e. within the skeletal muscle) (3).  59 

Fatigability of different muscle groups is of interest since daily-living (e.g. climbing stairs, 60 

carrying bags) and sporting (e.g. cycling, rowing) activities have different physical 61 

requirements. As a result, comparisons of the fatigability of upper- (UL) and lower-limb 62 

(LL) muscles have been investigated, most commonly comparing the elbow flexors (EF) 63 

and knee extensors (KE) during maximal and submaximal single-joint isometric 64 

contractions (4, 5). For example, Neyroud et al. (5) showed that MVIC force loss after 65 

sustained submaximal isometric contractions at 50% MVIC until task failure in EF and KE 66 

were not different (-40% versus -34% for EF and KE, respectively), with voluntary 67 

activation (VA) [i.e. the level of voluntary drive to the muscle during an exercise (6)] 68 

unchanged in either muscle group. Meanwhile, the decrease in the amplitude of high-69 

frequency doublets was greater in EF than KE (-59% versus -28%, respectively). Vernillo 70 

et al. (4) showed that after a 2-min sustained MVIC, the decreases in MVIC force and VA 71 

were ~12% and ~25% greater in KE than EF, respectively, while the decrease in the 72 

potentiated twitch amplitude was greater in EF than KE (-86% versus -74%, respectively). 73 

While these comparisons provide a foundation for understanding differences in fatigability 74 

between muscle groups, they lack applicability to the real world where dynamic exercises 75 

are usually performed (7).  76 
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To elucidate the potential differences in the mechanisms of fatigability between UL and 77 

LL during dynamic exercises, Senefeld et al. (8, 9) investigated fatigability after 90 78 

submaximal isotonic EF or KE contractions at maximal voluntary shortening velocity and 79 

observed the loss in MVIC torque was ∼15% greater in EF than KE. However, these 80 

results from dynamic single-joint contractions have not been confirmed by exercise 81 

comprising multi-joint contractions such as arm-cranking and cycling. Specifically, to the 82 

best of our knowledge, only Halperin et al. (10) investigated the fatigability induced by ten 83 

10-s arm-cranking and cycling sprints (with 30 s or 180 s of rest between sprints) and 84 

reported that MVIC decreased ~9.5% less in EF than KE with recovery conditions pooled. 85 

However, as previously suggested (11, 12), effects of muscle group on performance 86 

fatigability may arise from different characteristics of the fatiguing exercise task (e.g. 87 

intermittent sprint exercise vs repeated isotonic contractions; multi-joint vs single-joint). 88 

Since the metabolic responses to exercise are quantitatively different between UL and LL 89 

across different exercise intensities (13–15), it is of interest to investigate whether dynamic 90 

multi-joint incremental exercise may affect performance fatigability differently in EF and 91 

KE.  92 

The ability for neuromuscular function to recover after a bout of exercise may impact the 93 

ability to perform subsequent exercise bouts even when interspersed with periods of rest. 94 

Thus, to understand beyond immediately post-exercise, MVIC force recovery must be 95 

considered. Previous studies have shown that the magnitude and mechanisms of recovery 96 

after fatiguing exercise are related to the characteristics of the preceding exercise bout (12) 97 

and may be different between muscle groups (4, 9, 16). For example, Vernillo et al. (16) 98 

showed that after a sustained 2-min MVIC, MVIC force gradually recovered and returned 99 

to baseline values for both EF and KE within 4 min of recovery; whereas Senefeld et al. 100 

(9) reported that EF MVIC force loss was ~15% lower than KE MVIC force 10 min after 101 

completing 90 submaximal isotonic contractions at maximal voluntary shortening velocity. 102 
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The recovery of performance fatigability resulting from single-joint isometric versus 103 

multi-joint isotonic and dynamic intermittent exercise cannot be interchangeable (12). 104 

However, there is a lack of information about MVIC force recovery following dynamic 105 

multi-joint exercise that regularly presents in daily-living activities. Therefore, it is of 106 

scientific and practical interest to investigate whether differences in cardiorespiratory 107 

demand and muscles involved in this type of exercise differently affect recovery of 108 

neuromuscular function in EF and KE.  109 

Therefore, the primary aim of this study was to evaluate the magnitude and aetiology of 110 

neuromuscular function changes in EF and KE from a dynamic multi-joint maximal 111 

incremental exercise on either an arm-cranking or a cycle ergometer. We hypothesized 112 

there would be a larger MVIC force decrease in EF than KE after dynamic multi-joint 113 

maximal exercise due to greater contractile function impairment in EF. This is because UL 114 

muscles have a lower oxidative capacity than LL muscles, resulting in a higher reliance on 115 

anaerobic metabolism (11, 28, 35), lower lactate handling capacity and, consequently, 116 

higher lactate production at a similar relative exercise intensity (22, 27). This hypothesis 117 

contrasts with the findings of Halperin et al. (11), who used repeated sprint exercise 118 

involving much shorter exercise bouts. A secondary aim was to investigate the recovery in 119 

neuromuscular function 20 minutes after termination of maximal incremental exercise in 120 

UL and LL. We hypothesized that there would be less recovery of neuromuscular function 121 

in EF than KE since recovery depends on the characteristics of the fatiguing exercise task 122 

