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ARTICLE INFO ABSTRACT
Keywords: Aims: The aims of this study were to verify if a 5-week cognitive-motor training (CMT) using
Executive functions FitlightsTM induced changes in young adult judo athletes compared to a non-intervention group.

Combat sports
High-level training
BDNF

Specifically, it was verified if CMT influenced executive functions (EFs), physical fitness and
brain-derived neurotrophic factor (BDNF) levels. Additionally, athletes’ competitive results were
compared between groups.

Method: Twenty-seven athletes (14 males and 13 females; age = 19.5 + 2.0 years) were assigned
to the Fitlight (FG) and control (CG) groups which performed 5 weeks of CMT, respectively,
including 25 min per day of Fitlight training or traditional judo practice. All participants per-
formed cognitive (flanker task and forward/backward digit span) and fitness tests (counter
movement jump, handgrip test, dynamic and isometric chin up). In addition, BDNF was collected
by saliva sampling and competitive results after the intervention period were considered.
Results: RM-ANOVA showed significant differences in FG for the accuracy of flanker (p = 0.028)
and backward digit span (p < 0.001). Moreover, significant differences in FG were found for
relative dynamic chin up (p = 0.027) and counter movement jump (p = 0.05). In addition, a
significant difference in FG was found for competitive results after the intervention period (p <
0.01).

No significant differences were found for BDNF and other cognitive and fitness measures (p >
0.05).
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Conclusion: A 5-week judo-specific CMT improved EFs and motor performance in élite judo
athletes. It seems that CMT with Fitlight™ could be considered an additional support to coaches
during the training period.

1. Introduction

The family of cognitive processes known as executive functions (EFs) includes inhibitory control, working memory and cognitive
flexibility, and they are crucial for many daily activities from childhood to later life stages [1].

Inhibitory control is very difficult for young children and it continues to develop during adolescence [2]. Instead, the ability to
remember information develops extremely early; new-borns and young children can remember one or two things for a long time [3].
However, the ability to hold more things in mind or perform any type of mental manipulation takes much longer to develop and has a
much longer developmental progression [4,5]. Finally, task switching improves during a child’s development and declines with age
[6].

These skills, known as basic EFs, are crucial for the growth of high-order EFs like problem solving, reasoning, and planning [1].
Physical activity (PA) and sport practice (SP) have been identified by researchers as such activities that, when combined with the right
inputs, could enhance EFs [7,8]. Indeed, since SP typically involves both physical and cognitive participation, the growth of EFs,
mostly in children and teenagers, can be linked to playing sports [9,10].

According to recent literature, the development of EFs is age-related and increases in accordance with one’s growth [11] until the
young adult stage [12]. Conversely, age-related effects on some EFs metrics, such as response accuracy, are still up for discussion [11,
13].

Previous studies reported that the typology of SP, i.e., open- or closed-skills sports can differently affect EFs development [14,15].
While closed skill sports are classified as static with predetermined conditions (e.g., swimming or jogging), open skill sports (e.g., team
sports or combat sports) are set in a dynamic environment where conditions could alter at any time [15]. Numerous factors and stimuli
should be taken into account when practising open-skill sports, that may improve the EFs (i.e. cognitive flexibility or inhibition) [9,10].
Indeed, in a systematic review, Gu et al. [16] examined the effects of open and closed skill exercises on EFs development, finding that
open skill exercises had greater impacts on EFs improvement in children and adults. Previous studies reported that both the motor and
cognitive areas greatly benefit from the complexity of the open-skill athletic setting [17,18]. In particular, Formenti et al. [18] reported
that open-skill sports presented higher inhibitory control (response time and accuracy of the Flanker task) and motor tests than
closed-skill sports. These results showed that engaging in open skill sport activities, than closed skill sport activities, may be linked to
improved performance on assessments of motor and cognitive fitness. This shows that a sport’s environment has a significant impact on
a player’s physical and mental development.

