
Journal of Science and Medicine in Sport xxx (xxxx) xxx–xxx

JSAMS-02814; No of Pages 11

Contents lists available at ScienceDirect

Journal of Science and Medicine in Sport

j ourna l homepage: www.e lsev ie r .com/ locate / j sams
Original research
Brain Endurance Training improves endurance and cognitive
performance in road cyclists
Walter Staiano a,b,⁎, Samuele Marcora c, Marco Romagnoli a, Ulrich Kirk b, Christopher Ring d

a Department of Physical Education and Sport, University of Valencia, Spain
b Department of Psychology, Biological and Cognitive Psychology, University of Southern Denmark, Denmark
c Department of Biomedical and NeuroMotor Sciences (DiBiNeM), University of Bologna, Italy
d School of Sport, Exercise & Rehabilitation Sciences, University of Birmingham, UK
⁎ Corresponding author.
E-mail address: walterstaiano@gmail.com (W. Staiano

https://doi.org/10.1016/j.jsams.2023.05.008
1440-2440/© 2023 The Authors. Published by Elsevier Lt
licenses/by/4.0/).

Please cite this article as:W. Staiano, S.Marco
road cyclists, Journal of Science and Medicin
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 16 June 2022
Received in revised form 29 March 2023
Accepted 17 May 2023
Available online xxxx
Objectives: To evaluate the effects of brain endurance training (BET) on endurance and cognitive performance in
road cyclists.
Design: Two independent randomized controlled pretest–posttest training studies.
Methods: In both studies cyclists trained five times/week for six weeks and completed either cognitive response
inhibition tasks (Post-BET group) or listened to neutral sounds (control group) after each training session. In
Study-1, 26 cyclists performed a time to exhaustion (TTE) test at 80 % peak power output (PPO), followed by a
30-min Stroop task, and a TTE test at 65 % PPO. In Study-2, 24 cyclists performed a 5-min time trial, followed
by a 30-min Stroop task, 60-min submaximal incremental test, and a 20-min . Heart rate, lactate, rating of per-
ceived exertion (RPE), Stroop reaction time and accuracy were also measured.
Results:During Study 1, Post-BET improved TTE at 80 % (p= 0.032) and 65 % PPO (p= 0.011) significantlymore
than control with lower RPE (all p < 0.043). In Study 2, 5-min TT performance did not differ between groups.
During the 60-min submaximal incremental test, RPE was lower in the Post-BET group compared to the control
group (p = 0.034) and 20-min TT performance improved significantly more in the Post-BET group than in the
control group (all p < 0.031). No group differences were found in physiological measures. In both studies, Stroop
reaction times improved significantly more in the Post-BET group than in the control group (all p < 0.033).
Conclusions: These findings suggest that Post-BET may be used to improve the performance of road cyclists.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Sports Medicine Australia. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Practical implications

• Our findings suggest that adding a cognitive task at the end of a train-
ing session (Post-BET) is feasible in road cyclists and may enhance
their performance.

• Because its performance-enhancing effects are more evident in a fa-
tigued state, Post-BET may increase the resistance to physical and
mental fatigue in road cyclists.

• Post-BET increases the cognitive load of training without overloading
the cardiorespiratory andmusculoskeletal systems. This effectmay be
useful in the training of injured athletes but it should be taken into ac-
count in the assessment of the overall training load to prevent non-
functional overreaching and overtraining.
).
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1. Introduction

Traditionally training for endurance athletes, including road cyclists,
has focused on improving aerobic capacity, lactate threshold, exercise
economy and other biomechanical and physiological factors thought to
determine endurance performance.1 However, there ismounting exper-
imental evidence that physiological factors, such as muscle fatigue, are
not the sole limiting factors in endurance exercise,2,3 and that percep-
tual, motivational and cognitive factors also play roles.4 It has repeatedly
been demonstrated that mental fatigue, defined as a psychobiological
state caused by prolonged demanding cognitive activities,5 impairs
endurance exercise performance.6,7 Studies confirming the detrimental
effect of mental fatigue on endurance performance also noted its effect
on increasing perceived effort.6,8 These findings are in line with the pro-
posal that perception of effort acts as a central mechanism limiting
endurance exercise performance.3,9

Given this experimental evidence, the next step is to develop and
evaluate specific trainingmethods that target these perceptual, motiva-
tional and cognitive factors. Marcora and colleagues proposed a new
alia. This is an open access article under the CC BY license (http://creativecommons.org/
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trainingmethod, called brain endurance training (BET), which uses sys-
tematic repetitions of fatigue-inducing cognitive tasks alongside physi-
cal training to inoculate against mental fatigue and thereby improve
endurance exercise performance.10 A seminal study showed that the
group performing a cognitive task during endurance training, namely
60-min of moderate intensity cycling exercise performed three times
per week, improved endurance on a cycling time to exhaustion (TTE)
test significantly more than the control group who did not perform
any mentally-fatiguing task during training.10 This BET protocol, called
Concurrent-BET, incorporated progressive overloading of both physical
and mental demands over the course of the 12 weeks of training. As
peak oxygen uptake (V

:

O2peak) improved similarly in both groups, the
improved endurance performance with Concurrent-BET was explained
by brain adaptations to the cognitive overload leading to reduced rat-
ings of perceived exertion (RPE) during the TTE test. The benefit of
Concurrent-BET for endurance performance has since been replicated
by another research group using a rhythmic handgrip exercise task,
which also noted more efficient prefrontal cortex oxygenation during
exercise.11 Collectively, these studies argue for a beneficial effect of
BET on endurance performance when the mentally-fatiguing cognitive
task is performed during exercise. However, adding a concurrent cogni-
tive taskmay not always be practicalwhen training outdoors. Therefore,
other combinations of cognitive and physical training should be investi-
gated. One possibility is to add the demanding cognitive task immedi-
ately after the training session when the athletes are fatigued by the
physical training, which we refer to as Post-BET. A recent study12 dem-
onstrated that four weeks of Post-BET during pre-season training en-
hances the physical, cognitive and multitasking performance of
professional football players. Accordingly, here we evaluated the effi-
cacy of a Post-BET protocol that we developed to accommodate the
needs of cyclists who mostly trained on the road.