(12) and the expected greater contractile function impairment in EF, compared to KE, may 123 

delay recovery of neuromuscular function (9).  124 

MATERIALS AND METHODS 125 

Participants 126 

After a maximal incremental exercise on either an arm-cranking ergometer or a cycling 127 

ergometer performed by the same participants during pilot testing, the effect size of the 128 
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difference between EF and KE for the pre-to-post change in the main outcome (MVIC 129 

force) was 1.70. Using this value, an α [threshold probability for rejecting the null 130 

hypothesis (type I error)] at 0.05 and a ß [probability of failing to reject the null hypothesis 131 

under the alternative hypothesis (type II error)] at 0.2, a sample size of five participants 132 

was determined to be sufficient to detect statistical changes. Accounting for potential 133 

dropouts, ten young, healthy, and physically active men volunteered to participate in the 134 

study (age: 24 ± 2 years; body mass: 72 ± 8 kg; height: 177 ± 6 cm). Participants were not 135 

involved in any structured training program either for UL or LL, had no history of 136 

neuromuscular or cardiovascular disease, and had not suffered a recent UL or LL injury. 137 

They were informed about the experimental protocol and all associated risks before 138 

providing written informed consent. All procedures conformed to the Declaration of 139 

Helsinki and were approved by the local Ethics Committee (BESTA/IBFM, Report #43, 140 

8/11/2017). 141 

Experimental design 142 

Each participant completed one familiarization session and two experimental sessions. All 143 

sessions were separated by 3 to 7 days and performed at the same time of day. Participants 144 

were instructed to avoid the consumption of caffeine on the day of the experiment and 145 

avoid performing any strenuous exercise during the 48 h prior to testing. During the 146 

familiarization session, participants performed anthropometric measurements, and 147 

maximal/submaximal isometric contractions of EF and KE of the dominant limb on 148 

customized ergometers, with and without peripheral nerve (EF and KE) and muscle (EF) 149 

stimulation. Participants’ limb dominance was assessed using the Revised Waterloo 150 

Footedness Questionnaire (17). All participants were right limb dominant for both arms 151 

and legs. The two experimental sessions were performed in a pseudo-randomized and 152 

counterbalanced order and consisted of a maximal incremental exercise to task failure on 153 

either an arm-cranking ergometer or a cycle ergometer. Cardiorespiratory and metabolic 154 
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responses to exercise were monitored during the incremental exercise. Before (PRE), 155 

exactly 1 min (POST) and 20 min (POST20) after exercise cessation, neuromuscular 156 

function evaluation of either EF or KE muscles was conducted (Figure 1A). The cycle and 157 

arm-crank ergometers were positioned beside the custom-built ergometers utilized for 158 

neuromuscular function evaluation to enable the quickest transition possible at the end of 159 

the incremental exercise. The 1-min delay to POST measurements was the shortest that 160 

was consistently feasible in pilot testing.  161 

Anthropometric measurements 162 

With the participant standing erect and the feet slightly apart, the height above the floor 163 

and the circumference were taken at seven sites on the right leg and arm. The levels were 164 

marked with a dermatograph pencil; the circumferences measured with a flexible steel 165 

metric tape and the distance from the floor level measured with a digital reading 166 

anthropometer (3.0, Itiesse s.a.s, Verona, Italy). Skin-fold thicknesses were also measured 167 

at the same sites with a skinfold caliper (Holtain Tanner/Whitehouse Skinfold Caliper, 168 

Crymych, United Kingdom). The following formula to calculate the volume of a truncated 169 

cone was applied to the six truncated cones:  170 ℎ(𝑎 + √𝑎𝑏 + 𝑏)  [Equation 1] 171 

where a and b are the areas of two parallel surfaces derived from circumference 172 

measurements. Then, muscle mass was calculated according to Jones and Pearson (18) and 173 

a muscle density of about 1.0597 g/cm3. UL (i.e. two upper limbs) estimated muscle mass 174 

resulted in 9.0 ± 1.0 kg and LL (i.e. two lower limbs) estimated muscle mass resulted in 175 

16.2 ± 1.8 kg. 176 

Maximal ramp-incremental exercise   177 

UL maximal incremental exercise was conducted on an arm-cranking ergometer (Cardio 178 

Rehab 891E, Monark, Vansbro, Sweden) with the hands in a pronated position. The warm-179 
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up was set at 35 W for 1 min and power output increased thereafter by 9 ± 4 W every 180 

minute (depending on the participant’s fitness level) until task failure. During the test, the 181 

participants were instructed to “pull more than push” to preferentially target the biceps 182 

brachii (BB). LL maximal incremental exercise was conducted on a cycle ergometer 183 

(Corival V2, Lode, Groningen, Netherlands). The warm-up was set at 60 W for 1 min and 184 

power output increased thereafter by 23 ± 11 W every minute (depending on the 185 

participant’s fitness level) until task failure. The exercise protocols were designed to match 186 

the time to task failure in both arm-cranking and cycling tests (19). Tests were terminated 187 

when participants were no longer able to maintain the arm-cranking or pedalling cadence 188 

required (60 ± 2 rpm) for at least 10 s, despite vigorous verbal encouragement. 189 

Neuromuscular function evaluation 190 

During the neuromuscular function evaluation (Figure 1B for EF; Figure 1C for KE) 191 

participants contracted to maximal force (for 5 s) and once the maximal force was attained 192 

and plateaued a high-frequency (100 Hz) paired pulse was delivered. At the end of the 193 

MVIC, a set of high- and low-frequency (100 and 10 Hz) paired pulses followed by a 194 

single pulse, all separated by 2 s, were delivered to the relaxed muscle (20). Electrical 195 

stimuli were delivered to the right femoral nerve for KE and BB motor point for EF (since 196 

stimulation of the brachial plexus leads to contraction of both agonist and antagonist 197 

muscles). For EF only, an additional single supramaximal stimulus was delivered to the 198 

brachial plexus 2 s later with the muscle relaxed to elicit maximal M-waves (Mmax) (4, 5). 199 

Visual feedback of the force produced was provided to the participants by means of a real-200 

time display on a computer screen. 201 

 202 

****Figure 1 about here**** 203 

 204 

Data Collection 205 

Downloaded from journals.physiology.org/journal/ajpregu at Univ of Northumbria At Newcastle (086.025.202.227) on August 12, 2022.



