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Abstract: Exercise modality has been proposed to reduce the interferences between aerobic and
resistance sessions during concurrent training. The aim of the study was to examine the acute
effects of cycling or running sprint interval exercise on subsequent resistance training sessions.
Twenty-five competitive male rugby union players were recruited. Players were tested during
three conditions: CONTROL (resistance training session only), CYCLE and RUN (corresponding
to a concurrent training scheme with cycling or running sprint interval exercise conducted on the
morning, followed by a resistance training session). Four hours rest was proposed between the
aerobic and resistance training session. Muscle performance (bar velocity during bench press and box
squat, counter movement jump height) and subjective ratings (rate of perceived exertion, wellbeing)
were assessed during and after aerobic or resistance training sessions. No significant difference was
observed for muscle performance (vertical jump height and bar velocity). However, significant higher
perceived exertion and low-value scaled subjective wellbeing were observed in RUN (7.7 & 1.1 and
17.9 £ 4.1, respectively) as compared with the two other conditions (6.7 & 1.5 and 21.1 £ 3.6 for
CONTROL and 7.4 + 1.1 and 20.1 & 3.9 for CYCLE). It was concluded that the exercise modality
(running or cycling) during the aerobic exercise using a sprint interval exercise did not impact the
quality of the resistance session. However, subjective ratings were affected the following days.
Cycling exercises might be more adequate when performing a sprint interval training session during

concurrent training programs.

Keywords: cycling; running; fatigue; rugby union; strength; aerobic

1. Introduction

Concurrent training is the practice of endurance and strength modalities close to
each other [1]. While these qualities are key factors for numerous sports, many studies
have highlighted that the simultaneous training of both qualities could led to the blunting
of some training adaptations. For instance, strength training increases the contractile
capacity and muscle fiber size but decreases mitochondrial and capillary density and
oxidative enzyme activity [2]. In contrast, aerobic training increases mitochondrial and
capillary density and oxidative enzymes activity [3,4]. The origins of these interferences are
multifactorial [1,5]. Two main hypotheses have been proposed in the literature [3]. Firstly,
the acute hypothesis mostly refers to fatigue [6-8]. Briefly, fatigue induced by a previous
aerobic session might reduce the total work of a strength exercise [9,10], which ultimately
might impair neuromuscular adaptations [11]. Secondly, the chronic hypothesis proposes
that strength and aerobic exercises share conflicting training adaptative mechanisms which
might potentially reduce the overall physiological adaptations [3].

To mitigate these negative effects, several strategies have been implemented within
concurrent training programming [12,13]. Amongst the potential strategies that might
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reduce fatigue and therefore interferences, training order, recovery duration or the type
of aerobic exercise have frequently been considered [14,15]. The modality of the aerobic
exercise (e.g., cycling vs. running) is an alternative interesting candidate [16,17]. Indeed,
while bouts of cycling or running exercises have been shown to impair the subsequent
strength training session [18-21], a lower amount of fatigue has been suggested in favor
of the cycling modality [16,22]. These results could partly be explained by the contrac-
tion types. Indeed, plyometric contractions, during running, might cause greater muscle
damage as compared with the concentric-dominant nature of cycling [23-25]. However,
the comparison between cycling and running aerobic exercises during concurrent training
are scarce and mainly apply to long-duration, low-intensity exercises [21]. Moreover, the
effects of high-intensity interval exercises during concurrent training have been investi-
gated in isolated conditions (i.e., either while running or while cycling) [16,20,22]. Indeed,
to the best of our knowledge, the acute effects of running or cycling modalities while
performing high-intensity interval exercises, such as sprint interval exercises, on the ability
to maximally conduct a subsequent resistance training session are yet to be compared.

The aim of this research was to examine the acute effects of cycling or running sprint
interval exercise on subsequent upper and lower body strength production capacity. Con-
current training was considered in the context of training twice a day (regularly used during
the pre-season period). It was hypothesized that the plyometric nature of sprint interval
running exercise would impair strength at a greater extent than cycling sprint interval
exercise. Strength was considered as the ability to maximally perform a comprehensive
resistance training session. Moreover, because perception of effort is nowadays considered
as a limiting factor for performance and subsequent training rather than a simple marker
of exercise intensity [26], subjective ratings were evaluated during the following days (24 h
and 48 h post-loading).

2. Materials and Methods
2.1. Participants

Twenty-five competitive male rugby union players were recruited (age: 26 £ 3 years;
height: 179.5 & 4.6 cm; body mass: 83.4 + 10.7 kg) (Figure 1). The sample size was calculated
a priori using G * Power software (Ver 3.1.9.6, Dusseldorf, Germany). The following values
were implemented to perform repeated measurements analysis of variances (ANOVA):
p =0.05, (1 — p) = 0.95 with an effect size of 0.59. The minimum number of participants
required was 20. Participants had at least four years of rugby union training experience.
Excluding the rugby union match every week, volunteers trained 6.8 + 1.3 h per week
(3.3 = 0.4 h rugby and 3.5 & 0.9 h strength training). The experiment was conducted during
the off-season with volunteers maintaining their training habits. They were requested to
reproduce the same training sessions during the experimental weeks and to avoid any
physical exercise 48 h before each experimental session. Additionally, dietary supplements
were prohibited during this period. Before participation, volunteers were fully informed
of the purpose of the study and experimental procedure. All gave their informed consent
for inclusion before their participation. The study was conducted in accordance with
the Helsinki Declaration without any deviation from the protocol approved by the ethics
committee for sport sciences research (CERSTAPS, IRB00012476-2020-30-11-74).