The current research protocol comprised two independent studies
and aimed to test the effects of Post-BET on endurance performance as
well as reaction time and accuracy during a cognitive task. Given the po-
tential of BET in reducing fatigability, we decided to test participants in a
fresh and fatigued state by having them perform two maximal cycling
tests in the same testing session.

The two studies assessed endurance performance in two different
ways. Study 1 assessed endurance performance using a TTE test. The
constant power output of a TTE test can help mitigate the potentially
confounding physiological and psychological effects that may arise
fromchanges in self-regulated power output during a TT test. This allows
a more precise determination of the physiological and/or psychological
mechanisms throughwhich the interventionmight affect endurance ex-
ercise performance.13 Study 2 assessed endurance performance using TT
tests. These tests simulate competitive time trialing stages and allowed
us to assess the effect of Post-BET on the self-regulation of power output
(pacing) by exploring differences in pacingpatterns. Given evidence that
competitive level moderates the effect of mental fatigue on endur-
ance exercise performance, with less impairment among highly
trained and professional athletes,14 we explored the effect of Post-
BET on road cyclists of different levels of training and competitive
experience. Moreover, we evaluated two different Post-BET proto-
cols, one in which the cognitive load was progressively increased
by increasing the time spent on a cognitive task with fixed difficulty
(Study 1) and one in which the cognitive load was progressively
increased by increasing the difficulty of a cognitive task with fixed
duration (Study 2).

For both studies, we hypothesized that Post-BET would enhance en-
durance performance and cognitive performance more than traditional
physical training (control), especially in fatigued states. We also hy-
pothesized that any enhancement in endurance performance induced
by BET (far transfer) would be accompanied by a reduced perception
of effort during exercise. Finally, we hypothesized that BETwould trans-
fer and improve cognitive performance in a response inhibition task not
used during training (near transfer).
2

2. Study 1: Methods

A convenient sample of 28male road cyclists [mean± SD, age 29 ±
5 years, height 177±6 cm,weight 70± 9 kg, peak power output (PPO)
348 ± 55 W, V

:

O2peak 64 ± 4 ml·kg−1·min−1, >3 training sessions/
week, >250 km/week, >3 year cycling experience] was recruited. Cy-
clists with injuries or bespoke training plans were excluded from the
study. The cyclists were classified as performance level 2/3 (trained/
highly trained).15 They belonged to two local teams and trained to-
gether. After pre-test, participants were randomly allocated with a 1:1
ratio to the BET or control group. Two participants dropped out during
the training due to injuries so the statistical analysis was carried out
on 26 participants (BET n = 13, control n = 13). Power calculations
using G-Power indicate that with a sample size of 26, our study was
powered at 80 % to detect significant (p < 0.05) between-within inter-
action effects (f = 0.29, ηp2 = 0.08) corresponding to a small-to-
medium effect size by analysis of variance. All cyclists received written
instructions describing the study protocol but were naïve to its aims
and hypotheses. The study was approved by the Ethics Committee for
the Southern Denmark Region in accordance with the Declaration of
Helsinki.

Participants completed four laboratory testing sessions (pretest: 1=
fitness, 2 = performance; posttest: 3 = fitness, 4 = performance) at
similar ambient temperature, humidity, barometric pressure, and time
of day (Fig. 1). The day before and during each testing session, partici-
pants adopted a standardized routine regarding sleep, recovery, meals,
hydration, supplementation and medication. During the fitness testing
sessions, participants completed an incremental cycling test (2-min at
50 W, 35 W increment every 2-min) until volitional exhaustion on an
electromagnetically braked cycle ergometer (High Performance Ergom-
eter, Schoberer Rad MeBtechnik, Germany) to measure V

:

O2peak and
PPO. After, they rested for 30-min, participants were familiarized with
the TTE tests, received instruction about the psychological measures,
such as RPE scale anchoring,16 and practiced the cognitive task.

In theperformance testing sessions, participants ratedmotivation for
the upcoming TTE tests. The first TTE test was a high-intensity constant-
power test comprising a 5-minwarm-up at 40 % PPO followed by a rect-
angular workload at 80 % PPO until volitional exhaustion, with a self-
selected cadence of 60–100 revolutions/min. TTE was measured from
the start of the rectangular workload until cadencewas less than 60 rev-
olutions/min for more than 5 s despite standardized verbal encourage-
ment. Cadence was measured at end of warm-up, each minute during
the TTE test, and at completion of it. Heart rate, lactate and RPEwere ob-
tained during rest, after warm-up, during test, and upon completion.
After a 10-min cool-down on the ergometer, they rested for 20-min,
were given standardized food and water rations, and then completed a
30-min incongruent Stroop color–word task on a desktop computer.14

Their reaction time (ms) and accuracy (% correct responses) were
computed, and they rated task workload using the NASA TLX.17

After a 30-min rest (90-min after first TTE), they completed a second
TTE test comprising a 5-min warm-up at 35 % PPO followed by a rect-
angular workload at 65 % PPO until volitional exhaustion. Measure-
ments were obtained as per the previous TTE and are described in
detail below.