There is large evidence of a close relationship between open-skill sports and EFs, both in team sports, such as football, basketball or
volleyball [19-23] and in individual sports, such as tennis [24] or combat sports, such as judo, karate, and taekwondo [25-28]. All the
above-mentioned studies suggest that open-skill sports practice can induce EFs development.

However, Heilmann et al. [15] recently noted how the greater EFs engagement seems to be more tied to the cognitive demands of a
sport rather than to the sharp distinction between open and closed skill exercises.

Open-skill sports like martial arts need participants to react in a constantly shifting and hurried environment [14,29]. In fact,
grappling and throwing, which are the main techniques used in judo, contribute to the changing conditions and environments [26].

Moreover, the intense level of cognitive demands (such as planning, problem-solving, and shifting) and physical demands (such as
cardio-respiratory fitness, muscular strength and endurance, and movement coordination) may aid in the development of EFs by
promoting neuroplasticity-related growth factors like brain-derived neurotrophic factor (BDNF) [30,31].

Earlier studies largely examined the impact of martial arts on inhibition, not limiting it to set-shifting. Only a few studies inves-
tigated the impact of judo training on EFs, mostly studying children and amateur athletes. It is then to clarify whether Judo training
improves EFs in élite athletes as well as in adolescents and young adults [26].

Sensorized light systems, such as Fitlight™, have been used in several studies as a Cognitive-motor training (CMT) to improve EFs
[32,33].

Additionally, it has been demonstrated that the Fitlight training system™ (2011) stimulates EFs engagement throughout various
sporting activities, optimising athletes’ human reaction times [34].

Specifically, during physical training sessions these devices are able to interact with users providing challenging and enjoyable
tasks. Moreover Fitlights™ may improve training variability management (such as light colour and stimulus start time). In addition, it
enables the creation of customised training plans, allowing coaches to oversee small groups of athletes at once and customise their
training. As a result, these tools can aid CMT development and execution, stimulate EFs, and enhance an athlete’s strategic decision-
making. The ability to activate executive functions (working memory, inhibition, and cognitive flexibility) has led to the development
of a wide variety of motor drills [32]. The above-mentioned study found that CMT training procedures improved sports performance
and cognition compared to training that relied just on physical activities. In addition, Badau et al. [33] found that open-skill athletes
displayed faster reaction times in computerised assessments after a 12-week program of Fitlight-enabled exergames.

Currently, there are no studies that used CMT with Fitlight™ to improve EFs in martial arts, and more specifically, in Judo.

Therefore, the present study examined whether the Fitlight™ training system used to cognitively enrich a massed judo training
program, can improve EFs (specifically, response inhibition, working memory, and cognitive flexibility) and physical performance (i.
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e., isometric strength, resistance strength of the upper limbs and explosive-elastic strength of the lower limbs) in young adult athletes
compared to a non-intervention group. Specifically, the aim of this study was to verify if a 5-week CMT using Fitlight training in young
adult judo athletes induced changes on: EFs, physical fitness, BDNF levels, competitive results.

2. Materials and methods
2.1. Participants and study design

A priori analysis with G*Power showed that 24 participants would be able to detect a medium effect size (f = 0.25) with a coef-
ficient of correlation of r = 0.6, 80% power, and a = 0.05 using a within-between subjects design. Therefore, considering a potential
drop-out rate, 30 élite judo athletes were recruited from “Banzai Cortina” Judo Club (Rome, IT). During the study, three athletes
dropped out of the study because they could not ensure continuity of training. A randomised controlled interventional study was then
conducted on 27 athletes (14 males and 13 females; age = 19.5 4 2.0 years). All athletes were randomly assigned to two groups: the
Fitlight-trained group (FG, n = 14; 8 males and 6 females) who, along with the traditional training, received the Fitlight training (FitT)
and the control group (CG, n = 13; 6 males and 7 females) who performed only the traditional training. Sample characteristics are
shown in Table 1.