2.2. Experimental Design

Participants initially conducted a familiarization session one week before the exper-
imental procedure started. It aimed to collect anthropometric data as well as their one
repetition maximal (1 RM) during different exercises according to previous procedures [27].
Exercises were box squat, bench press, hip thruster, split squat, weighted pull-ups and
over-head press. The 1 RM values permitted to calculate the loads to use during the ex-
perimental resistance exercises. Moreover, volunteers were familiarized with the training
modalities applied during the subsequent experimental sessions.
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Figure 1. Study flowchart.

After familiarization, volunteers performed three experimental sessions randomly
presented and interspersed by seven days. Each experimental session lasted an entire
day (Figure 2). The three experimental conditions were: (1) concurrent training composed
of an aerobic session performed on an ergocycle and followed by a resistance exercise
session (CYCLE); (2) concurrent training composed of a running aerobic session followed
by a resistance exercise session (RUN); (3) a control condition only composed of a single
resistance exercise session (CONTROL). Aerobic sessions during CYCLE and RUN were
always performed in the morning. The resistance exercise session started 4 h after the end
of the aerobic training session as per previous study [14]. Measurements were conducted
during the aerobic and resistance sessions as well as the following two days (see below).
During the experimental days, meals (breakfast, lunch and dinner) were standardized to
avoid any confounding effect.
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Figure 2. Schematic representation of the three experimental sessions. CYCLE and RUN are con-
current training conditions composed of a cycling or running aerobic session using a sprint interval
exercise followed by a resistance exercise training session. The CONTROL condition only included
the same resistance training session.
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2.3. Training Procedures

Sprint interval exercises: Participants started with a standardized warm-up. It con-
sisted in 5 min of hip mobility exercises followed by dynamic stretches on the lower limb,
lunges, hip thrusters, calf raises and athletic drills. Participants then performed a sprint
interval exercise that consisted in 3 sets of 6 maximal efforts of 6 s interspersed with 24 s of
passive recovery, as per the previous study [28]. Two minutes rest were conducted between
each set. According to the randomization, volunteers completed this session either on an
ergocycle (Wattbike Pro, Nottingham, UK) or while running on an artificial turf for CYCLE
or RUN, respectively. During CYCLE, the ergocycle was calibrated using the air flow brake
at level 8 and the magnetically resistance on level 2. The peak power during each sprint
was measured. During RUN, participants wore a Global Positioning System (GPS) unit
capturing data at 16 Hz (Catapult OptimEye S7, Melbourne, Australia). GPS units were
located between the scapulae in a customized pocket placed in volunteers’ shirt. They
were used to measure the peak speed achieved in each sprint. To limit potential inter-unit
variability, each player wore the same unit for the total duration of the study. Fatigue
within the aerobic session was evaluated as the percentage changes of the averaged peak
power (CYCLE) and peak speed (RUN) between the first and last set.

Resistance exercise session: Participants started with a standardized warm-up. It
included dynamic full body stretches and 3 sets of 3 repetitions on box squat and bench
press at 50%, 70% and 80% of their 1 RM. Then, participants performed 4 counter movement
jumps (CM]Js) with a broomstick placed behind the neck to limit potential arm swings. The
average vertical jump height was measured using a GymAware linear encoder (GymAware
Power Tool, kinetic Performance Technologies, Canberra, Australia). Subsequently, partici-
pants completed the resistance exercise session. Players performed 4 sets of 6 maximum
repetitions (6 RM) on the box squat then on the bench press. Each set included the main
exercises (squat box or bench press) directly followed by 2 complementary exercises (hip
thruster and split squat or weighted pull-ups and over-head press exercises). The lower
body was always trained first and was followed by the upper body. Two minutes passive
rest was allowed between sets. Three minutes of rest was allowed between the lower and
upper body. For each repetition, participants were instructed to move the load as fast as
possible during the concentric phase of the movement. The concentric peak velocity (PV;
m.s~!) and concentric mean velocity (MV; m.s~!) were measured during each repetition
of the box squat and bench press using the GymAware system. The averaged PV and MV
during the whole resistance exercise session were calculated. Moreover, fatigue within the
resistance exercise session was evaluated as the relative changes of the averaged PV and
MYV between the first and last set.

2.4. Subjective Outcomes

The rate of perceived exertion (RPE) was evaluated using a 10-point scale (10 being the
greatest perceived exertion). Data were collected into GoogleForm®© 30 min after each aero-
bic and resistance training session. Participants also had to rate their subjective wellbeing
the next two days (D + 1, D + 2). A 6-item questionnaire adapted from Mclean et al. [29]
was used to rate sleep, nervousness, fatigue, muscle soreness, palpation soreness and down-
stairs soreness on a 5-point Likert scale. Each item was rated from 1 to 5 (5 corresponding
to a good sleep, low nervous nervousness, low fatigue and low soreness). The overall
wellbeing was assessed by summing all 6 scores. A high score corresponded to a good state
of wellbeing. Subjects completed the questionnaire on their own in order to prevent any
influence from other players [30].