All participants completed 5 training sessions per week (4 cycling, 1
strength and conditioning) for 6 weeks under supervision of a coach,
physical trainer, and researcher. They were instructed to maintain the
prescribed physical training regime without any extra session. Physical
training was designed to maintain physical fitness during the off-
season. Intensity, frequency, duration, and type of physical training
were monitored. Weekly training load was measured by total minutes
spent in five heart rate zones18 and average NASA TLX scores.17

The BET group performed a demanding cognitive task after each
daily physical training session. In the case of a double physical training
session, the demanding cognitive task was performed only after the
second session. The duration of the demanding cognitive task was



Fig. 1. Schematic of the experimental protocol.
Overall view of the experimental protocol. VO2 indicates peak oxygen consumption, PPO indicates peak power output, TTE indicates time to exhaustion test, TT indicates time trial, HR
indicates heart rate, [LA] indicates blood lactate, RPE indicates rating of perceived exertion, NASA TLX indicates National Aeronautic and Space Administration Task Load Index.
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progressively increased from 30-min (weeks 1–2) to 45-min (weeks 3–
4) to 60-min (weeks 5–6). This approach accounted for the possibility of
neural adaptations to the cognitive training, thus ensuring that cogni-
tive load was sustained throughout the training intervention. In each
session, participants performed one of three cognitive tasks – flanker
task, go/no-go task, AX-continuous performance test (CPT) – using
the SOMA-NPT mobile app (SSwitch, Lucerne, Switzerland) on a tablet.
These response inhibition tasks were chosen to elicit mental
fatigue9,19,20 (described in detail in the Supplementary materials) and
were previously used in a similar training study using BET.12 Partici-
pants were instructed to counterbalance cognitive tasks across the
training sessions.

After each daily physical training session, the control group listened
to neutral sounds for 30-min, 45-min, and 60-min per session during
weeks 1–2, 3–4, and 5–6, respectively. They were told the specific
sounds induced relaxation. However, the emotional valence of these
sounds was neutral to avoid any positive or negative psychological
effect.21 This alternative placebo treatment was chosen as a control to
reduce threats to internal validity, like resentful demoralization and
compensatory rivalry, in the participants not allocated to Post-BET. It
has been proven to be effective in previous BET training research.12

Motivation was measured by rating the statement “I am motivated
to perform the test” on a 5-point scale, with anchors of 0 (not at all)
and4 (extremely). Subjectiveworkloadwasmeasured using themental
demand, physical demand, frustration, and effort subscales of the NASA
TLX17 after each training session and Stroop test. Perceived effort was
measured using the 15-point RPE scale22 at the end of warm-up, each
test minute, and exhaustion. Blood lactate concentration (mmol/l)
was determined (Lactate Pro LT-1710, Arkray-Shiga, Japan) from a 5-
μl sample of finger fresh blood at rest, after warm-up, and exhaustion.
Cycling cadence and heart rate (H10, Polar Electro Oy, Finland) were
measured at rest, end of warm-up, each test minute, and exhaustion.

Data are presented as mean ± one standard deviation (SD) unless
otherwise stated. Assumptions of statistical tests for normal distribution
and sphericity of data were checked. A series of mixed analyses of vari-
ance (ANOVAs) were performed, with group (BET, control) as the
between-participant factor and test (pretest, posttest) as a within-
participant factor. In some analyses, an additional within-participant
factor was included, specifically group iso-time in seconds (0, 150,
300, 450, 600 for the TTE 80 %, and 0, 400, 800, 1200, 1600 for the TTE
65 %; where 0 is the final full minute completed of warm-up and 600
3

and 1600 respectively are the minutes of the shortest TTE test
completed23) or training week (1, 2, 3, 4, 5, 6). Analyses on V

:

O2peak

and PPO during the incremental cycling test, and motivation, heart
rate, blood lactate and cadence during the TTE tests are reported in
the Supplementary materials. Significant triple interactions were
followed-up by Group by Test ANOVAs at each time point, and Group
by Test interactions were followed-up with relevant pairwise compari-
sons for simple main effects within each group. If no interactions were
detected, main effects were reported. Significance was set at 0.05 (2-
tailed) for all analyses. The effect sizes for the ANOVAs were calculated
as partial eta squared (η2p), with 0.02, 0.13, and 0.26 indicating small,
medium, and large effects, respectively. Data analysis was conducted
using the Statistical Package for Social Science (SPSS, version 27).

3. Study 1: Results

Group byWeek ANOVAs on time spent at different heart rate zones
and total distance covered demonstrate that the Post-BET and control
groups experienced similar physical training volumes and intensities.
The BET group completed 22.5 h of cognitive tasks and reported higher
mental demand compared to the control group that listened to neutral
sounds after the physical training sessions (Table 1).

Group by Test ANOVAs showed no significant effects of Post-BET
on V

:

O2peak, PPO and motivation related to the performance tests (see
Supplementary materials).

Group by Test ANOVAs yielded interaction effects for TTE at 80 %
PPO (F(1, 24) = 5.32, p = 0.032, η2p = 0.30) and 65 % PPO (F(1, 24) =
7.91, p = 0.011, η2p = 0.48). As depicted in Fig. 2A and 2B, follow-up
tests revealed that TTE in the BET group increased from pre-test to
post-test at 80 % PPO (p = 0.023) and 65 % PPO (p = 0.011) while the
control group's TTEs did not change at either 80 % PPO (p = 0.191) or
65 % PPO (p = 0.142). Cadence during the TTE tests was not affected
by BET (see Supplementary materials).