The inclusion criteria to participate were:

- being in good physical and mental health and free from any conditions that might have an impact on the study;

- having completed the brown to black belt progression;

- having taken part in national or international competitive and training judo activities for at least eight years prior to the project; -
demonstrating good temporal continuity in training (at least 90 min of judo training, four times a week in the last five years);

- being between 17 and 24 years old.

This study was evaluated and approved by the Institutional Review Board of eCampus University (registered number: 02/2021, 27-
12-2021) in compliance with the Declaration of Helsinki and any subsequent revisions.
Prior to participating in the study, all athletes or their parents (when participants were minors) gave written and informed consent.

2.2. Fitlight

Fitlight technology is a training tool utilized in sports training all around the world. Open-skill players’ physical and visual per-
formances can all be enhanced by its light stimuli [35]. Additionally, the light stimulus enhances their fundamental abilities and boosts
their capacity to compete in a variety of sports. Additionally, it helps young players develop their physical and visual skills, which
promotes responsiveness and agility and helps to form completely an athlete. The Fitlight training program is adaptable and exciting. It
records a variety of human performance characteristics, including agility, speed, and reaction time. It is tablet-controlled and has eight
LED-powered lights that provide real-time performance feedback. The lights may be set up for any sports or training regiment, serving
as targets for the user to deactivate. In addition to being a great tool to improve open-skill abilities, this technique gives athletes and
coaches access to a cutting-edge training program that improves strength, balance, and hand-eye coordination. It can also be applied to
post-injury conditioning and rehabilitation [36].

2.3. Experimental procedures

The longitudinal study was conducted during the competitive phase of the season, before the World and European Championships
(Guayaquil 2022 and Prague 2022) and before the beginning of any weight loss procedure. EFs were measured pre- and post-
intervention (TO and T1) and after a 2-month follow-up (T2), while physical fitness was assessed at TO and T1. During the study
period, all athletes trained 3 days per week (one session per day) for 5 weeks. Both groups performed the same volume of training but
while the FG performed Fitlight training sessions, the CG was engaged in traditional judo training. After the initial warm-up phase that
was common to both groups, the subsequent 25 min-phase was divided as follows:

Table 1
Sample characteristics.
FG CG All participants
(mean, SD) (mean, SD) (mean, SD)
Number 14 13 27
Males 8 6 14
Females 6 7 13
Age 20.1 +£1.7 18.8 + 2.1 19.5 +£ 2.0
Weight (kg) 75.6 + 14.6 68.5 £ 10.7 72.2+13.1
Height (m) 1.7+ 0.1 1.7+ 0.1 1.7 £ 0.1
BMI (kg/m?) 25.3 + 2.5 24.3+2.0 24.8 +2.3
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FG performed FitT including uchi-komi exercises (drill of techniques without projection), for which the FitT was used to influence
stimulus discrimination, inhibition ability and working memory (see Table 2). Conversely, CG performed the traditional training
characterised by uchi-komi exercises (without fitlights) and technical-tactical situations aiming at technical improvement.

2.4. Measurements

2.4.1. Anthropometric measurements
Body weight, height, Body Mass Index (BMI) were assessed for all participants. Using a scale and a stadiometer, the subjects’ weight
and height were calculated to the nearest 0.1 kg and 0.1 cm, respectively.

2.4.2. Physical fitness assessment

2.4.2.1. Dynamic judogi chin-up. This test was used to evaluate strength endurance following the initial suggestions by Franchini et al.
[37]. The athletes were instructed to perform as many accurate repetitions as they could while extending and flexing their elbows until
the chin was above the hands holding the judogi (uniform used to practise judo).

The test was terminated when athletes were unable to complete the suggested execution entirely and/or stopped by themselves.
During testing, they had to maintain full knee extension and were not allowed to bend their backs or lift their knees to help with the
exercise. Finally, body mass was multiplied by repetitions in order to relativize the work performed by the athletes during this test. This
test showed high reliability as reported by Da Silva et al. [38] with an interclass correlation coefficient of 0.98. The internal validity of
this test has been assessed presenting an ICC of 0.91.

