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Abstract 

Background:  There is a need to develop strategies that could contribute to the physical and mental preparation of 
motorsport athletes. A common method used by experienced motorsport athlete physical trainers is flashing light 
devices to train or assess reactive agility, despite limited evidence. Therefore, in the present study, we determined the 
effects of a 6-week reactive agility training program using light-based stimuli on the physiological and cognitive abili-
ties of car racing drivers.

Materials and Methods:  The CONSORT guidelines for randomized controlled trial were used. In a single-blinded 
randomized controlled trial, 24 car racing drivers (EXP, n = 12; CON, n = 12) performed a comprehensive battery of 
cognitive tests marketed specifically at motorsport athletes from Vienna test system (VTS) at rest or during moderate 
intensity exercise on a bicycle. Physiological abilities were determined via a maximal incremental cardio-respiratory 
treadmill test. Baseline and post-intervention tests were performed on three consecutive days. Participants in EXP 
underwent a 6-week intervention consisting of 60-min training sessions twice a week using the Witty SEM light 
stimulus.

Results:  Participants in EXP but not in CON performed some of the VTS cognitive tasks with higher accuracy and/
or shorter reaction time after the intervention at rest and during exercise. Car racing drivers performed the STROOP 
word-reading condition more accurately when the task was performed during the exercise vs. rest, regardless of 
group. In addition, the intervention induced beneficial changes in peak heart rate (HR), HR at gas exchange threshold, 
ventilation, and relative maximal oxygen consumption (rVO2 max). In contrast, body mass and fat mass increased, 
while peak HR and rVO2 max decreased in CON. Finally, participants in EXP improved their reactive agility performance 
and reaction time throughout the training program.

Conclusion:  Overall, the reactive agility training program using light-based stimuli appeared to be efficient to induce 
beneficial effects on some physiological and cognitive performance measures; therefore, it may have the potential to 
contribute to car racing drivers’ physical and mental performance.
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Introduction
Prior to the year 2000, driving a racecar was not con-
sidered an athletic pursuit by the general population, 
mainstream media [1], and some exercise science/kinesi-
ology researchers [2]. However, after 20 years of scientific 
investigation, racing drivers are now considered athletes 
[3–14]. Despite an increase in peer-reviewed investiga-
tions into the athletic attributes of racing drivers which 
documented the cardiovascular, environmental, cogni-
tive and physical stressors (for review, see [15]), there is 
limited evidence regarding effective training regimes to 
improve motorsport athletes’ performance.

A potential reason for the lack of evidence-based train-
ing practices in motorsports is due to the dynamic nature 
of racing that merges physical and cognitive abilities of 
the driver with aerodynamic and mechanical engineer-
ing of the vehicle [16, 17]. Thereby, success on the race-
track cannot be reduced to a simple testable mechanism, 
but a combination of physical and mental attributes of 
the driver and engineering capabilities of the race team 
[15, 18, 19]. The Vienna test system (VTS) is a computer-
ized tool for the assessment of sport psychology-related 
constructs in athletes, including the analysis of sustained 
attention, reaction time (RT), peripheral perception, 
stress reactivity, and time movement anticipation [20]. 
VTS is widely used by coaches, trainers, and practitioners 
to conduct cognitive testing in different sports, including 
motorsport (for review see [21]). Therefore, VTS could 
potentially be used to diagnose and/or develop cognitive 
skills relevant for racing performance.

Agility is one of the most important determinants of 
performance in many sports [22, 23]. It is defined as a 
rapid whole-body movement with a change of direction 
and/or velocity in response to an external stimulus [24]. 
The scientific literature can use the term ‘reactive agil-
ity’ to clearly distinguish this skill from the pre-planned 
change of direction agility movements [25, 26]. In 