No significant Group by Test by iso-time interactions were found
for RPE at 80 % PPO (F(4, 88) = 1.46, p = 0.224, η2p = 0.10) and 65 %
PPO (F(4, 88) = 1.73, p = 0.156, η2p = 0.14). However, Group by Test
interactions on RPE (Fig. 3A and 3B) were found while cycling at 80 %
PPO (F(1, 24) = 4.71, p = 0.043, η2p = 0.33), and 65 % PPO (F(1, 24) =
6.35, p = 0.023, η2p = 0.30) as well as main effects of iso-time
(i.e., RPE increased with iso-time) at 80 % PPO (F(1, 24) = 7.00, p =
0.022, η2p = 0.25) and 65 % PPO (F(1, 24) = 5.20, p = 0.032, η2p =
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0.16). Follow-up tests revealed that RPE fell from pre-test to post-test in
the BET groupwhile cycling at 80 % PPO (p= 0.041) and 65 % PPO (p=
0.022), whereas RPE did not change in the control group at either 80 %
PPO (p = 0.211) or 65 % PPO (p = 0.137). Group by Test ANOVAs
yielded no significant effects on RPE at exhaustion at 80 % and 65 %
PPO (see Supplementary materials).

Group by Test ANOVAs on performance during the Stroop task
(Fig. 4A) yielded a significant interaction effect (F(1, 24) = 8.47, p =
0.011, η2p = 0.21) for reaction time. Follow-up tests revealed that
reaction times were faster at post-test than pre-test in BET (p <
0.001) and control (p = 0.035) groups, with BET improving signifi-
cantly more than control. Performance accuracy, which was univer-
sally high (grand mean: 95 ± 2 % correct responses) did not vary
by group (F(1, 24) = 0.77, p = 0.391, η2p = 0.07), test (F(1, 24) =
1.11, p = 0.282, η2p = 0.09), and group by test (F(1, 24) = 0.25,
p = 0.623, η2p = 0.02).

ANOVAs on the NASA TLX subscales revealed group by test interac-
tions formental demand (F(1, 24) = 12.68, p < 0.001, η2p= 0.01), effort
(F(1, 24) = 5.41, p = 0.033, η2p = 0.13), and frustration (F(1, 24) = 5.00,
p = 0.041, η2p = 0.19). Follow-up tests confirmed that compared to
pretest, the BET group found the Stroop task at post-test to be lessmen-
tally demanding (p = 0.022; Pre: 46 ± 5 < Post: 69 ± 6), less effortful
(p=0.034; Pre: 49±5<Post: 72±4), and less frustrating (p=0.013;
Pre 35 ± 7 < Post 60 ± 4). However, no pretest versus posttest
significant differences were found for the control group in mental
demand (p = 0.313; Pre 71 ± 6 = Post 67 ± 5), effort (p = 0.294;
Pre 68 ± 6 = Post 71 ± 5), and frustration (p = 0.227; Pre 59 ± 5 =
Post 62 ± 5).

Group by Test ANOVAs found no significant effect for HR and blood
lactate in both TTE tests (see Supplementary materials).

4. Study 1: Discussion

We investigated the effects of a 6-week BET protocol on endurance
performance and cognitive performance in trained/highly trained road
cyclists. Specifically, we added 30–60 min of demanding cognitive
tasks after the physical training sessions (Post-BET). Results confirmed
our hypotheses and demonstrated that Post-BET improved perfor-
mance compared to control by prolonging endurance during the TTE
tests at 80 % and 65 % and decreasing reaction time during the Stroop
task. Moreover, these superior performance improvements in the
Post-BET group were associated with reduced perceived mental de-
mand during the Stroop task and reduced perceived effort during the
TTE tests. Because Post-BET did not affect V

:

O2peak and the physiological
responses to the TTE tests, our findings provide further evidence
that BET-related enhancements in endurance performance are more
likely mediated by psychological rather than cardiovascular and meta-
bolic mechanisms.10–12

5. Study 2: Methods

A convenient sample of 25male road cyclists [mean± SD, age 25 ±
4 years, height 179±5 cm,weight 69± 7 kg, PPO 401±44W, V

:

O2peak

70 ± 5 ml·kg−1·min−1, >4 training sessions/week, >400 km/week,
>5 year cycling experience] was recruited. The cyclists were classified
as performance level 3/4 (highly trained/elite).15 They belonged to
two teams that trained together. After pretest, thirteen participants
were randomly allocated to the BET group and twelve to the control
group. One participant in the control group dropped out because of
injuries and, therefore, statistical analysis was carried out on 24 partic-
ipants (BET n = 13, control n = 11). Power calculations using G-
Power indicated that with a sample size of 24, our study was powered
at 80 % to detect significant (p < 0.05) between-within interaction
effects (f = 0.30, ηp2 = 0.08) corresponding to a small-to-medium ef-
fect size by analysis of variance. All cyclists receivedwritten instructions
describing the studyprotocol butwere naïve to its aims and hypotheses.



Fig. 2. Endurance performance.
Mean (SD) endurance performance at pre-test and post-test for BET and control groups for (A) TTE at 80 % PPO where 0 represents the end of the warm-up, (B) TTE at 65 % PPOwhere 0
represents the end of thewarm-up, (C) power profile during 5-min TT, and (D) power profile during 20-min TT. $= significant group difference. £=Main effect of test. #= Simplemain
effect.
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The study was approved by the Ethics Committee for the Southern
Denmark Region in accordance with the Declaration of Helsinki.