2.5. Statistical Analyses

Data are presented as mean values + standard deviation. The aerobic session was
tested using a student ¢-test for RPE and percentage changes of peak power and peak
velocity between the first and last set during CYCLE and RUN, respectively. Vertical
jump height, averaged MV and PV during the whole session, relative MV and PV changes
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throughout the session and RPE after the resistance exercise session were analyzed using
a one-way analysis of variances (ANOVA). The condition (CYCLE vs. RUN vs. CONTROL)
was used as repeated measures. The averaged MV and PV during the first and last series
were also tested using a two-way ANOVA (condition x time). Time corresponded to
the comparison between the first and last series. A two-way (condition x time) ANOVA
was also conducted for the 6-item questionnaire. In that case, time corresponded to
D + 1 and D + 2. In case of significant main effects or interactions, post hoc analyses
with Bonferroni corrections were conducted. The statistical significance was accepted
for p < 0.05. The assumptions for repeated-measures ANOVA (sphericity and normal
distribution) were tested using Mauchly and Shapiro-Wilk tests. The effect sizes were
calculated for all analyses. Partial-eta-squared (pn?) were calculated from ANOVA results,
with values of 0.01, 0.06 and above 0.14 representing small, medium and large differences,
respectively. Subsequently, qualitative descriptors of standardized effects were used for
pairwise comparisons with Cohen’s d < 0.5, 0.5-1.2 and >1.2, representing small, medium
and large magnitudes of change, respectively [31]. Statistics were conducted using JASP
(Ver 0.13, JASP Team (2020), University of Amsterdam, Amsterdam, The Netherlands).

3. Results

A 15.8 £ 8.6% and 6.6 = 5.2% decrease in peak power and peak velocity was obtained
during cycling and running aerobic exercises, respectively. This fatigue was significantly
more pronounced during cycling as compared with running (Table 1). At the end of the
two aerobic sessions, similar RPE values were obtained (7.5 & 1.0 and 7.7 & 1.2 after cycling
and running, respectively).

Table 1. Results of the t-tests and ANOVA for all outcomes during the endurance and strength sessions.

Condition Factor Time Factor Condition x Time
Session/Exercise Variable
p-Value d/pn®>  p-Value pn? p-Value pn?
Endurance RPE at the end of the session 0.519 —0.131 - - - -
session % change peak power vs. peak velocity <0.001 * 0.789 - - - -
MYV during the whole session 0.308 0.048 - - - -
MYV during the first and last series 0.088 0.096 0.012 * 0.234 0.336 0.044
Box squat % change of the MV 0.334 0.045 - - - -
velocity PV during the whole session 0.494 0.029 - - - -
PV during the first and last series 0.274 0.052 0.012 * 0.236 0.626 0.019
% change of the PV 0.615 0.020 - - - -
MYV during the whole session 0.436 0.034 - - - -
MYV during the first and last series 0.716 0.014 0.001 * 0.368 0.758 0.012
Bench press % change of the MV 0.877 0.05 - - - -
velocity PV during the whole session 0.658 0.017 - - - -
PV during the first and last series 0.598 0.021 <0.001 * 0.457 0.720 0.014
% change of the PV 0.971 0.001 - - - -
Resistance Vertical jump height before the session 0.089 0.096 - - - -
exercise session RPE at the end of the session 0.038 * 0.127 - - - -

MV—mean velocity; PV—peak velocity; RPE—rate of perceived exertion. p-values and effect sizes (d or pn?) are
shown. *—significant main effects or interactions (p < 0.05).

Vertical jump heights measured before the resistance exercise sessions were not differ-
ent between conditions (Table 1). The averaged values of MV and PV during the whole
resistance exercise session were not significantly different between conditions for both the
box squat and bench press (Table 1). When considering MV and PV during the first and
last sets, the ANOVA revealed a significant main time effect during both the box squat and
bench press exercises (Table 1). No main condition effect or interaction (condition x time)
was obtained (see Table 1 and Figure 3). For box squat, post hoc analyses revealed that
PV and MV significantly decreased during the resistance exercise session (—5.0 £ 9.9%,
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p=0.012,d = 0.545 and —5.5 + 11.4%, p = 0.012, d = 0.542, respectively) (Figure 4). For
bench press, post hoc analyses revealed that PV and MV significantly decreased during the
resistance exercise session (—9.3 & 13.3%, p = 0.001, d = 0.748 and —13.5 & 15.9%, p < 0.001,
d = 0.900, respectively) (Figure 4). These percentage changes were not different between

conditions (Table 1).

CYCLE

OMean Velocity B Peak Velocity
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CONTROL RUN CYCLE | CONTROL RUN
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Figure 3. Mean velocity and peak velocity during the three experimental conditions on the bench

press and squat box exercises. Values represented the averaged velocities during the whole resistance