 9

Force and Electromyographic (EMG) Recordings 206 

Muscle force data were obtained from voluntary and evoked isometric contractions. EF 207 

force was assessed by a calibrated force transducer (SML load cell, Interface, Scottsdale, 208 

AZ, USA) attached by a noncompliant strap to the wrist and to the rigid dynamometer 209 

(Figure 1B). Participants were seated upright in a custom-built dynamometer with both 210 

right shoulder and elbow joints at 90° of flexion, and the forearm in a supinated position. 211 

KE force was measured by a calibrated force transducer (SML load cell, Interface) 212 

attached by a noncompliant strap to the right leg immediately proximal to the malleoli of 213 

the ankle joint and to the rigid dynamometer (Figure 1C). Participants were seated upright 214 

in a custom-built dynamometer with knee and hip angles of 120° (180° corresponding to 215 

full extension) (21), and secured by chest and hip straps. Force was collected at a sampling 216 

rate of 2000 Hz and analog-to-digitally converted (Load Cell Adapter, Delsys, Natick, 217 

MA, USA).  218 

During isometric contractions, EMG signals of EF (BB) and KE [vastus lateralis (VL)] 219 

were recorded with pairs of self-adhesive surface electrodes in a bipolar configuration 220 

(Trigno EMG sensor, Delsys) positioned over the muscle belly (22). EMG signals were 221 

digitalized at a sampling rate of 2000 Hz and band-pass filtered (20-450 Hz, 40/80 222 

dB/dec). 223 

Peripheral stimulation 224 

All single and paired-pulse electrical stimuli (200-µs duration) were delivered via 225 

constant-current stimulator (DS7AH, Digitimer, Welwyn Garden City, Hertfordshire, UK). 226 

During EF evaluation, the intramuscular nerve fibres of BB were stimulated using a 227 

cathode (H135SG, Covidien, Mansfield, USA) located over the BB muscle belly and 228 

anode (H135SG, Covidien,) over the bicipital tendon. This site was selected since 229 

stimulation of the brachial plexus leads to contraction of both the agonist and antagonist 230 

muscles. The brachial plexus was also stimulated for M-wave measurement using a 231 
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cathode (H135SG, Covidien) securely taped into the supraclavicular fossa and rectangular 232 

anode (50 × 90 mm Durastick, DJO Global, USA) placed over the acromion. During KE 233 

evaluation, stimuli were delivered to the right femoral nerve using a surface cathode 234 

securely taped into the femoral triangle (H135SG, Covidien) and rectangular anode (50 × 235 

90 mm Durastick, DJO Global) in the gluteal fold. Stimulus intensity was always 236 

determined by single stimuli delivered with increasing intensity in the relaxed muscle state 237 

until M-wave and twitch amplitudes plateaued. A stimulus intensity of 120 % of the 238 

maximal intensity was used for the evaluation of neuromuscular function (153 ± 51 mA 239 

for BB muscle belly stimulation; 125 ± 29 mA for brachial plexus stimulation; 149 ± 34 240 

mA for femoral nerve stimulation).  241 

Cardiorespiratory and metabolic responses to exercise 242 

To determine that participants reached maximal effort as well as the amount of work 243 

performed, cardiorespiratory and metabolic data were captured during incremental 244 

exercise. Pulmonary ventilation (V̇E), O2 consumption (V̇O2) and CO2 output (V̇CO2) 245 

were continuously assessed breath-by-breath via a metabolic cart (Vyntus CPX, 246 

CareFusion, Germany). Respiratory exchange ratio (RER) was calculated as V̇CO2/V̇O2. 247 

Before each test, gas analysers and turbine flowmeter were calibrated. Heart rate (HR) was 248 

recorded using a HR chest band (H7; Polar, Finland) throughout each test. At the end of 249 

each incremental exercise, the rate of perceived exertion (RPE) was determined using the 250 

Borg 6-20 scale (23). At rest and at discrete time intervals during the recovery period (3, 5, 251 

7 min), 20 μL of capillary blood was collected from pre-heated earlobe for the 252 

determination of blood lactate concentration ([La]b) by electroenzymatic analyser (Biosen 253 

C-line, EKF, Germany). The test was considered maximal when at least two of the 254 

following criteria were observed: (i) RPE > 15; (ii) peak HR (HRpeak) > 95% of the age-255 

predicted maximum; (iii) RER ≥ 1.1; and (iv) peak [La]b > 8 mmol·L-1 (24). The gas 256 
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exchange threshold (GET) was visually, individually and independently determined by two 257 

blinded expert investigators using both the V-slope method and secondary criteria (24). 258 

Data Analysis 259 

Cardiorespiratory and metabolic responses to exercise 260 

Data analyses were performed using Prism 8.0 (GraphPad, Software Inc., San Diego, CA, 261 

USA) and Excel (Office 365, Microsoft Inc., Redmond, WA, USA). Peak power output 262 