The protocol of Study 2 was the same as Study 1, with the exception
of the performance testing sessions and the demanding cognitive task
progressionwithin theBET group (Fig. 1). Each performance testing ses-
sion consisted of a 10-min standardized warm-up followed by a 5-min
cycling TT. A timer was placed in front of the ergometer and remained
visible throughout. Participants began in a standard gear but were free
to change gear. Theywere instructed to produce as much power as pos-
sible, although they were blind to power or speed data during the TT.
This was followed by a 10-min cycling cool-down, 20-min rest, 30-
min Stroop task on a desktop computer, and 30-min rest. Afterwards,
participants completed a 60-min incremental multistage test that was
structured in stages with fixed power output to simulate a competitive
cycling race: 20-min at 40 % PPO, 15-min at 50 % PPO, 15-min at 60 %
PPO, and 10-min at 70 % PPO.24 At completion of the 60-min incremen-
tal multistage test, they performed a second, 20-min cycling TT. Power,
distance, cadence, motivation, heart rate, blood lactate and RPE were
measured during the tests using the ergometer and measurements al-
ready described for Study 1.
5

With regard to training, physical training prescription and monitor-
ing were the same as in Study 1. As in Study 1, the BET group performed
a demanding cognitive task after each daily physical training session
using the SOMA-NPT mobile app (SSwitch, Lucerne, Switzerland) on a
tablet. However, the duration of the demanding cognitive task was
fixed at 30-min throughout training. A sustained cognitive loadwas en-
sured by progressively increasing task difficulty every two weeks by
adding distracting cues,10 shortening inter-stimulus intervals,10 and/or
introducing additional demands, such as stop-and-go.25 This protocol
was previously used in a similar training study using BET.12 Participants
performed one of three cognitive tasks per session as per Study 1. Cog-
nitive tasks were the same as per Study 1. The control group listened to
the same neutral sounds used in Study 1 for 30-min after each physical
training session.

Data are presented as mean ± one SD unless otherwise stated. As-
sumptions of statistical tests for normal distribution and sphericity of
data were checked. A series of mixed analyses of variance (ANOVAs)
were performed, with group (BET, control) as the between-participant
factor and test (pretest, posttest) as a within-participant factor. In
some analyses, an additional within-participant factor was included,



Fig. 3. Perceptual measures.
Mean (SD) ratings of perceived exertion during exercise at pre-test and post-test for BET and control groups during (A) TTE at 80% PPOwhere 0 represents the end of thewarm-up, (B) TTE
at 65% PPO,where0 represents the end of thewarm-up, (C) 5-min TT, (D) 20-minTT, and (E) incrementalmultistage 60min. $=Significant group difference. *=Main effect of time. #=
Simple main effect.
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Fig. 4. Cognitive performance.
Mean (SD) reaction times at pre-test and post-test for BET and control groups for Stroop test between (A) TTE tests, and (B) TT tests. $ = Significant group difference. # = Simple main
effect.
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specifically time (min 1, 2, 3, 4, 5 of the 5-min TT; min 1, 5, 10, 15, 20 of
the 20-min TT; 40 %, 50 %, 60 %, 70 % of PPO in the incremental multi-
stage test) or training week (1, 2, 3 ,4, 5, 6). Analyses on V

:

O2peak and
PPO during the incremental cycling test, and motivation, heart rate,
blood lactate and cadence during the performance tests are reported
in the Supplementary materials. Significance, effect sizes, planned com-
parisons, statistical plan and software were identical to Study 1.

6. Study 2: Results

Group by Week ANOVAs on time spent in the different heart rate
zones and total distance covered demonstrate that the Post-BET and
control groups experienced similar physical training volumes and in-
tensities. The BET group completed 15 h of cognitive tasks and reported
higher mental demand compared to the control group that listened to
neutral sounds after the physical training sessions (Table 2).

ANOVAs confirmed no significant differences between groups and
tests for level of fitness and motivation prior to testing sessions (see
Supplementary materials).

The Group by Test ANOVA on overall average power during the
5-min TT yielded an interaction effect characterized by a small-to-
medium effect size and a trend toward statistical significance (F(1, 22) =
4.00, p = 0.056, η2p = 0.07). A main effect of test (F(1, 22) = 4.81, p =
0.04, η2p = 0.11) showed PPO increased from pre to post in both
the BET group (Pre: 391 ± 19 < Post: 401 ± 21) and control group
(Pre: 389± 22< Post: 396±23). Nomain effect of groupwas detected
(F(1, 22) = 3.34, p = 0.083, η2p= 0.06). Importantly, the Group by Test
ANOVA on power during the 20-min TT yielded an interaction effect
with a large effect size (F(1, 22) = 7.51, p = 0.021, η2p = 0.29).
Follow-up tests revealed that the BET group increased power (p =
0.041) from pretest (308 ± 21) to posttest (325 ± 18), whereas no
difference (p = 0.124) was noted for the control group from pre-test
(304 ± 17) to post-test (309 ± 16).

No Group by Test by Time three-way interaction was detected
for power profiling during the 5-min TT (F(4, 88) = 1.21, p = 0.311,
η2p = 0.13). There was a group by test trend toward interaction with
a small-to-medium effect size (F(1, 22) = 3.89, p = 0.059, η2p = 0.07).
No main effect of group was reported (F(1, 22) = 3.22, p = 0.085,
η2p = 0.05). Finally, the main effect of test (F(1, 22) = 5.43, p =
0.035, η2p = 0.15) showed that PPO increased in both groups from
pre to post (Fig. 2C). No Group by Test by Time three-way interaction
was detected for power profiling during the 20-min TT (F(4, 88) = 1.88,
p = 0.12, η2p = 0.09). However, there was a group by test interaction
for power profiling (F(1, 22) = 5.29, p = 0.031, η2p = 0.29) (Fig. 2D).
7

Follow-up tests revealed that there was no significant pre to posttest
(p = 0.341) difference in the control group. However, in the BET
group, power was higher (p = 0.021) at posttest compared to pretest.