traditional sports, coaches and researchers have used 
flashing light devices to produce external stimuli to 
which the participants needed to react [27–29]. How-
ever, these tools can be used not only to assess, but also 
to improve the reactive agility of the athletes. In motor-
sports, car racing drivers continuously need to respond 
correctly to several external stimuli during a race to 
have optimal performance. These stimuli include correct 
throttle, brake, and steering inputs to pilot the vehicle 
but also several visual stimuli to ensure the car is operat-
ing correctly. Many professional race cars have complex 
steering wheels that provide visual information (flashing 
lights) to the driver requiring them to depress a button 
or turn a dial. For example, in the Porsche 919 24  h of 
Le Mans winner, there were over 100 flashing light com-
binations that could appear on the steering wheel that 
required specific inputs from the driver. Therefore, we 
hypothesize that using flashing light devices that produce 
external stimuli to which the participants need to react 
may improve the reactive ability, and also the cognitive 
and physiological performance of car racing drivers. This 
hypothesis is supported by anecdotal examples presented 
on social media of elite racing drivers (e.g., F1) using such 
light stimuli to train or assess reactive agility, despite lim-
ited evidence.

Therefore, the aim of the present study was to deter-
mine the effects of a 6-week reactive agility training 
program using light-based stimuli on car racing driv-
ers’ physiological and cognitive abilities. The training 
program was designed to model the complex physical 
and cognitive demands of motorsport competition in 
a controlled laboratory setting. We hypothesized that 
the training program would improve car racing drivers’ 
physiological and cognitive performance as compared 
to an inactive control group. Considering that car racing 
drivers have to perform under physiological strain dur-
ing races, we hypothesized no differences in the results 

Key Points 

•	 The present article is the first to provide scientific evidence for the beneficial effects of a 6-week reactive agility 
training program using light-based stimuli on the physiological and cognitive abilities of car racing drivers.

•	 Cognitive abilities improved when performed at rest or during moderate intensity exercise on a bicycle ergom-
eter. In addition, the intervention induced beneficial changes in physiological measures so that peak heart rate, 
the heart rate at gas exchange threshold, ventilation, and relative maximal oxygen consumption increased during 
the maximal incremental cardio-respiratory test.

•	 Our results suggest that such a short training program that is easy to administer has the potential of contribut-
ing to car racing drivers’ physical and mental performance.

Keywords:  Automobile racing, Cognitive performance, Driver science, Heart rate recovery, Maximal oxygen 
consumption, Motorsport, Vienna test system
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of cognitive tests when done at rest vs. during moderate 
intensity exercise. Moreover, we expected that the train-
ing program may further develop both abilities. Finally, 
we expected our participants in the experimental group 
to improve their reactive agility performance through-
out the training program. Our study fits under the cur-
rent efforts about gathering scientific data that could 
inform the motorsport community on proper training 
techniques.

Methods
Participants
Sample size calculations (G*Power 3.1.7 [30]) revealed 
that a minimum sample size of 20 participants would be 
appropriate to detect significant differences between the 
experimental and control groups, assuming a moderate 
effect size, type I error of 0.05, and power of 0.80. This 
study was a single-blinded randomized controlled trial. 
Participants were recruited through Fit4Race which has 
been involved in the preparation of racing drivers since 
2014. Some of the participants were existing clients; how-
ever, they have never performed such cognitive tasks 
or practiced such agility training applied in the present 
study. The opportunity for participation in the study was 
advertised on the website and car racing drivers who met 
the criteria of the research were invited to the research 
facility. Participation was free of charge, the participants 

did not receive honoraria for the participation. Twenty-
four car racing drivers (Rally, n = 12; Rallycross, n = 4; 
Touring car, n = 4; Formula 4, n = 4) volunteered in the 
study and were randomly assigned to either the experi-
mental (EXP, n = 12; mean ± SD age = 24.7 ± 4.4  years; 
height = 181.4 ± 7.4  cm; mass = 79.3 ± 10.9  kg) 
or control (CON, n = 12; age = 25.6 ± 3.3  years; 
height = 178.8 ± 9.2  cm; mass = 78.8 ± 9.4  kg) group. 
Inclusion criteria were: (1) a minimum of 5  years of 
experience in racing at competitions, (2) participation at 
international championships in the previous season (year 
2020)/achieving one of the top 5 ranks of the 2020th 
standings in the Hungarian national championship, and 
(3) no reported neurological deficits or sensorimotor 
impairment. After giving both verbal and written expla-
nations of the experimental protocol, participants signed 
the informed consent document in accordance with the 
declaration of Helsinki. The study was carried out in 
accordance with the recommendations of the University 
Ethical Committee (Approval No. TE-KEB/No11/2020). 
The study was performed in accordance with CONSORT 
guidelines (Additional file 1: Appendix).