(Ppeak) was defined as the highest power output recorded before task failure. Data obtained 263 

during the last 20 s of the incremental tests were considered peak values. The highest [La]b 264 

value obtained during the recovery was considered as the peak value ([La]bpeak) and 265 

retained for further analysis. The amount of total work performed during each test was 266 

calculated as: 267 

Work = ∑ Wi × ti0
i  [Equation 2] 268 

where W is the power output of each step (i) during the incremental exercise and t is the 269 

duration of each step (i) at that power output. Then the total amount of work was 270 

normalized per the estimated muscle mass involved in the exercise (see “anthropometrics” 271 

paragraph).  272 

Neuromuscular Function 273 

Data were analysed offline using EMGworks (version 4.5, Delsys). MVIC force was 274 

considered as the greatest force before the delivery of electrical stimulation. To quantify 275 

impairments to central nervous system drive, EF and KE VA was assessed by twitch 276 

interpolation (Figure 2) using the superimposed (sDb100) and potentiated high-frequency 277 

doublets (Db100) during and after MVIC and calculated from the equation (25):  278 

VA (%) = 1 - sDb100

Db100
 × 100 [Equation 3] 279 

 280 

****Figure 2 about here**** 281 
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 282 

where sDb100 was calculated as the difference between the voluntary force pre-stimulus 283 

and the peak force immediately after. 284 

Changes to skeletal muscle function were assessed by changes in the amplitudes of 285 

potentiated twitch (Twpot; muscle contractile properties), Db100 and the ratio of low- and 286 

high-frequency doublets (Db10:100) to assess changes in excitation-contraction coupling 287 

(26). Maximal rate of force development from Twpot (RFDTw) was calculated as the 288 

instantaneous slope from the ascending part of the force-time curve. Peak-to-peak 289 

amplitude, area and duration of Mmax elicited by brachial plexus or femoral nerve electrical 290 

stimulation for BB and VL, respectively, were measured to assess action potential 291 

propagation along the sarcolemma. Area and duration were determined from the initial 292 

deflection from baseline to the second crossing of the horizontal axis (27). All data at 293 

POST and POST20 were normalized as a percentage of the PRE evaluation except for VA, 294 

for which the raw data are presented. 295 

Statistical analysis 296 

Results are presented as means ± SD. Standardized Cohen's effect size (ES) with Hedges' g 297 

correction and [95% confidence interval] were also computed (28). The data were tested 298 

for normality using a Shapiro-Wilk W-test. Student’s paired t-tests were used to determine 299 

differences in cardiorespiratory and metabolic responses to maximal incremental exercise 300 

between arm cranking and cycling. Repeated-measures ANOVAs with time (PRE, POST, 301 

POST20) and muscle (EF, KE) as within-participant factors were used to evaluate changes 302 

in neuromuscular function parameters. Sphericity was checked using Mauchly's test. For 303 

all parameters, Mauchly’s test of sphericity indicated that the assumption of sphericity had 304 

not been violated (all P ≥ 0.184). When significant main effects or interactions were 305 

observed, Bonferroni's test was used for post-hoc analysis. Pearson product moment 306 

correlation coefficient (r) was used to examine the relationship between EF and KE MVIC 307 
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force loss after exercise. Precision of estimates is indicated as [95% confidence intervals] 308 

(29). Statistical analyses were conducted using IBMTM SPSSTM Statistics (version 26.0.0; 309 

IBM Corp., Somers, New York, NY) with the criterion α-level set to 0.05. 310 

RESULTS 311 

Maximal incremental exercise 312 

Table 1 shows the cardiorespiratory and metabolic variables during the incremental 313 

exercises. Time to task failure for the incremental exercise was not different between UL 314 

and LL (P = 0.190, ES = 0.5 [-1.2; 0.1]). Peak V̇E, V̇O2, V̇CO2 and RER and Ppeak values 315 

were lower in UL compared to LL (all P ≤ 0.039). Normalized V̇O2peak values were lower 316 

in UL than LL (36.0 ± 8.1 mL·kg-1·min-1 versus 48.4 ± 6.3 mL·kg-1·min-1, P < 0.001, ES = 317 

2.4 [-4.0; -1.3]). Time spent above GET was ~19% longer in UL than LL (391 ± 86 s 318 

versus 307 ± 71 s, respectively, P = 0.043, ES = 0.8 [-0.1; 1.8]). Both [La]b (9.0 ± 2.7 319 

mmol·L-1 versus 10.3 ± 2.1 mmol·L-1, P = 0.163, ES = -0.7 [-1.6; 0.2]) and RPE (17 ± 2 320 

versus 18 ± 1, P = 0.351, ES = -0.3 [-1.0; 0.3]) were not different between UL and LL. The 321 

total work, normalized per unit of estimated muscle mass, performed during UL and LL 322 

incremental tests was not different (7945 ± 2190 J·kg-1 of estimated muscle mass versus 323 

9017 ± 1443 J·kg-1 of estimated muscle mass, P = 0.138, ES = 0.6 [-0.2; 1.3]).  324 

 325 

****Table 1 about here**** 326 

 327 

Performance fatigability  328 

MVIC force (Figure 3) showed time (F(2,36) = 83.7, P < 0.001) and muscle (F(1,18) = 6.9, P 329 

= 0.017) effects and a muscle × time interaction (F(2,36) = 2.7, P = 0.030). MVIC force 330 

decreased to 76 ± 8% and 81 ± 7% of PRE values at POST for EF and KE (both P < 331 

0.001), respectively, and there was no difference between muscles (P = 0.238, ES = 0.5 332 

[0.1; 1.1]). At POST20, MVIC force remained lower than at PRE for both EF and KE 333 
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(both P ≤ 0.033) although MVIC force increased from POST for both EF (P = 0.008, ES = 334 