Similarly, the analyses revealed a groupby test trend toward interac-
tion for distance (m) covered during the 5-min TT (F(1, 22) = 4.31, p =
0.051, η2p = 0.08). No main effect of group was detected (F(1, 22) =
2.81, p = 0.101, η2p = 0.05), although a main effect of test (F(1, 22) =
4.51, p = 0.044, η2p = 0.10) showed distance covered increased in
both groups from pre to post. The BET group increased from pre (3710
± 41) to post (3770 ± 35) test, while the control group increased
from pre (3725 ± 29) to post (3749 ± 33) test. There was an
interaction, instead, for distance covered during the 20-min TT (F(1, 22)
= 6.11, p = 0.021, η2p = 0.19). Follow-up tests revealed that the BET
group increased (p = 0.032) from pre-test to post-test (13,810 ± 91 <
14,360 ± 79), while no significant difference (p = 0.191) was reported
for the control group from pre-test to post-test (13,725 ± 79–13,860 ±
83). No significant differences in the groups and tests were reported for
cadence in both TTs (see Supplementary materials).

Group by Test by Time ANOVAs were performed on RPE during the
TTs. Main effects of time were found for the 5-min TT (F(1, 22) =
15.79, p < 0.001, η2p = 0.65) and 20-min TT (F(1, 22) = 14.12, p <
0.001, η2p = 0.72); perceived effort increased during the tests. For
the 5-min TT, no group (F(1, 22) = 0.21, p = 0.451, η2p = 0.12), test
(F(1, 22) = 1.77, p = 0.193, η2p = 0.10), and interaction (F(4, 88) =
1.78, p = 0.284, η2p = 0.06) effects were detected (Fig. 3C). Similarly,
for the 20-min TT, no group (F(1, 22) = 0.21, p = 0.653, η2p = 0.15),
test (F(1, 22) = 1.66, p = 0.214, η2p = 0.12), and interaction (F(4, 88) =
1.08, p = 0.372, η2p = 0.05), effects were detected (Fig. 3D). No
three-way interactionwas found for RPE during the 60-min incremental
multistage test (F(3, 66) = 1.73, p = 0.15, η2p = 0.10). However, there
was a group by test interaction (F(1, 22) = 5.62, p = 0.034, η2p =
0.33). Follow-up tests revealed that effort at post-test compared to pre-
test was lower (p=0.032) in the BET group but unchanged (p=0.672)
in the control group (Fig. 3E). Amain effect of time (F(1, 22) = 17.79, p <
0.001, η2p = 0.45) showed that effort rose with increasing workload.

Group by Test ANOVAs on performance during the Stroop task
yielded a group by test effect for reaction time (F(1, 22) = 5.55, p =
0.033, η2p = 0.20, Fig. 4B). Follow-up comparisons revealed that reac-
tion times were faster at posttest than pre-test in BET (p < 0.001) and
control (p = 0.025) groups, with BET faster than control. Performance
accuracy,whichwas consistently high (grandmean 97±2% correct re-
sponses) did not vary by group (F(1, 22) = 1.17, p = 0.294, η2p= 0.10),
test (F(1, 22)= 0.841, p=0.37,η2p=0.08), and group by test (F(1, 22)=
0.545, p = 0.74, η2p = 0.01). ANOVAs on the NASA TLX subscales
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revealed group by time interactions for mental demand (F(1, 22) =
11.13, p < 0.001, η2p = 0.37), effort (F(1, 22) = 4.93, p = 0.041, η2p =
0.31), and frustration (F(1, 22) = 4.79, p = 0.043, η2p = 0.29). Follow-
up comparisons revealed that relative to pretest, BET found the Stroop
task at posttest to be less mentally demanding (p = 0.031; Pre: 58 ±
6 > Post: 35 ± 5), less effortful (p = 0.026; Pre: 57 ± 6 > Post: 38 ±
6), and less frustrating (p=0.038; Pre 51± 6>Post 25± 5). However,
no test differences were found for the control group in mental demand
(p=0.183; Pre 58±6–Post 55±4), effort (p=0.274; Pre 62±6–Post
59 ± 6) and frustration (p = 0.323; Pre 52 ± 5–Post 49 ± 6).

No significant differences in the groups and tests were found for HR
and blood lactate in both TTE tests (see Supplementary materials).

7. Study 2: Discussion

In Study 2, we tested the effects of a 6-week BET protocol on endur-
ance performance and cognitive performance in highly trained/elite
road cyclists. In contrast to Study 1, we fixed the duration (30 min) of
the cognitive task performed after the physical training sessions (Post-
BET) and progressively increased its difficulty. We demonstrated that
Post-BET improved performance compared to control by enhancing
20-min TT tests and reaction time during the Stroop task. With a trend
toward significance, BETmarginally changed the 5-min TT performance
in the expected direction. Similar to Study 1, the performance improve-
ments induced by Post-BET were associated with reduced mental
demand during the Stroop task and reduced RPE during the 60-
min incremental multistage cycling test. Because Post-BET did not
affect V

:

O2peak and the physiological responses to the 60-min incre-
mental multistage cycling test, these findings suggest that the sig-
nificant improvement in endurance performance in response to
BET was mediated by psychological rather than cardiovascular and
metabolic mechanisms.10–12

8. General discussion

The present investigation assessed the effects of two 6-week Post-
BET protocols on endurance performance and cognitive performance
in road cyclists. One of the main aims of BET is to increase the mental
load of physical training in order to induce brain adaptations that im-
prove physical performance, especially in conditions of mental fatigue
and/or multitasking.11,12 We found that the present Post-BET interven-
tions increased the perceivedmental demand of training by 45 % (Study
1) and 49 % (Study 2) compared to control. Thesefindings are broadly in
linewith previous Concurrent-BET10,11 and Post-BET12 studies, and con-
firm that BET is an effective strategy to increase the overall training load
whilemaintaining the same physical load as confirmed by themeasures
of perceived physical demand, HR, and distance covered that we col-
lected during training.