exercise session + standard deviation. No significant differences were observed between conditions.
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Figure 4. Mean velocity and peak velocity between the first (Set 1) and the last set (Set 4) of the
three experimental conditions for the bench press and squat box exercises. *—significant differences
between the first and last set for the two exercises and for both the mean and peak velocities (p < 0.05).
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RPE values measured at the end of the resistance exercise session were significantly dif-
ferent between conditions (Table 1). Post hoc analyses revealed that RPE was significantly
lower (p = 0.042, d = 0.510) following the CONTROL condition (6.7 £ 1.5) as compared
with RUN (7.7 &+ 1.1). RPE following the resistance exercise session in the CYCLE con-
dition (7.4 £+ 1.1) was not different than CONTROL or RUN (p = 0.131, d = 0.196 and
p =1.000, d = 0.133, respectively). Of the volunteers, 20 and 18 out of 25 had lower RPE in
the CONTROL condition as compared with RUN and CYCLE, respectively. The 6-item
questionnaire presented on D + 1 and D + 2 revealed a main condition effect for the overall
score, fatigue and overall soreness (Table 2). A main time factor effect was obtained for
fatigue and overall soreness. No condition x time interaction was observed. Briefly, the
overall score was significantly lower in the RUN condition as compared with CYCLE and
CONTROL (p =0.002, d = 0.744 and p < 0.001, d = 1.037, respectively), without any differ-
ence between CYCLE and CONTROL (p = 0.446, d = 0.294). Similar effects were observed
for muscle soreness, soreness at palpation and downstairs soreness. In contrast, fatigue was
significantly greater (low score) in RUN as compared with CONTROL (p = 0.015, d = 0.589),
without any difference between CYCLE and RUN, and between CYCLE and CONTROL
(p = 0.400, d = 0.305 and p = 0.488, d = 0.283, respectively) (Table 3). Post hoc analyses
conducted on the time effect revealed that fatigue and muscle, palpation and downstairs
soreness recovered between D + 1 and D + 2 (p < 0.001, d = 0.886; p < 0.001, d = 0.985;
p=0.015,d =0.528 and p = 0.002, d = 0.677, respectively).

Table 2. Results of the ANOVA for the wellbeing questionnaire.

Condition Factor Time Factor Condition x Time

Variable
p-Value pn? p-Value pn? p-Value pn?
Overall score <0.001 * 0.373 0.100 0.109 0.984 0.000
Sleep 0.369 0.041 0.913 0.000 0.957 0.002
Nervousness 0.445 0.033 0.252 0.054 0.978 0.000
Fatigue 0.019 * 0.153 <0.001 * 0.450 0.741 0.012
Muscle soreness 0.006 * 0.190 0.001 * 0.503 0.892 0.005
Palpation soreness 0.008 * 0.180 0.015* 0.222 0.704 0.015
Downstairs soreness 0.003 * 0.218 0.002 * 0.323 0.213 0.062

p-values and effect sizes (pnz) are shown. *—significant main effects or interactions (p < 0.05).

Table 3. Results from the 6-item wellbeing questionnaire.

ies . Muscle Palpations DownStairs Overall

Days Conditions Sleep Nervous Fatigue € Soreness € Soreness € Soreness € Score
CYCLE 39+08 35+0.8 27+1.0 27+1.0 35+0.8 3.7+0.8 20.1 +3.9
D+1 RUN 39+1.0 3.6 £09 25+09% 214+11* 29+08* 30+£09* 179 4+41*
CONTROL 41+0.8 3.7+£08 3.1+£09 29+1.1 35+0.8 3.7+ 0.8 21.1 £ 3.6
CYCLE 4.0+ 0.6 3.6 +1.0 32+1.0 32+1.1 3.7+09 39+0.8 21.7 +£4.0
D+2 RUN 39+1.1 34+09 29+1.0% 25+11* 33+£08* 35+13* 194 +40*
CONTROL 41+0.8 3.7+£08 34+1.0 33412 37+1.0 42 4+0.8 225+ 4.6

Mean values + standard deviation. D + 1 and D + 2 are results obtained 24 h and 48 h after the end of the
experimental sessions. *—Significantly different with CYCLE and CONTROL (p < 0.05). $—Significantly different
with CONTROL (p < 0.05). €—Significant differences between D + 1 and D + 2 (p < 0.05).

4. Discussion

The aim of the present study was to assess the acute effects of sprint interval cycling
or running on subsequent upper and lower body strength capacities in the context of
concurrent training. It was hypothesized that running sprint interval exercise would impair
strength at a greater extent than cycling sprint interval exercise. The findings of this study
partially confirmed this hypothesis. Indeed, the modality of the aerobic exercise had no
impact on strength capacities during the resistance exercise session. However, concurrent
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training with a running aerobic exercise produced greater subjective fatigue and soreness
as compared with a concurrent training associated with a cycling aerobic exercise.

The main result of the present study was that the overall strength capacities were
similar between our three experimental sessions. It suggested that during concurrent
training the use of sprint interval training (either while running or cycling) has no impact
on the subsequent resistance exercise session. This conclusion was firstly witnessed by
the vertical jump heights. During our concurrent training, four hours rest were permitted
between the aerobic and resistance exercise sessions. Because vertical jumps were similar
at the onset of all resistance exercise sessions (also similar than the control condition), it
seems that the delay was enough to alleviate the likely fatigue resulting from the aerobic
exercises. Secondly, our conclusion was endorsed by the similar mean and peak velocities
registered during the whole resistance exercise session as well as similar fatigue measured
throughout the session for the three experimental conditions. Slightly longer recovery
delays were previously recommended between two training sessions in order to mini-
mize the negative effect of neuromuscular fatigue on the subsequent resistance exercise
sessions [14,32]. However, in a recent study, authors concluded that fatigue was not exacer-
bated when a resistance exercise session was performed only one hour after an intermittent
sprint running exercise [33]. Accordingly, during concurrent training using high-intensity
interval training, short rest durations (at least four hours as programmed here) could be
proposed between aerobic and resistance exercise sessions without any detrimental fatigue.
Moreover, performing cycling or running aerobic exercise with the present sprint interval
exercise design has no mechanical impact on a subsequent resistance training session when
individuals train twice a day.