2.4.2.2. Isometric judogi chin-up. As above reported, also this test evaluated strength endurance complying with the initial suggestions
by Franchini et al. [37]. The athletes were instructed to hold the position with their elbows flexed and chin elevated above the hands
clutching the judogi for as long as they could. The length of time held was measured using a chronometer. The test was stopped when
athletes were unable to hold the original isometric position. They held the judogi with bent elbows to begin the test. The test was
terminated and the clock stopped when the athletes extended their elbows as an indication of exhaustion. In order to maintain the
isometric movement for a longer period of time, athletes were expected to maintain fully extended knees and were not permitted to flex
their trunks or lift their knees. Body mass was multiplied by the number of seconds in the test in order to relativize athletes’ per-
formance. Also this test showed high reliability as reported by Da Silva et al. [38] with an interclass correlation coefficient of 0.97. The
internal validity of this test has been assessed presenting an ICC of 0.82.

2.4.2.3. Counter movement jump (CMJ). Lower limbs strength was evaluated by counter movement jump, using an optical detection
system, consisting of a transmitting and a receiving bar (Optojump, Microgate, Udine, Italy). After a short warm-up, the athlete
positioned himself between the 2 bars in an upright position with his hands on his hips. After that, he performed a quick push-up on the
legs and, immediately after, a maximum vertical jump. Three trials were made with a pause of 10 s from each other and the best
(highest) of the three results obtained was noted in centimetres by a specific software [39]. The Optojump system has very good
validity (ICCs = 0.997-0.998) and excellent test-retest reliability (ICCs = 0.982-0.989), according to Glatthorn et al. [39].

2.4.2.4. Handgrip test. The maximum voluntary isometric grip strength of the hand was calculated with a digital dynamometer with
an adjustable grip (CAMRY EH101, Senssun Weighing Apparatus Group Ltd, Guangdong, China), according to the indications of
Guidetti et al. [40]. The athlete from the standing position had to hold the dynamometer with his hand. During the test, the elbow was
completely extended and the arm and hand holding the dynamometer should never be in contact with the body. Without moving the
arm, the athlete had to exert as much pressure as possible on the dynamometer. Two trials were made with both the right and left

Table 2
Experimental training protocol. Positive: Attack execution; negative: inhibition.
Week Workout Type of training Number of fitlight colours Notes
1st 1st non-specific sport 1
2nd uchi-komi 1
3rd uchi-komi 2 1 positive colour and 1 negative
2nd 4th non-specific sport 2
5th uchi-komi 2 change colour association
6th uchi-komi 2 change colour association
3rd 7th non-specific sport 3 2 positive colours and 1 negative
8th uchi-komi 3
9th uchi-komi 3 change colour association
4th 10th uchi-komi 3 change colour association
11th uchi-komi 4 2 positive colours and 2 negative
12th uchi-komi 4 change colour association
5th 13th uchi-komi 4 change colour association
14th uchi-komi 4 change colour association
15th uchi-komi 4 change colour association
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hands, with a short break from each other and the best of the two results obtained is noted in kilograms. Isometric Handgrip Strength
test measured with grip dynamometer showed high reliability (R = 0.96) as reported by Guidetti et al. [40]. The internal validity of this
test has been assessed presenting an ICC of 0.94 for the dominant hand.

2.4.3. BDNF measurements

BDNF was analysed by saliva analysis. Ultrapure polypropylene sampling devices (SaliCaps) with an absorption of less than 5%
were used. Athletes were advised not to eat, drink or chew gum 30 min before taking a saliva sample as it could interfere with the
results. Saliva samples with any blood contamination due to bleeding gums or wounds in the oral cavity were discarded [41]. In order
to minimise viscosity and make the solution easier to pipette and aliquot as needed, samples were subjected to a freeze and thaw cycle
prior to analysis [42]. Saliva samples were taken before and after the first experimental training on both groups and before and after
the last experimental training.