1.1 [0.6; 1.7]) and KE (P < 0.001, ES = 1.8 [1.0; 3.0]). MVIC force, as a percentage of 335 

PRE, was lower in EF than KE (P = 0.003, ES = -1.3 [0.4; 2.4]) at POST20. 336 

 337 

****Figure 3 about here**** 338 

 339 

A significant correlation (Figure 4) was found between force loss, expressed as percentage 340 

of the PRE evaluation, in EF and KE at POST (r = 0.66 [0.1; 0.9], P = 0.038). No 341 

relationship was found for the same variables at POST20 (r = 0.24 [-0.5; 08], P = 0.514). 342 

 343 

****Figure 4 about here**** 344 

 345 

Voluntary activation  346 

VA showed a muscle effect (F(1,18) = 7.6, P = 0.013) where VA was higher in EF than KE. 347 

No time effect (F(2,36) = 3.2, P = 0.054) or muscle × time interaction (F(2,36) = 0.1, P = 348 

0.866) were observed. VA was 97 ± 2% and 91 ± 7% at PRE for EF and KE, respectively, 349 

93 ± 5% and 86 ± 8% at POST for EF and KE, respectively, and 93 ± 7% and 89 ± 8% at 350 

POST20 for EF and KE, respectively. 351 

Electrically-evoked forces and M waves 352 

Twpot showed a time effect (F(2,36) = 110.2, P < 0.001) but not a muscle effect (F(1,18) = 0.5, 353 

P = 0.500) or a muscle × time interaction (F(2,36) = 0.3, P = 0.758) (Figure 5A). Twpot 354 

decreased to 51 ± 12% (P < 0.001, ES = -4.2 [-6.6; -2.4]) of PRE values at POST. At 355 

POST20, Twpot remained lower than PRE (63 ± 11% of PRE, P < 0.001, ES =-3.6 [-5.7; -356 

2.0]) but greater than POST (P = 0.008, ES = 0.6 [0.4; 0.8]). RFDTw showed a time (F(2,36) 357 

= 66.6, P = 0.021) effect whereas no muscle (F(1,18) = 0.2, P = 0.688) effect or muscle × 358 

time interaction (F(2,36) = 0.8, P = 0.466) were observed. At POST, RFDTw decreased to 359 
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54 ± 15% of PRE (P < 0.001, ES = -3.3 [-5.5; -1.7]). At POST20, RFDTw remained lower 360 

than PRE (59 ± 20 % of PRE, P < 0.001, ES = -2.5 [-4.4; -1.2]). Db100 showed a time 361 

effect (F(2,36) = 50.2, P < 0.001) but not a muscle effect (F(1,18) = 0.0, P = 0.963) or a 362 

muscle × time interaction (F(2,36) = 0.0, P = 0.998) (Figure 5B). Db100 decreased to 70 ± 363 

11% (P < 0.001, ES = -2.4 [-4.0; -1.2]) of PRE values at POST. At POST20, Db100 364 

remained significantly lower than PRE (84 ± 8% of PRE, P< 0.001, ES = -1.8 [-3.1; -0.7]) 365 

but greater than POST (P < 0.001, ES = 1.0 [0.7; 1.4]). Db10:100 showed a time effect 366 

(F(2,36) = 61.8, P < 0.001) and a muscle × time interaction (F(2,36) = 5.0, P = 0.012) but not 367 

a muscle effect (F(1,18) = 1.2, P = 0.282) (Figure 5C). Db10:100 decreased to 75 ± 11% and 368 

72 ± 10% of PRE values at POST for EF and KE (both P < 0.001), respectively, and there 369 

was no difference between muscles (P = 0.541, ES = 0.2 [-1.2; 0.7]). At POST20, Db10:100 370 

remained significantly lower than PRE for both EF (75 ± 13% of PRE, P < 0.001, ES = -371 

2.5 [-4.1; 1.2]) and KE (85 ± 10% of PRE, P = 0.002, ES = -2.1 [-3.5; -0.9]). Db10:100 372 

increased from POST to POST20 for KE (P = 0.011, ES = 1.2 [0.7; 1.9]) but not for EF (P 373 

= 1.000, ES = 0.0 [-0.1; 0.1]), resulting in Db10:100 greater in KE than EF (P = 0.034, ES = 374 

0.7 [-0.1; 1.6]) at POST20. Mmax peak-to-peak amplitude did not show a time (F(2,36) = 0.8, 375 

P = 0.441) or muscle (F(1,18) = 0.5, P = 0.496) effect or a muscle × time interaction (F(2,36) 376 

= 0.2, P = 0.817). Mmax area did not show a time (F(2,36) = 2.9, P = 0.070) or muscle (F(1,18) 377 

= 0.0, P = 0.997) effect or a muscle × time interaction (F(2,36) = 0.3, P = 0.757). Mmax 378 

duration also did not show a time (F(2,36) = 0.2, P = 0.799) or muscle (F(1,18) = 2.5, P = 379 

0.129) effect or a muscle × time interaction (F(2,36) = 1.0, P = 0.364).   380 

 381 

****Figure 5 about here**** 382 

 383 

DISCUSSION 384 
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This study compared the magnitude and aetiology of changes in neuromuscular function 385 

following maximal incremental exercise of the upper and lower limbs in the same 386 

participants. The results show that both MVIC force loss and decreases in evoked forces 387 

were not different between EF and KE 1 min after task failure. However, 20 min after task 388 

failure, MVIC force and Db10:100, as a percentage of PRE, were greater in KE than EF. The 389 

present findings suggest that the recovery of neuromuscular function after dynamic multi-390 

joint maximal exercises is specific to the muscle group investigated.  391 

Incremental exercise 392 

Performance fatigability is a reversible and acute exercise-induced reduction in force 393 

caused by changes within the central nervous system and/or muscles. Exercise 394 

characteristics (e.g. type, duration, intensity) affect the magnitude and aetiology of 395 

performance fatigability (30). As such, similar characteristics of fatiguing exercise are 396 

important pre-requisites to investigate the magnitude and aetiology of neuromuscular 397 

changes between muscles. In the present study, V̇O2peak and V̇Epeak values were lower in 398 