The minimal delay between aerobic and resistance exercise sessions should be further
explored. Beside some authors suggested one hour was enough between sessions [33],
this conclusion could not be generalized. Indeed, although the time course of fatigue
was not explored here, it seems reasonable to argue that cycling or running exercises
would have produce different acute fatigue. Our results confirmed this hypothesis since
a greater fatigue was obtained during cycling aerobic training session as compared with
running. Such finding is in general accordance with the literature [28,34]. For instance, some
authors [28] investigated the effects of repeated sprint ability (5 x 6 s sprints) while cycling
or running. A larger decrease in sprint performance was obtained across the procedure after
cycling than running. The difference between the two modes of locomotion during these
sprint exercises was attributed to the larger fractional duration of the external force during
cycling. Indeed, the duty cycle (fraction of the total sprint time that involves external force
application by a single limb to the pedal or ground) is twice greater (0.50 vs. 0.24) while
cycling than running and therefore impact fatigue time course [35].

In contrast to the different mechanical fatigue registered during the two modes of
locomotion, volunteers reported similar RPE values after cycling or running sprint exercises.
This result disagrees with previous studies [28,35]. Greater RPE values were generally
obtained following repeated cycling sprints. The conflicting result we obtained could be
attributed to the procedure used (three times more sprints in our study) or to the training
status of the volunteers under investigation. Indeed, regularly trained and competitive
volunteers were considered in our study, while moderately trained individuals were
evaluated by Rampinini et al. [28]. It can be speculated that, for well-trained individuals,
perception of effort was not dependent on the mode of locomotion but was mostly affected
by the type of effort.

As previously concluded, sprint interval training sessions, whether performed using
a cycling or running locomotion mode, has no mechanical impact on a subsequent resis-
tance training session. This conclusion is in contradiction with our a priori hypothesis but
in accordance with recent published papers [36,37]. Indeed, cycling and running differ with
respect to muscle contraction types. Considering stretch-shortening cycle during running
exercises (with a prevalent eccentric component as compared with the purely concentric
cycling actions), larger influences during the resistance exercise session were expected.
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Indeed, it is well known that the physiological demands, mechanical and recruitment
pattern of the motor units diverge between concentric and eccentric conditions [38-40].
Moreover, a running aerobic session that involve significant eccentric loading would induce
greater muscle strain, fatigue and soreness than following concentric contractions [41-43].
The so-obtained fatigue and potential concomitant muscle damage would influence force
output several hours after the exercise [44,45]. Interestingly, beside a lack of difference for
mechanical output between our three experimental conditions, perception revealed some
effects that could have large impact for athletes. RPE after the resistance exercise session
and the overall wellbeing score or soreness the following days were negatively impacted in
the running condition (as compared with both cycling and control conditions). Running
might therefore negatively influence physical or technical training that could be performed
during the subsequent days. This is potentially due to the different kinetics of subjective
ratings and especially perceived soreness compared with performance outcomes and/or
inflammatory markers [46]. These lower subjective ratings following running concurrent
training are in accordance with our initial hypothesis. They are consistent with the likely
larger damage induced by running than cycling. Running aerobic sprint interval training
session would therefore be less efficient during concurrent training. Such conclusion must
be considered by coaches when programming their training week by taking into account
the likely physiological and perceptual lag induced by a running session.

5. Limitations

Some limitations such as the lack of information related to the etiology of fatigue (i.e.,
peripheral vs. central) and muscle damage should be acknowledged. Measuring the time
course of the neuromuscular fatigue would have shed some light on the complexity of
concurrent training responses. Moreover, heart rate monitoring during endurance sessions
could have brought more insights into players internal load during both running and
cycling conditions. Finally, only one format of exercise (repeated sprint) was used in the
present study. Considering the likely differences in energy supply, it is possible that another
form of sprint interval exercise would lead to different conclusions. Future studies should
assess the acute effects of different sprint interval exercise format and their respective
neuromuscular fatigue responses on a subsequent resistance training session.

6. Conclusions

The present study revealed that during concurrent training, the exercise modality
(running vs. cycling) during the sprint interval exercise (When performed first) has no effect
on mechanical output during the subsequent resistance exercise session but has an influence
on subjective ratings. Performing cycling aerobic exercises seemed preferable when training
should be repeated (for example during pre-season periodization). Moreover, our results
highlighted that training sessions could be performed with a short delay between aerobic
and resistance exercise sessions. Future studies should be conducted to evaluate the chronic
effects of these different modalities on the neuromuscular system.

Author Contributions: B.M,, J.R,, ].P. and N.B. participated in the study design. B.M. and N.B.
performed the data analysis, interpretation of the results, statistical analyses and produced the first
draft of the present manuscript. B.M., J.R,, J.P. and N.B. contributed to data collection and to the
manuscript revisions. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Helsinki
Declaration without any deviation from the protocol approved by the ethics committee for the study
was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Re-
view Board (or Ethics Committee) of sport sciences research (CERSTAPS, IRB00012476-2020-30-11-74).

Informed Consent Statement: Written informed consent has been obtained from participants to
publish this paper.