2.4.4. EFs assessment

2.4.4.1. Flanker/Reverse Flanker task. The Flanker/Reverse Flanker task was performed using a computer [43,44]. A set of five fish
(blue or pink) were displayed in each of the three successive blocks that composed this test. In the first block all fish were blue and
athletes had to point in the correct direction of the central fish, responding selectively and ignoring lateral stimuli. Athletes were asked
to press key “L” if the central fish was facing right and key “A” if the central fish was facing left. In the second block (Reverse Flanker),
where pink fish were showed, the athletes had to push the button corresponding to the external fish, ignoring the other ones. The blue
and pink fish were alternated at random in block 3, while adhering to the fish’s colour criteria. Thus, the test required attention control,
inhibiting overbearing responses, reorienting where to focus one’s attention, and remembering both rules [1,43,45]. Then, the test
evaluated fundamental EFs (working memory, inhibitory control, and cognitive flexibility). In the first two blocks, the athletes
completed 22 trials (16 congruent and 6 incongruent), and in the third block, they completed 44 trials (32 congruent and 12
incongruent), for a total of 88 trials. The athletes got visual feedback during the practice trials that preceded each block (4 trials for first
and second blocks and 8 trials for third block). These practice trials were not included in the analysis. The percentage of correct
answers (accuracy) and the mean value of choice-reaction time (RT) on correct ones were calculated. The Flanker test showed good
reliability (ICC = 0.805-0.874) as reported by Hooper et al. [44]. The internal validity of this test has been assessed presenting an ICC
that is between 0.88 and 0.94.

2.4.4.2. Digit span task. The Forward-Digit Span and the Backward-Digit Span tasks made up the Digit Span task employed in this
study. Short-term memory was tested in the first one and working memory was tested in the second one [1]. The athletes had to enter a
set of digits on a computer keyboard in a certain order after reading them on a screen at a pace of one digit per second. They received a
longer list if they wrote the numbers in the right sequence. The number of digits increased by one until the athlete failed consecutively
two attempts of the same digit span length. The digit span was represented by the length of the longest list an athlete could remember.
Athletes in the Forward-Digit Span were instructed to repeat back the items in the same order they had read. On the other hand,
athletes in the Backward-Digit Span had to write the digits backwards [46]. The highest number of digits successfully obtained was the
span score. Moreover, it has been calculated the rate of correct score (RCS), which is equal to the number of correct answers divided by
the average response time (RT in ms). The Forward-Digit Span and the Backward-Digit Span tasks showed a reliability of 0.89 and 0.59,
respectively, as reported by De Paula et al. [47]. The internal validity of this test has been assessed presenting an ICC that is between
0.83 and 0.91.

2.5. Statistical analysis

Data were initially screened for outliers and normal distribution. Logarithmic transformation was applied when the assumption of
normality was violated. To examine the intervention’s effects on cognitive measures (i.e., Flanker, Digit-Span), a series of 2x3 repeated
measures analysis of variance (RM-ANOVA) were performed with Group (2 levels: Experimental, Control) was the between-subject
factor, and Time (3 levels: TO, T1, T2) as within-subject factors. Moreover, potential intervention’s effects on fitness measures (i.e.,
handgrip, CMJ, absolute and relative DC, absolute and relative IC) were examined with a series of 2x2 RM-ANOVA with Group (2
levels: Experimental, Control) as the between-subject factor, and Time (2 levels: TO, T1) as the within-subject factor. Additionally, two
different 2 x 2 x 2 RM-ANOVA were performed to examine the effects of the intervention on salivary measures (i.e., BDNF), with
Group (2 levels: Experimental, Control) as the between-subject factor, and Time (2 levels: TO, T1) and Session (2 levels: pre-session,
post-session) as within-subject factors. Also, athletes’ competitive results within 3 months after the end of the intervention was
calculated by Chi? test: specifically, all the national and international competition matches (won vs lost) were considered across this
period. Sphericity of data was tested via Mauchly’s test, and Greenhouse-Geisser correction was applied whenever the assumption was
violated. Effect sizes for significant interaction effects are reported as partial eta squared (n%p), with 0.01, 0.06, and 0.14 reflecting
small, medium, and large effects, respectively [48,49]. Critical & was set at p < 0.05 for significance level, and all post hoc analyses
were Tukey Honestly Significant Difference (HSD) corrected. Analyses were performed on Jamovi (v. 2.3; The Jamovi Project, 2022)
for Windows and R-Studio for R (v. 4.3).
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3. Results
3.1. Executive functions