Although theminimumPost-BET dose awaits confirmation,we show
here that 30-min of Post-BET five times per week for six weeks is suffi-
cient to improve endurance performance of highly trained and elite road
cyclists. In a previous Post-BET study in professional football players, 20-
min of Post-BET five times a week for 4 weeks was associated with im-
provements in physical, cognitive and multitasking performance.12

Therefore, it seems that a total of about 2 h of Post-BET per week
are sufficient to improve the performance of highly trained athletes.
These findings suggest that Post-BETmay be a practical alternative to
Concurrent-BET and Intermixed-BET when thesemore time-efficient
types of BET are not feasible for safety reasons or training logistics.
Taken together, the present studies show that shorter harder cogni-
tive tasks (when task difficulty was manipulated) can produce simi-
lar training effects as longer easier tasks (when task duration was
manipulated). Accordingly, the dose of cognitive load achieved via
the manipulation of task difficulty can produce sufficient mental de-
mand and fatigue to impact performance in a more time-efficient
manner.26
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Study 1 showed that Post-BET enabled cyclists to exercise longer
until voluntary exhaustion compared to the control group. Specifically,
TTE increased by 11.4 % for Post-BET and 3.4 % for control when cycling
at 80 % PPO, and increased by 17.1 % for Post-BET and 2.8 % for control
when cycling at 65 % PPO. These changes are in the same direction but
smaller than a previous BET study reporting that cycling TTE improved
by 120 % with Concurrent-BET compared to 42 % in controls.10 Method-
ological discrepancies could help explain differences in the size of
the improvements between studies. First, sample composition. Our par-
ticipants were trained/highly trained road cyclists (V

:

O2peak: 64 ± 4 at
baseline) whereas the participants in Marcora et al.10 were moderately
fit individuals (V

:

O2peak: 40± 5 at baseline). Second, TTE test character-
istics. In Study 1, participants performed the first TTE test at 80 % PPO
when fresh, and the second TTE test at 65 % PPO when tired. The previ-
ous study assessed TTE at 75 % VO2max when fresh. Third, BET type and
programming. We examined the effects of 30 Post-BET sessions over 6
weeks whereas the previous study examined the effects of 36
Concurrent-BET sessions over 12 weeks. Although the differences in
training and testing characteristics may have contributed to the differ-
ences in TTE improvements, the most likely explanation is the use of
more experienced15 cyclists in the current study as it is widely recog-
nized that performance improvements in response to training stimuli
are smaller in highly-trained individuals.

Study 2 showed that Post-BET improved the TT performance of elite
road cyclists compared to the control group; with clear benefits during
the 20-min TT only. In the 5-min TT, power increased by 2.5 % for Post-
BET and 1.8 % for control, and, in the 20-min TT, power increased by 5.5
% for Post-BET and 1.6 % for control. Similarly, in the 5-min TT, distance
covered increased by 1.6 % for Post-BET and 0.6 % for control, and, in the
20-min TT, distance increased by 4.0 % for Post-BET and 1.0 % for control.
A number of reasonsmay help explainwhy the performance-enhancing
effect of Post-BET was greater in the 20-min TT compared to the 5-min
TT. First, test duration/intensity. BETmay induce larger performance im-
provements during maximal effort cycling endurance tasks lasting lon-
ger than 5 min, as previously shown in Study 1 and Marcora et al.10

Second, fatigue. The 5-min TT was completed when fresh whereas the
20-min TT was completed in a fatigued state after completing the 5-
min TT, a 30-min cognitive task and a 60-min submaximal cycling
task. The importance of test duration/intensity and fatigue state must
await programmatic explorations. However, we speculate that BET
may boost the resilience of athletes to perform endurance task lasting
more than 5 min in a mentally and physically fatigued state. It is
worth noting that the percent improvements in endurance perfor-
mance in Study 2 should not be directly compared with percent im-
provements in endurance performance in Study 1. Indeed, it has been
well established that, for the same change in endurance performance,
% change in TTs ismuch smaller than % change in TTE.13Whenmore ap-
propriately comparing effect sizes, here expressed as partial eta
squared, the effects of Post-BET on endurance performance observed
in Study 1 (η2p = 0.30–0.48) are not greatly different from the one ob-
served for the 20-min TT in Study 2 (η2p = 0.29). The slightly smaller
effect observed in Study 2 may be explained by the elite level of the
road cyclists that participated in the study. Indeed, Martin and
colleagues14 argued that elite cyclists are more resilient to mental fa-
tigue and, therefore, the room for improvement with BET may have
been smaller in such group compared to cyclists of lower performance
level that participated in Study 1.