UL compared to LL, as previously observed (15, 31). However, the exercise duration was 399 

similar between arm-cranking and cycling tests. Moreover, all participants reached task 400 

failure and the cardiorespiratory data at the end of each test met the secondary criteria (e.g. 401 

HR, [La]b, RER and RPE) for the determination of V̇O2peak (24), suggesting that a maximal 402 

effort was achieved in both conditions. Importantly, the calculated amount of work 403 

normalized per estimated muscle mass was not different between UL and LL exercise. 404 

Therefore, the presented similarities in duration, intensity and amount of work allowed us 405 

to compare the effects of arm-cranking and cycling incremental exercise tests on 406 

performance fatigability and recovery. However, it should be acknowledged that the time 407 

spent above GET was significantly different between UL and LL. This may limit the 408 

interpretation of the fatigue recovery across EF versus KE since time of exercise 409 
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performed in a specific intensity domain affects fatigability and the subsequent recovery 410 

(12).  411 

Magnitude of fatigability and recovery 412 

Performance fatigability is often investigated by changes in the MVIC force (2). In the 413 

present study, MVIC force decreased by 23% and 19% from PRE to POST in EF and KE, 414 

respectively (Figure 3). This suggests that the capacity for EF and KE muscles to produce 415 

force is similarly impaired 1 min after dynamic incremental exercise to task failure of 416 

similar duration, intensity, and amount of performed work normalised to estimated muscle 417 

mass. The magnitudes of MVIC force loss in EF and KE at POST in the present study (-418 

23% and -19% for EF and KE, respectively) were generally comparable with Senefeld et 419 

al. (8) for KE (-18%) but lower for EF (-30%). The MVIC force loss was also different 420 

than previously reported immediately after either isometric (4, 5) or dynamic (10) exercise 421 

tasks. More specifically, sustained submaximal (-40% and -34% for EF and KE, 422 

respectively) (5) and maximal (-58% and -70% for EF and KE, respectively) (4) isometric 423 

tasks reported higher MVIC force losses; while Halperin et al. (10) reported lower MVIC 424 

force loss of ∼15% in EF but comparable MVIC force loss of ∼24% in KE following 425 

repeated intermittent sprints. Although the delay to MVIC force evaluation after exercise 426 

cessation influences the results, these findings collectively suggest that sustained isometric 427 

tasks elicit a greater MVIC loss than dynamic intermittent tasks. Moreover, intermittent 428 

exercise with repeated cycles of contraction and relaxation elicit different magnitude of 429 

fatigue than continuous exercise sustaining a contraction, reinforcing that performance 430 

fatigability depends on the characteristics of the fatiguing exercise task (30). To better 431 

understand the individual response to exercise we assessed the relationship between MVIC 432 

force decrements in EF and KE. There was a significant correlation whereby participants 433 

with greater EF MVIC loss also had greater KE MVIC loss at POST (Figure 4). 434 
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Twenty minutes after exercise cessation, the recovery in MVIC force was lower for EF 435 

(85% of PRE) than KE (95% of PRE), indicating that EF force recovered slower than in 436 

KE. Although the exact mechanisms involved in neuromuscular function recovery to 437 

specific exercise tasks are still to be definitively elucidated (12), the difference in force 438 

recovery rate may be due to differences in muscle fiber composition between EF (larger 439 

proportion of type II muscle fibres) and KE (larger proportion of type I muscle fibers) 440 

(32). Indeed, the smaller mitochondrial volume and lower activity of oxidative enzymes in 441 

type II muscle fibers (compared to type I fibers) (33) may have delayed clearance of waste 442 

products of muscle contraction in EF, compared to KE, potentially hindering the recovery 443 

process (3).  444 

Etiology of performance fatigability and recovery  445 

The observed MVIC loss can be attributed to changes in neuromuscular function, whether 446 

proximal [i.e. within the brain and motoneurons (2)] or distal [i.e. within the skeletal 447 

muscle (3)] to the neuromuscular junction. The lack of change in VA from PRE to POST 448 

and POST20 suggests that central nervous system impairment did not contribute to the 449 

magnitude and aetiology of MVIC force loss either 1 or 20 minutes after exercise. These 450 

results are comparable to previous findings obtained during cycling for a similar duration 451 

in the heavy-intensity domain (34) and they are in line with the studies that have observed 452 

that prolonged endurance exercise causes greater impairment of the central nervous system 453 

than short high-intensity exercise (35, 36).  454 

On the other hand, contractile muscle properties were impaired in both arm-cranking and 455 

cycling, as demonstrated by the decreases in Twpot, RFDTw, Db100 and Db10:100. 456 

Meanwhile, the lack of change in Mmax properties suggests that action potential 457 

propagation along the sarcolemma and t tubules and/or muscle membrane excitability was 458 

unaffected by the exercise bouts. These results support the results of previous cycling 459 

studies (36, 37) that showed muscle contractile impairments without changes to the M-460 
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wave and suggest that the observed MVIC force loss in EF and KE was due to changes in 461 

muscle contractile properties changes. It is likely that during exercise, intramuscular Pi 462 

accumulation reduced the free Ca2+ available for release from the sarcoplasmic reticulum 463 