3.1.1. Flanker/Reverse Flanker task

The mixed model ANOVA with Greenhouse-Geisser correction indicated a significant interaction (Time x Group) for Flanker ac-
curacy performance, F (1.44, 36.05) = 7.62, p = 0.004, 1°p = 0.234. Post hoc analyses revealed that the accuracy of the experimental
group differed significantly from the control group at T1 (98.30 % vs 92.05 %, p = 0.028), with the experimental group being more
accurate than the controls (Fig. 1). Also, the control group was less accurate at T1 than the experimental group at T2 (97.73 %, p =
0.035). In terms of reaction times, no significant difference was detected (p = 0.280).

3.1.2. Forward- and backward-digit span

In the forward version of the Digit Span, the RM-ANOVA with Greenhouse-Geisser correction indicated a significant interaction
(Time x Group) for the Rate of Correct Score, F (1.42, 35.42) = 8.588, p = 0.003, nzp = 0.256. After Tukey HSD correction, post hoc
analyses indicated no significant difference between the two groups as measured at different time points. Furthermore, no significant
interaction effects were detected neither for Span (p = 0.157) nor for RTs (p = 0.352). In the backward version, the RM-ANOVA
revealed a significant interaction (Time x Group) for the Span, F (2, 50) = 4.147, p = 0.021, nzp = 0.143. Post hoc analyses
showed a significant difference in the experimental group (Fig. 2) between TO and T2 (3.571 vs 5.214, p < 0.001). No significant
interaction effects were detected for RCS (p = 0.088) nor for RTs (p = 0.905).

3.2. Fitness test
Table 3 and Table 4 show results of motor and cognitive tests.

3.2.1. Dynamic chin-up

In terms of absolute values, the RM-ANOVA revealed a significant interaction (Time x Group), F (1,25) = 7.070, p = 0.013, n%p =
0.220. After Tukey HSD correction, post hoc analyses indicated no significant difference between the two groups at different mea-
surement time points. Similarly to its absolute values, the RM-ANOVA performed on the relative values of the dynamic chin-up showed
a significant interaction (Time x Group), F (1,25) = 8.280, p = 0.008, nzp = 0.249. Post hoc analyses revealed that participants in the
experimental group significantly improved their performance (Fig. 3) from TO (M = 11.50) than at T1 (M = 14.29) (p = 0.027).