Experimental Design
Figure  1 provides a schematic illustration of the experi-
mental design. Participants had individual experimental 
procedures at the research facility (Fit4Race, Budapest, 

Fig. 1  Schematic illustration of the experimental design. ANTH, anthropometric measurements; B, training block; COGN, cognitive measurements; 
CON, control group; DT, determination test; EXP, experimental group; HRR, heart rate recovery; LVT, visual pursuit test; PHYS, physiological 
measurements; REST, resting period between training blocks; STROOP, Stroop test; VISGED, visual memory test; W-UP, warm-up; ZBA, time/
movement anticipation test. †HRR was measured after the first, sixth, and 12th training bouts



Page 4 of 17Horváth et al. Sports Medicine - Open           (2022) 8:113 

Hungary), which is specialized to test and train motor-
sport athletes. Both testing and training sessions were 
done in the morning and were controlled for Hawthorne 
effects [31, 32]. Specifically, D.H., R.S., or P.J.T. dressed 
in the official uniform of Fit4Race coaches and were 
always appropriately identified by their name written on 
their T-shirt, which also specified their status as ‘coach.’ 
Baseline and post-intervention tests were performed on 
three consecutive days. Participants were asked not to 
drink alcohol 24 h before and during the testing session 
and not to drink coffee in the mornings of the testing 
sessions. On the first day, participants performed cogni-
tive tests on the computer. The cognitive tests consisted 
of a specific test package marketed for car racing drivers 
(SFMOTOR) from Vienna test system (VTS) including 
the visual pursuit test (LVT), Stroop test (STROOP), vis-
ual memory test (VISGED), time/movement anticipation 
test (ZBA), and determination test (DT) (Fig. 2). To elim-
inate auditory cues, a headset was provided during the 
experiment. The day after the cognitive tests, participants 
performed a maximal incremental cardio-respiratory test 
on a treadmill. The test was preceded by an anthropome-
try measurement in line with the international standards 

defined and approved by the International Society for the 
Advancement of Kinanthropometry (ISAK). Lastly, on 
the third day, participants performed the STROOP and 
ZBA tests during moderate intensity exercise on a bicycle 
according to the study from Torbeyns et al. [33].

The following week, participants in EXP began the 
6-week training program twice a week with 48–72  h of 
rest in between each session. Each participant in both the 
EXP and CON groups was asked not to perform any cog-
nitive- or motor skills development training during the 
research study. We also asked them not to change their 
daily routine or eating habits. Because the research was 
conducted during the offseason, EXP only performed 
the reactive agility training regime, while CON only per-
formed their regular aerobic physical activity including 
walking and/or cycling. The post-tests were performed 
2 days after the last training session and was identical to 
the baseline measurements.

DAY 1: Cognitive Tests (Vienna Test System, VTS)
The Vienna test system (VTS) (Fig. 2A) is a widely used 
objective measure of various psychological constructs, 
which have the potential to provide information on the 

Fig. 2  Vienna test system and representative examples of each cognitive task. A The Vienna test system (VTS). B Visual pursuit test (LVT): 
Participants followed the line marked with a red arrow out of nine intersecting arrows and found the right endpoint as quickly as possible. C 
Stroop test (STROOP): Participants were asked to press the appropriate button on the test panel as quickly as possible in two conditions (color 
naming, word reading). D Visual memory test (VISGED): Participants had to memorize and afterward recall the position of symbols on a city map. 
E Time/movement anticipation test (ZBA): A green ball appeared on the screen and moved at a certain trajectory with changing direction. At an 
unpredictable time, the ball disappeared and became invisible until two red lines appeared (E) from which the first line marked the place where 
the ball has disappeared. Participants were instructed to mark the anticipated position and time of the ball crossing the second red line using the 
buttons of the VTS panel. F Determination test (DT): The participants were presented with color stimuli and acoustic signals and were asked to react 
by pressing the appropriate buttons on the response panel
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effects of certain factors on athlete cognitive performance 
(for review see [21]). In the present study, we selected 
and used five tests from a comprehensive cognitive test 
package of VTS marketed specifically at motorsport ath-
letes called SFMOTOR (success factors in motorsport) to 
determine the effects of a 6-week reactive agility training 
program on car racing drivers’ cognitive performance. 
Each test was preceded by a familiarization (see the exact 
number of familiarization trials below for each test). The 
VTS system provided feedback to the participants in case 
of incorrect answers and did not allow them to proceed 
to the testing session until the correct answer was given.