(38) (coupled with increasing recruitment of muscle fibers) leading to disrupted skeletal 464 

muscle contractile processes (3). Indeed, Db10:100 represents the preferential loss of force at 465 

low frequencies of electrical stimulation and is believed to occur due to a reduction in the 466 

release of Ca2+ from the sarcoplasmic reticulum, leading to excitation-contraction coupling 467 

failure (26). On the other hand, the lack of changes in Mmax suggest that muscle relaxation 468 

during each revolution of the contralateral limb may have prevented an excessive increase 469 

in extracellular [K+] during both arm-cranking and cycling, further suggesting that that 470 

muscle excitability changes did not contribute to MVIC force loss (39).  471 

Twenty minutes were insufficient for Twpot, RFDtw or Db100 to fully recover after task 472 

failure for either EF or KE. These results agree with previous observations from Krüger et 473 

al. (36), who failed to observe complete recovery in KE after 8 min following constant 474 

work-rate cycling, suggesting that EF and KE muscle contractile properties are still 475 

compromised for an extended period after exercise cessation. Interestingly, Db10:100 also 476 

did not recover after 20 min and was lower in EF (75% of PRE) than KE (85% of PRE) at 477 

POST20. This result could be explained by a delayed restoration of metabolic homeostasis 478 

induced by the dynamic maximal exercise in EF compared to KE. Thus, we can speculate 479 

that MVIC force loss was similar 1 min after exercise cessation due to comparable 480 

intracellular metabolic perturbations after arm-cranking and cycling (3). However, after 20 481 

min of recovery, we can hypothesize that removal of lactate, H+ and Pi was slower, and 482 

intracellular Ca2+ handling impaired, in EF compared to KE. This resulted in impaired 483 

MVIC and Db10:100 recovery 20 min after exercise. A possible explanation is that the 484 

higher percentage of type II fibers in UL muscles, compared to LL muscles (40–42), may 485 

have affected muscle oxidative function, lactate extrusion rate, and sarcoplasmic reticulum 486 
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Ca2+ uptake, leading to delayed restoration of metabolic homeostasis in EF, compared to 487 

KE. Further studies are required to determine how different physiological characteristics in 488 

UL and LL muscles influence performance fatigability recovery. 489 

Limitations 490 

It has been observed that handgrip position affects the neuromuscular responses to arm-491 

cranking exercise (43). In this study participants arm-cranked with their hands pronated, 492 

rather than in neutral or supinate positions. However, it has been demonstrated that BB and 493 

brachioradialis EMG activity is similar during arm-cranking for these three handgrip 494 

positions (43). Additionally, a pronated handgrip showed (i) greater EF change in 495 

intramuscular oxygen status (44) and (ii) higher power output than the supinated position 496 

(45) and it is also the most similar position to those utilized during other exercises with 497 

upper limbs such as rowing and kayaking (46). Another limitation is that time above GET 498 

was different between UL and LL during incremental exercise performed to task failure. 499 

Although this exercise protocol was selected to replicate functional evaluations tests 500 

routinely used on healthy participants and patients, we cannot exclude those 501 

neuromuscular changes observed in EF versus KE would have been different with other 502 

exercise paradigms. However, we decided to control for duration of exercise to reduce as 503 

much as possible the influence of one potential confounder affecting neuromuscular 504 

fatigue (i.e. time of exercise) whereas controlling the protocol for something other than 505 

time of exercise (e.g. time spent above GET) would have created further methodological 506 

issues. Furthermore, it should be considered that our study design was pseudorandomized 507 

and counterbalanced, and a different study design is needed to control for time above GET.   508 

Finally, neuromuscular evaluations were performed exactly 1 min after exercise cessation. 509 

This was the shortest delay possible to consistently assess the neuromuscular function in 510 

our experimental setting. The reported neuromuscular impairments have likely been 511 
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underestimated since MVIC and electrically-evoked force recovery begins immediately 512 

when exercise ceases and measures of muscle activation are affected if a short time delay 513 

exists between task failure and measurement (47). Thus, caution should be taken when 514 

comparing the changes observed in this study with other experimental designs and settings. 515 

Conclusion  516 

When mechanisms of performance fatigability after dynamic multi-joint maximal exercise 517 

are compared in the same participant, EF and KE present a similar magnitude of 518 

neuromuscular function impairment which is not from central determinants (i.e. proximal 519 

to the neuromuscular junction and encompassing the brain as well as upper and lower 520 

motoneurons). Instead, impairments are due to peripheral (i.e. within the skeletal muscle) 521 

factors. The recovery in MVIC and Db10:100 20 minutes after exercise was lower in EF, 522 

suggesting that exercise-induced recovery is muscle-specific. The differences in MVIC 523 

and electrically-evoked force recovery 20 min after exercise between arm-cranking and 524 

cycling pave the way for further studies investigating whether the delayed restoration of 525 

metabolic homeostasis in EF, compared to KE, is responsible for differences in recovery of 526 

neuromuscular function. 527 

Perspectives and Significance 528 

The results of the present study extend the current knowledge about performance 529 

fatigability and recovery characteristics in EF and KE muscles after dynamic multi-joint 530 

exercise, highlighting muscle-specific neurophysiological differences. These results have 531 

direct implications for daily-life (e.g. climbing stairs, carrying bags) and sporting activities 532 

(e.g. cycling, rowing) involving dynamic contractions of UL and/or LL. Furthermore, the 533 

differences in recovery in EF and KE suggest coaches and physicians should monitor 534 

recovery between bouts when prescribing multi-joint UL exercises for training and/or 535 

rehabilitation of athletes and/or patients. 536 
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 702 