Sports 2022, 10, 75 10 of 11

Data Availability Statement: The authors declare that the dataset is available on request.
Acknowledgments: The authors would like to thank all the participants who took part to the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hickson, R.C. Physiology interference of strength development by simultaneously training for strength and endurance. Eur. J.
Appl. Physiol. 1980, 45, 255-263. [CrossRef] [PubMed]

2. Costill, D.L.; Coyle, E.F,; Fink, W.E; Lesmes, G.R.; Witzmann, F.A. Adaptations in skeletal muscle following strength training.
J. Appl. Physiol. 1979, 46, 96-99. [CrossRef] [PubMed]

3. Panissa, V.; Greco, C.; Ribeiro, N.; Julio, U.E,; Tricoli, V.; Franchini, E. Concurrent training and the acute interference effect on
strength. Strength Cond. J. 2021. [CrossRef]

4. Holloszy, J.O.; Coyle, E.F. Adaptations of skeletal muscle to endurance exercise and their metabolic consequences. J. Appl. Physiol.
1984, 56, 831-838. [CrossRef] [PubMed]

5. Dudley, G.A.; Djamil, R. Incompatibility of endurance- and strength-training modes of exercise. J. Appl. Physiol. 1985, 59, 1446-1451.
[CrossRef]

6. Ratamess, N.A.; Kang, J.; Porfido, TM.; Ismaili, C.P; Selamie, S.N.; Williams, B.D.; Kuper, ].D.; Faigenbaum, A.D. Acute Resistance
Exercise Performance Is Negatively Impacted by Prior Aerobic Endurance Exercise. J. Strength Cond. Res. 2016, 26, 1817-1826.
[CrossRef]

7. Reed, ].P; Schilling, B.K.; Murlasits, Z. Acute neuromuscular and metabolic responses to concurrent endurance and resistance
exercise. J. Strength Cond. Res. 2013, 27, 793-801. [CrossRef]

8.  Tan,].G.; Coburn, JJW,; Brown, L.E.; Judelson, D.A. Effects of a single bout of lower-body aerobic exercise on muscle activation and
performance during subsequent lower- and upper-body resistance exercise workouts. J. Strength Cond. Res. 2014, 28, 1235-1240.
[CrossRef]

9. Sale, D.G.; Jacobs, I.; Macdougall, ].D.; Garner, S. Comparison of Two Regimens of Concurrent Strength and Endurance Training.
Med. Sci. Sports Exerc. 1990, 22, 348-356. [CrossRef]

10. Craig, B.W,; Lucas, J.; Pohlman, R.; Stelling, H. The effects of running, weightlifting and a combination of both on growth
hormone release. J. Strength Cond. Res. 1991, 5, 198-203. [CrossRef]

11. Chtara, M.; Chaouachi, A.; Levin, G.T.; Chaouachi, M.; Chamari, K.; Amri, M.; Laursen, P.B. Effect of concurrent endurance and
circuit resistance training sequence on muscular strength and power development. J. Strength Cond. Res. 2008, 22, 1037-1045.
[CrossRef] [PubMed]

12.  Fyfe,].J.; Bishop, D.J.; Stepto, N.K. Interference between concurrent resistance and endurance exercise: Molecular bases and the
role of individual training variables. Sports Med. 2014, 44, 743-762. [CrossRef] [PubMed]

13. Eddens, L.; van Someren, K.; Howatson, G. The Role of Intra-Session Exercise Sequence in the Interference Effect: A Systematic
Review with Meta-Analysis. Sports Med. 2018, 48, 177-188. [CrossRef] [PubMed]

14. Robineau, J.; Babault, N.; Piscione, J.; Lacome, M.; Bigard, X. Specific Training Effects of Concurrent Aerobic and Strength
Exercises Depend on Recovery Duration. J. Strength Cond. Res. 2016, 30, 672-683. [CrossRef] [PubMed]

15. Ballantyne, ]. The Effect of Exercise Order on Same Day Concurrent Training: Implications for the Development of Maximal Strength,
Power, Force and Changes in Body Composition in Recreationally Trained Men Following 5 Weeks of a Concurrent versus Resistance-Only
Training Program; College of Sport and Exercise Science, Victoria University: Melbourne, Australia, 2017. [CrossRef]

16. Cantrell, G.S.; Schilling, B.K.; Paquette, M.R.; Murlasits, Z. Maximal Strength, Power, and Aerobic Endurance Adaptations to
Concurrent Strength and Sprint Interval Training. Eur. J. Appl. Physiol. 2014, 114, 763-771. [CrossRef]

17. Wilson, ].M.; Marin, PJ.; Rhea, M.R.; Wilson, S.M.C.; Loenneke, ]J.P.; Anderson, J.C. Concurrent training: A meta-analysis
examining interference of aerobic and resistance exercises. J. Strength Cond. Res. 2012, 26, 2293-2307. [CrossRef]

18.  Abernethy, PJ.; Quigley, B.M. Concurrent strength and endurance training of the elbow extensors. J. Strength Cond. Res. 1993, 7, 234-240.
[CrossRef]

19. Bentley, D.J.; Smith, P.A; Davie, A.J.; Zhou, S. Muscle activation of the knee extensors following high intensity endurance exercise
in cyclists. Eur. J. Appl. Physiol. 2000, 81, 297-302. [CrossRef]

20. Sporer, B.C.; Wenger, H.A. Effects of aerobic exercise on strength performance following various periods of recovery. J. Strength
Cond. Res. 2003, 17, 638—644. [CrossRef]