3.2.2. Isometric chin-up

In terms of absolute values, the RM-ANOVA revealed a significant interaction (Time x Group), F (1,25) = 7.820, p = 0.010, n’p =
0.238. Tukey HSD corrected post hoc analyses indicated no significant difference between the two groups. The RM-ANOVA performed
on the relative values of the isometric chin-up revealed a significant interaction (Time x Group), F (1,25) = 7.794, p = 0.010, n°p =
0.238. Tukey HSD corrected post hoc analyses indicated no significant difference between the two groups at different measurement
time points.
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Fig. 1. Flanker accuracy.
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Table 3
Results of motor tests (mean values and standard deviation).
Variables Pre Post
FG CG FG CG
CMJ (cm) 29,2 7,9 32,4 7,6 31,5 8,0 30,6 7,6
DC_abs (rep) 11,5 7,8 10,6 8,5 14,3 9,3 9,4 7,0
DC_rel (rep*kg) 834,5 560,6 737,0 609,6 1055,9 656,8 654,8 501,6
IC_abs (s) 42,5 19,0 41,9 17,4 47,9 20,3 34,1 16,2
IC_rel (s*kg) 3104,3 1282,4 2836,5 1133,9 3522,7 1359,7 2379,9 1265,5
HG_dx (kg) 42,9 12,2 40,3 9,6 46,5 12,2 43,0 11,7
HG_sx (kg) 41,6 9,6 39,2 10,0 44,3 10,0 41,4 11,5
Table 4
Results of cognitive tests (mean values and standard deviation).
Variables Pre Post Follow-up
FG CG FG CG FG CG
Flanker accuracy (%) 94,3 5,2 94,6 2,6 98,3 1,7 92,5 6,3 97,7 2,1 94,6 5,1
Flanker RT (ms) 656,7 69,8 651,6 89,0 627,1 71,6 662,5 81,0 613,0 52,7 636,9 84,1
Digit foreward span 4,9 1,2 4,7 0,8 5,6 1,0 4,9 1,1 5,6 1,0 4,7 0,9
Digit foreward RT (ms) 2267,3  460,7 2100,3  457,2 2359,0  357,3 2408,9  408,6 2396,8 4258 22562  392,5
Digit foreward RCS 3,6 0,9 43 1,1 43 0,8 4,0 1,1 4.4 0,7 3,6 1,2
Digit backward span 3,6 1,4 4,1 1,6 4,4 1,2 4,2 1,9 5,2 0,8 4,2 1,8
Digit backward RT (ms) ~ 3025,5 1579,1 31049 15387 3541,0 1398,7 3731,4 1666,6 36059  957,7 3550,2 9353
Digit backward RCS 2,1 0,7 2,4 0,7 2,5 1,2 2,1 0,8 2,6 0,9 2,1 0,8

3.2.3. Counter movement jump

The RM-ANOVA revealed a significant interaction (Time x Group), F (1,25) = 11.520, p = 0.002, n%p = 0.315. Tukey HSD corrected
post hoc analyses revealed that participants in the experimental group significantly improved their performance (Fig. 4) from TO (M =

29.21) than at T1 (M = 31.49) (p = 0.05).

3.2.4. Handgrip test

No significant interaction effect was detected for the measure of HG (p > 0.05).
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3.3. BDNF analysis
The RM-ANOVA on BDNF measures did not reveal any significant interaction (all, p > 0.05).
3.4. Competitive results

The FG won 64.3% of competitive matches after the training period compared to 38.5% won by the CG (3> = 1.187; p < 0.01; ¢ =
0.257).

4, Discussion

The current study examined the impact of CMT on cognitive and physical variables in élite judo athletes after a period of mass
training. Our hypothesis was that a CMT with Fitlight™ would show an improvement in EFs and a tendency to increase in the physical
fitness and BDNF levels in the experimental group compared to the non-intervention group. Moreover, for FG athletes, a better results
in competitions were expected.

The main finding of this study was that five weeks of massed judo training improved the accuracy of answers for the flanker test and
the span in the backward-digit span of athletes of the FG which represents a measure of working memory. Moreover, results showed
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that this effect was maintained also 8 weeks after the end of the CMT.

These results are in line with our initial hypothesis. Moreover, the Fitlight-trained group showed improvements over time (from TO
to T2) for the rate of correct score of forward digit span, which is an index of working memory processing speed. Therefore, these
results indicate that a Fitlight intervention along with traditional judo training could enhance working memory as previously reported
[1]. However, no other significant differences between the groups for the other EFs tasks were found. These results could be explained
by two reasons: 1) as élite athletes, they already had high levels of EFs, as it was verified at TO, 2) as athletes were tested in a
competitive period, the CMT could not last longer than 25 min which is, anyway, a similar amount of training reported by previous
studies [33,50].