FIGURE CAPTIONS 703 

Figure 1. Schematic representation of the experimental protocol. Neuromuscular function 704 

evaluation was performed before (PRE), exactly 1-min (POST) and 20-min (POST20) 705 

after maximal incremental exercises performed by either an arm-cranking or a cycle 706 

ergometer (Panel A). A single-participant’s data is shown for the neuromuscular 707 
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evaluation of either the elbow-flexor (EF, Panel B) or knee-extensor (KE, Panel C) 708 

muscles at PRE. For both muscles, the neuromuscular function evaluation consisted of a 709 

sustained 5-s isometric contraction during which a high-frequency paired pulse (sDb100) 710 

was delivered at maximal force. Immediately after, a set of high- and low-frequency (100 711 

and 10 Hz) paired pulses followed by a single pulse, separated by 2 s each, were delivered 712 

to the relaxed muscle. For EF evaluation (Panel B), an additional stimulus was delivered to 713 

the brachial plexus 2 s later to the relaxed muscle. Peripheral nerve stimulation (brachial 714 

plexus or femoral nerve) is indicated by black arrows and biceps brachii motor point 715 

stimulation by grey arrows. The responses are indicated as Db100 (high-frequency doublet), 716 

Db10 (low-frequency doublet), TwPot (potentiated twitch), and Mmax (maximal M wave). 717 

Figure 2. Typical example of voluntary activation (VA) assessment by interpolated twitch 718 

technique. A single-participant’s force data obtained during a sustained 5-s isometric 719 

contraction with a high-frequency (100 Hz) pulse delivered at maximal force and to the 720 

relaxed muscle are shown. The square highlights the force-time trace of the superimposed 721 

100-Hz doublet (sDb100) that is magnified in the upper-right corner. Arrows indicate the 722 

time points when stimuli were delivered. Capped lines indicate the forces for sDb100 and 723 

potentiated high-frequency doublet (Db100). The VA calculation for this participant, using 724 

equation 3, is reported in the figure (see text for further details).  725 

Figure 3. Maximal voluntary isometric contraction (MVIC) force before (PRE) and after 726 

the incremental tests for both elbow-flexor (EF) and knee-extensor (KE) muscles. At the 727 

end of the incremental tests, a neuromuscular function evaluation was performed 1 min 728 

(POST) and 20 min (POST20) after exercise cessation. Values are presented as means and 729 

standard deviations and normalized as a percentage of PRE evaluation. Asterisks (*) 730 

denote within-limb differences compared to PRE by means of ANOVA: P < 0.05. Dollar 731 

signs ($) denote within-limb differences compared to POST by means of ANOVA: P < 732 

0.05. Number sign (#) denotes between-limb differences by means of ANOVA: P < 0.05.  733 
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Figure 4. Relationship between maximal voluntary isometric contraction force loss 734 

decrement after the incremental test (POST) as percentage of before exercise (PRE) values 735 

from knee extensors (KE) and elbow flexors (EF) muscles. The paired dashed line 736 

represents the 95% confidence interval. 737 

Figure 5. Potentiated twitch (Twpot, Panel A), high-frequency doublet (Db100, Panel B) and 738 

ratio between low and high frequency doublets (Db10:Db100, Panel C) before (PRE) and 739 

after the incremental tests for both elbow-flexor (EF) and knee-extensor (KE) muscles. At 740 

the end of the incremental tests, a neuromuscular function evaluation was performed 1 741 

(POST) and 20 (POST20) min after exercise cessation. Values are presented as means and 742 

standard deviations and normalized as a percentage of the PRE evaluation. Asterisks (*) 743 

denote within-limb differences compared to PRE by means of ANOVA: P < 0.05. Dollar 744 

signs ($) denote within-limb differences compared to POST by means of ANOVA: P < 745 

0.05. Number sign (#) denotes between-limb differences by means of ANOVA: P < 0.05.  746 
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Table 1. Means ± SD of peak values for the respiratory, cardiovascular, and metabolic 1 

variables determined during the maximal incremental exercises on either an arm-cranking 2 

[for upper limbs (UL)] or a cycle [for lower limbs (LL)] ergometer. 3 

 4 

Note: Time to exhaustion, peak power output (Ppeak); peak O2 consumption (𝑉O2peak); peak 5 

CO2 output (𝑉CO2peak); respiratory exchange ratio (RER); peak pulmonary ventilation 6 

(𝑉Epeak); gas exchange threshold (GET), peak heart rate (HRpeak), total work normalized per 7 

unit of estimated muscle mass (Total work). Asterisks denote between-limb differences by 8 

means of Student’s paired t test: * P < 0.05 9 

 UL LL 

Time to exhaustion (min) 13 ± 2 14 ± 3 

Ppeak (W) 135.8 ± 25.4 * 290.0 ± 45.3 𝑽O2peak (L·min-1) 2.49 ± 0.57 * 3.46 ± 0.51 𝑽CO2peak (L·min-1) 3.00 ± 0.72 * 4.40 ± 0.62 

RER 1.2 ± 0.1 * 1.3 ± 0.1 𝑽Epeak (L·min-1) 117.6 ± 28.9 * 158.1 ± 30.5 

GET (%𝑽O2peak) 51.9 ± 6.8 * 70.2 ± 5.8 

HRpeak (beats·min-1) 

Total work (J·kg-1) 

170 ± 8 * 

7945 ± 2190 

184 ± 9 

9017 ± 1443 
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