21. De Souza, E.; Franchini, E.; Paulo, A.C.; Regazzini, M.; Ugrinowitsch, C. Acute effect of two aerobic exercise modes on maximum
strength and strength endurance. . Strength Cond. Res. 2007, 21, 1286-1290. [CrossRef]

22. Robineau, J.; Lacome, M.; Piscione, J.; Bigard, X.; Babault, N. Concurrent training in rugby sevens: Effects of high-intensity
interval exercises. Int. |. Sports Physiol. Perform. 2017, 12, 336-344. [CrossRef] [PubMed]

23. Millet, G.Y,; Lepers, R. Alterations of neuromuscular function after prolonged running, cycling and skiing exercises. Sports Med.
2004, 34, 105-116. [CrossRef] [PubMed]

24. Lepers, R.; Hausswirth, C.; Maffiuletti, N.; Brisswalter, J.; Van Hoecke, J. Evidence of neuromuscular fatigue after prolonged
cycling exercise. Med. Sci. Sports Exerc. 2000, 32, 1880-1886. [CrossRef] [PubMed]


http://doi.org/10.1007/BF00421333
http://www.ncbi.nlm.nih.gov/pubmed/7193134
http://doi.org/10.1152/jappl.1979.46.1.96
http://www.ncbi.nlm.nih.gov/pubmed/37209
http://doi.org/10.1519/SSC.0000000000000668
http://doi.org/10.1152/jappl.1984.56.4.831
http://www.ncbi.nlm.nih.gov/pubmed/6373687
http://doi.org/10.1152/jappl.1985.59.5.1446
http://doi.org/10.1519/JSC.0b013e31825bb492
http://doi.org/10.1519/JSC.0b013e31825c2d3e
http://doi.org/10.1519/JSC.0000000000000413
http://doi.org/10.1249/00005768-199006000-00012
http://doi.org/10.1519/00124278-199111000-00005
http://doi.org/10.1519/JSC.0b013e31816a4419
http://www.ncbi.nlm.nih.gov/pubmed/18545210
http://doi.org/10.1007/s40279-014-0162-1
http://www.ncbi.nlm.nih.gov/pubmed/24728927
http://doi.org/10.1007/s40279-017-0784-1
http://www.ncbi.nlm.nih.gov/pubmed/28917030
http://doi.org/10.1519/JSC.0000000000000798
http://www.ncbi.nlm.nih.gov/pubmed/25546450
http://doi.org/10.13140/RG.2.2.12457.29286
http://doi.org/10.1007/s00421-013-2811-8
http://doi.org/10.1519/JSC.0b013e31823a3e2d
http://doi.org/10.1519/00124278-199311000-00008
http://doi.org/10.1007/s004210050046
http://doi.org/10.1519/1533-4287(2003)0172.0.CO;2
http://doi.org/10.1519/R-20686.1
http://doi.org/10.1123/ijspp.2015-0370
http://www.ncbi.nlm.nih.gov/pubmed/27294374
http://doi.org/10.2165/00007256-200434020-00004
http://www.ncbi.nlm.nih.gov/pubmed/14965189
http://doi.org/10.1097/00005768-200011000-00010
http://www.ncbi.nlm.nih.gov/pubmed/11079517

Sports 2022, 10, 75 11 of 11

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

Bijker, K.; de Groot, G.; Hollander, A. Differences in leg muscle activity during running and cycling in humans. Eur. J. Appl. Physiol. 2002,
87,556-561. [CrossRef] [PubMed]

Pageaux, B.; Lepers, R. Fatigue induced by physical and mental exertion increases perception of effort and impairs subsequent
endurance performance. Front. Physiol. 2016, 29, 7-587. [CrossRef] [PubMed]

Mcguigan, M.R.; Cormack, S.J.; Gill, N.D. Strength and power profiling of athletes: Selecting tests and how to use the information
for program design. Strength Cond. J. 2013, 35, 7-14. [CrossRef]

Rampinini, E.; Connolly, D.R.; Ferioli, D.; La Torre, A.; Alberti, G.; Bosio, A. Peripheral neuromuscular fatigue induced by
repeated-sprint exercise: Cycling vs. running. J. Sports Med. Phys. Fitness 2014, 56, 49-59.

McLean, B.; Coutts, A.; Kelly, V.; McGuigan, M.; Cormack, S. Neuromuscular, endocrine, and perceptual fatigue responses during
different length between-match microcycles in professional rugby league players. Int. J. Sports Physiol. Perform. 2010, 5, 367-383.
[CrossRef]

Twist, C.; Waldron, M.; Highton, J.; Burt, D.; Daniels, M. Neuromuscular, biochemical and perceptual post-match fatigue in
professional rugby league forwards and backs. J. Sports Sci. 2012, 30, 359-367. [CrossRef]

Cohen, ].; Hillsdale, L. Statistical Power Analysis for the Behavioural Sciences, 2nd ed.; Lawrence Erlbaum Associates: New York, NY, USA, 1988.
[CrossRef]

Murach, K.A.; Bagley, ].R. Skeletal muscle hypertrophy with concurrent exercise training: Contrary evidence for an interference
effect. Sports Med. 2016, 46, 1029-1039. [CrossRef]

Cross, R.; Lovell, R.; Marshall, PW.,; Siegler, ]. Acute neuromuscular response to team sports—specific running, resistance, and
concurrent training. Med. Sci. Sports Exerc. 2022, 54, 456-465. [CrossRef] [PubMed]