However, as no differences in reaction times between the groups were found, these findings need to be interpreted with caution.
Indeed, Badau and colleagues [33], who used Fitlight™ technology in open-skill sports training with adolescents athletes, reported
that cognitive reaction time, a parameter used to measure cognitive flexibility, had improved after a 3-month intervention. In addition,
they found that open-skill sports athletes who underwent CMT experienced notable gains in cognitive testing and athletic ability. Then,
the different intervention duration could be the cause of the disparate results: in our study, the intervention lasted 5 weeks and
involved three times a week of mass Fitlight training, whereas Badau and colleagues [33] employed a distributed 12-week program.
Despite having a similar overall training load, distributed cognitive training may be a prerequisite for achieving appreciable EFs in-
creases during sports practice. Because of this, our 5-week program was unable to produce significant cognitive improvements, with
the exception of the accuracy of answers in the flanker test and the span in the backward-digit span.

Therefore, more research is required to determine the possible advantages of Fitlight training for EFs in élite athletes practising
open-skill sports. Specifically, in order to understand the ideal volume and frequency for cognitive improvement, it may be pertinent to
examine different distributions of cognitive training (massed vs distributive).

Regarding physical fitness, after the 5-week massed training, there was a significant improvement in dynamic chin-up and in CMJ
and a considerable improvement in isometric chin-up scores. However, for the latter, there was no significant difference between the
groups. These findings could be mostly attributed to the intervention’s focus on improving cognitive skills rather than physical fitness.
Furthermore, as élite athletes, the participants already started from a higher level of fitness performances.

Moreover, this study examined the effect of traditional judo training and Fitlight training on BDNF saliva levels in élite judo
athletes. A growing number of studies have looked at BDNF levels during short-term and long-term exercise both in healthy individuals
and in individuals with chronic conditions [51,52]. Results showed that increased blood BDNF may therefore be influenced by both the
degree of PA and the training status. In our study no significant differences were found in BDNF levels, probably because of the
intervention duration. In addition, BDNF collection was made by saliva rather than blood sampling.

Regarding the competitive results obtained by FG athletes after the end of the intervention, it was observed a significant difference
between FG and CG in terms of won matches (64.3% vs 38.5%). This result is meaningful as all subjects were élite athletes, therefore
even if more studies are needed, it seems that CMT with Fitlight™ could be considered an additional support to coaches during the
training period.

This study has several strengths: 1) First of all it is the first study using Fitlight™ in judo. In particular, the sport-specific training
sessions were carried out in real conditions, proper open skill sports, part of the daily routine for élite athletes. 2) In our study only élite
athletes were recruited, both in the experimental and control groups. In fact, the athletes in our study trained for about 20 h per week
and had taken part in national/international competitions, which was rarely the case in earlier studies.

This research also has some limitations. Indeed, it is reasonable that the duration of the intervention, though massive, was likely
short to induce any potential variations in EFs improvement in response to CMT. According to the available research, 8-12 weeks of
CMT can provide improvements in EFs [33,53] and a distributed schedule appears to be a prerequisite for EFs development in
open-skill sports. However, as above mentioned, a 5-week intervention was due to athletes’ seasonal sporting duties. Furthermore,
although validated physical and cognitive tests were employed in the study, it is uneasy to design ecological protocols aimed at
analysing the improvement in EFs during match actions, without interfering with the context [50].

Moreover, BDNF collection was made by saliva sampling, a non-invasive alternative and simple to use method, compared to blood
sampling, which is most reliable but invasive and uneasy to be carried out in on-court condition. Unfortunately, BDNF could not be
considered reliable in saliva as it is in blood sampling. Indeed, commercial BDNF kits may not be ready for non-invasive saliva
measurements, which limits the sampling frequency and settings [54,55].

5. Conclusions

A 5-week specific judo CMT using the Fitlight training method enhanced élite judo athletes’ cognitive ability, namely the cognitive
flexibility accuracy and the working memory, and physical performance, specifically strength endurance. A CMT lasting only 5 weeks
seems to be able to further enhance some EFs tasks in élite judo athletes and also some components of physical fitness. This information
may be considered by coaches when creating seasonal training plans. The connections between EFs and motor training still raise many
unanswered research questions. Future studies should investigate which EFs are improved by a particular CMT to better understand
the potential effects of higher EFs on various sports, possibly with a motor task to better trigger EFs activation, as well as the duration of
these improvements.
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