In both Studies 1 and 2, physical fitness indicators (i.e. V
:

O2peak and
PPO) and the physiological responses to endurance exercise did not
change in either the Post-BET groups or the control groups. The most
likely explanation is themoderate volume/intensity of physical training
performed by our participants in the short period duringwhichwe per-
formed the studies. Therefore, it appears that changes in musculo-
energetic and cardiorespiratory factors do not mediate the benefits of
Post-BET on endurance exercise performance. However, both studies
garnered evidence that endurance exercise felt easier following Post-
9

BET. Study 1 found that RPE during the TTE test decreased at posttest
in the Post-BET group but not in the control group. A similar effect of
Post-BET on RPE was found during the incremental multistage test in
Study 2. The rationale behind BET is grounded on evidence that mental
fatigue impairs exercise performance and augments perceived effort,6

coupled with the assumption made by the psychobiological model of
endurance performance that perception of effort interacts with poten-
tial motivation to determine for how long a given speed/power will be
sustained.3 Therefore, we argue that the far transfer of BET on endur-
ance performance is mediated by its beneficial effect on perception of
effort. In line with this mechanistic account, our highly motivated BET
participants in Study 1 will have taken longer to reach the point at
which they stopped exercise because effort was perceived as maximal,
whereas BET participants in Study 2 were able to produce more power
for similar RPE values during the 20-min TT.

It is worth remembering that the current tasks that we selected for
Post-BET training, which were the flanker, go/no-go, and AX-CPT tasks,
have a strong response inhibition component. They have been associated
with activation of the anterior cingulate cortex, which has been linked to
perception of effort.5,27 Although we did not measure brain activity, we
speculate that 22.5 h (Study 1) and 15 h (Study 2) of response inhibition
training would have been associated with long-term changes in anterior
cingulate cortex activation and perceived effort. In partial support to this
hypothesis, a study by Dallaway et al.11 revealed changes in cortical pro-
cessing efficiency in the frontal brain regions followingBETwith response
inhibition and memory updating cognitive tasks. Furthermore, the BET-
related decrease in perception of effort when cycling was accompanied
by reduced mental demand, effort and frustration scores during the cog-
nitive task. Overall, BET seems tomake subsequent cognitive andphysical
tasks feel easier. It is therefore likely that BET altered the brain processes
underlying the perception of effort during both cognitive and physical
tasks.

Importantly, both studies suggest that Post-BET improves cognitive
performance,measured by reaction timeduring the Stroop test, a classic
response inhibition cognitive task which was different from the re-
sponse inhibition tasks used for training. Thisfinding reflects near trans-
fer of the cognitive effects of Post-BET to a novel response inhibition
task different from those used during training. The Post-BET group
responded faster than the control group in Study 1 (19 % vs 6 %) and
Study 2 (9 % vs 3 %) without losing accuracy. It is possible that the im-
provements in response inhibition that characterized the Post-BET
groups may help explain their higher performance during the endur-
ance tasks (TTE and TT tests) in which the capacity to inhibit the un-
pleasant feelings of pain and fatigue is important in order to sustain
exercise and complete the goal of the task.14,28 Notably, the improved
Stroop performance was obtained with the test being perceived to be
less mentally demanding and requiring less effort by the cyclists in the
Post-BET groups. This finding suggests that Post-BET may have also
helped develop greater resilience toward mental fatigue.14,28 The BET-
induced improvements in cognitive performance observed in the pres-
ent studies with road cyclists are in line with a previous training study
which used Post-BET in professional football players.12 However, there
is a consensus that, when performed in isolation, brain training does
not significantly improve cognitive performance of healthy young
adults outside of the very same cognitive tasks used for brain training.29

The discrepancy between the positive effects of BET and the lack of effi-
cacy of standard brain training suggests that a combination of cognitive
tasks and exercise tasks in the same training sessionmay be required to
achieve improvements in cognitive performance. This facilitatory effect
of exercise may be due, at least in part, to its positive effects on
neuroplasticity.30 Such a hypothesis requires further investigation be-
cause it may have applications beyond improving athletic performance,
e.g. reducing the cognitive decline associated with aging.

Potential study limitations should be considered when evaluating
our findings. First, the sample size was relatively modest. The number
of participants recruited was limited by the size of the cycling squads



W. Staiano, S. Marcora, M. Romagnoli et al. Journal of Science and Medicine in Sport xxx (xxxx) xxx–xxx
we had access to and the study inclusion/exclusion criteria, such as
injuries. Future studies should increase the overall sample size and
provide more evidence for or against the efficacy of BET to improve
cycling performance. It is worth noting that the samples were of
comparable size to previous BET studies that found performance
improvements.11,12 Another limitation is that we assessed the effects
of BET and listening to neutral sounds using the NASA-TLX scales.
However, thismeasure referred to the overall training session involving
both physical and cognitive demands. We therefore lack a measure of
mental effort/demand referring only to the non-physical training
(i.e., BET or sounds), that would allow us to assess the isolated effect
of either treatment on the cyclists.

Future directions could aim to conduct larger efficacy studies and
mechanistic studies with direct measures of brain adaptations to BET.
To address this oversight, brain imaging could beused to identify and lo-
calize the brain regions/networks thatmay be altered by BET.Moreover,
the use of a cognitive intervention aimed at increasing the overall train-
ing load of an athlete during training should be carefully considered for
its potential negative impact on non-functional overreaching and
overtraining syndrome.

9. Conclusion

Both studies provide further evidence in favor of addingBET as a sup-
plement to basic physical training to improve endurance exercise perfor-
mance. This performance-enhancing effect was manifested in a fatigued
state during the TTE and TT tests, and in a fresh state during the TTE
test. Importantly, Post-BET reduced RPE during endurance exercise,
suggesting that Post-BET improves endurance performance by mak-
ing exercise feel easier. Our studies confirm and extend the extant
literature showing that BET also improves cognitive function, with
evidence of near transfer to a novel response inhibition test that
was not explicitly used during training. Taken together, our findings
prove the efficacy and feasibility of BET in endurance athletes, such
as trained/highly trained/elite road cyclists. Finally, both studies il-
lustrate how BET can be customized to fit the training needs of ath-
letes who face time constraints that might otherwise prevent them
adding BET to their busy schedules.
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