Bishop, D.J. Fatigue during intermittent-sprint exercise. Clin. Exp. Pharmacol. Physiol. 2012, 39, 9-15. [CrossRef] [PubMed]
Bundle, M.W.; Weyand, P.G. Sprint exercise performance: Does metabolic power matter? Exerc. Sport Sci. Rev. 2012, 40, 174-182.
[CrossRef] [PubMed]

Petré, H.; Hemmingsson, E.; Rosdahl, H.; Psilander, N. Development of maximal dynamic strength during concurrent resistance
and endurance training in untrained, moderately trained, and trained individuals: A systematic review and meta-analysis.
Sports Med. 2021, 51, 991-1010. [CrossRef] [PubMed]

Murlasits, Z.; Kneffel, Z.; Thalib, L. The physiological effects of concurrent strength and endurance training sequence:
A systematic review and meta-analysis. ]. Sports Sci. 2018, 36, 1212-1219. [CrossRef]

Grabiner, M.; Owings, T. EMG Differences between concentric and eccentric maximum voluntary contractions are evident prior
to movement onset. Exp. Brain Res. 2002, 145, 505-511. [CrossRef]

Babault, N.; Pousson, M.; Ballay, Y.; Van Hoecke, J. Activation of human quadriceps femoris during isometric, concentric, and
eccentric contractions. J. Appl. Physiol. 2001, 91, 2628-2634. [CrossRef]

Newham, D.]J.; McPhail, G.; Mills, K.R.; Edwards, R.H.T. Ultrastructural changes after concentric and eccentric contractions of
human muscle. J. Neurol. Sci. 1983, 61, 109-122. [CrossRef]

Gergley, ].C. Comparison of two lower-body modes of endurance training on lower-body strength development while concurrently
training. J. Strength Cond. Res. 2009, 23, 979-987. [CrossRef]

Panissa, V.L.G.; Tricoli, V.A.A.; Julio, U.F,; Ribeiro, N.; De Azevedo Neto, RM.A.; Carmo, E.C.; Franchini, E. Acute effect of
high-intensity aerobic exercise performed on treadmill and cycle ergometer on strength performance. J. Strength Cond. Res. 2015,
29, 1077-1082. [CrossRef]

Tsitkanou, S.; Spengos, K.; Stasinaki, A.N.; Zaras, N.; Bogdanis, G.; Papadimas, G.; Terzis, G. Effects of high-intensity interval
cycling performed after resistance training on muscle strength and hypertrophy. Scand. J. Med. Sci. Sport. 2017, 27, 1317-1327.
[CrossRef] [PubMed]

Clarkson, PM.; Tremblay, I. Exercise-Induced muscle damage, repair, and adaptation in humans. J. Appl. Physiol. 1988, 65, 16.
[CrossRef] [PubMed]

Clarkson, PM. Eccentric exercise and muscle damage. Int. J. Sports Med. 1997, 18, S314-S317. [CrossRef] [PubMed]

Skorski, S.; Mujika, I.; Bosquet, L.; Meeusen, R.; Coutts, A.; Meyer, T. The temporal relationship between exercise, recovery
processes and changes in performance. Int. J. Sports Physiol. Perform. 2019, 14, 156-162. [CrossRef] [PubMed]


http://doi.org/10.1007/s00421-002-0663-8
http://www.ncbi.nlm.nih.gov/pubmed/12355196
http://doi.org/10.3389/fphys.2016.00587
http://www.ncbi.nlm.nih.gov/pubmed/27965592
http://doi.org/10.1519/SSC.0000000000000011
http://doi.org/10.1123/ijspp.5.3.367
http://doi.org/10.1080/02640414.2011.640707
http://doi.org/10.4324/9780203771587
http://doi.org/10.1007/s40279-016-0496-y
http://doi.org/10.1249/MSS.0000000000002804
http://www.ncbi.nlm.nih.gov/pubmed/34652335
http://doi.org/10.1111/j.1440-1681.2012.05735.x
http://www.ncbi.nlm.nih.gov/pubmed/22765227
http://doi.org/10.1097/JES.0b013e318258e1c1
http://www.ncbi.nlm.nih.gov/pubmed/22732427
http://doi.org/10.1007/s40279-021-01426-9
http://www.ncbi.nlm.nih.gov/pubmed/33751469
http://doi.org/10.1080/02640414.2017.1364405
http://doi.org/10.1007/s00221-002-1129-2
http://doi.org/10.1152/jappl.2001.91.6.2628
http://doi.org/10.1016/0022-510X(83)90058-8
http://doi.org/10.1519/JSC.0b013e3181a0629d
http://doi.org/10.1519/JSC.0000000000000706
http://doi.org/10.1111/sms.12751
http://www.ncbi.nlm.nih.gov/pubmed/27659479
http://doi.org/10.1152/jappl.1988.65.1.1
http://www.ncbi.nlm.nih.gov/pubmed/3403453
http://doi.org/10.1055/s-2007-972741
http://www.ncbi.nlm.nih.gov/pubmed/9391847
http://doi.org/10.1123/ijspp.2018-0668
http://www.ncbi.nlm.nih.gov/pubmed/31172832

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Design 
	Training Procedures 
	Subjective Outcomes 
	Statistical Analyses 

	Results 
	Discussion 
	Limitations 
	Conclusions 
	References