Visual Pursuit Test (LVT)
The visual pursuit test was used to examine the visual 
orientation performance and selective visual attention 
of the car racing drivers by determining the perceptual 
quality of simple elements in a complex environment. 
After eight familiarization trials, participants started the 
LVT test. Specifically, an arrow appeared at the top of the 
display, pointing to the top of one of the nine curves, and 
the task was to indicate the number on the box to which 
that curve was connected as quickly as possible (Fig. 2B). 
The test took about 3–10 min. The median RT and the % 
of correct answers were evaluated.

Stroop Test (STROOP)
The Stroop test was used to examine the participants’ 
cognitive flexibility (or switching ability). The test is based 
on the assumption that the reading speed of a color word 
is slower if the word is written in a different colored font. 
Two conditions were used without interfering influences 
(congruent stimuli) to determine baseline performance 
and were related to the two interference conditions, i.e., 
(a) ‘color naming interference’ and (b) ‘word-reading 
interference’ (incongruent stimuli). Participants were 
asked to press the appropriate button on the test panel as 
quickly as possible (Fig. 2C). The test took about 10 min 
and was preceded by 10–10 familiarization trials for each 
condition. The reading and naming interference (the dif-
ference of the RT medians of the ‘interference conditions’ 
and the ‘baseline’) were evaluated and used for the statis-
tical analysis. Besides the RT, the % of incorrect answers 
during the interference conditions was also analyzed to 
determine whether a faster RT was associated with more 
errors.

Visual Memory Test (VISGED)
The visual memory test was used to determine the vis-
ual short-term memory. Its value may provide infor-
mation on how participants orientate themselves in a 
real-life environment. First, five familiarization trials 
were performed by the participants, and then they had 

to memorize and afterward recall the position of sym-
bols on a city map (Fig. 2D). Specifically, the participant 
was initially presented with a city map on which four 
different symbols of locations (15 symbols in total, e.g., 
taxi station/hospital/school/church, etc.) are marked. 
Participants had to memorize the positions of the indi-
vidual symbols and afterward recall them correctly. This 
was tested by presenting the city map without symbols 
and asking the participants to mark the location on the 
map where the symbol used to be by using a mouse 
attached to the VTS system. As soon as the respondent 
has marked a spot on the map, the actual position of the 
symbol in question is displayed, thus giving the respond-
ent feedback on the correctness of his/her answer. The 
test took about 10–15  min. Total mean duration, total 
mean error duration, percent error duration (calculated 
as the ratio of total error duration to total duration), and 
coordination difficulty were used to create a score. A 
higher score indicates that the participant can remember 
a larger number of items of information.

Time/movement Anticipation Test (ZBA)
The time/movement anticipation test was used to deter-
mine participants’ skills in estimating the time-to-coinci-
dence of an object to a designated point in space. The test 
was preceded by eight familiarization trials. A green ball 
appeared on the screen and moved at a certain trajectory 
with changing direction. At an unpredictable time, the 
ball disappeared and became invisible until two red lines 
appeared (Fig.  2E) from which the first line marked the 
place where the ball has disappeared. Participants were 
instructed to mark the anticipated position and time of 
the ball crossing the second red line. The position was 
determined by using the red and green buttons of the 
VTS panel that moved the cursor on the screen in both 
vertical (up and down, respectively) and horizontal (left 
and right, respectively) directions, while the timing of 
the crossing was determined by pressing the black rec-
tangle button in the middle of the VTS panel (Fig.  2A). 
In the practice phase of the test, participants performed 
a practice consisting of 10 items, at which they received 
feedback. The test then contained 48 items, while no 
feedback was given. The test took about 5–25  min. The 
time and position error were evaluated as the time differ-
ence in seconds, and the deviation from the correct posi-
tion, in pixels, respectively.

Determination Test (DT)
The determination test was used to evaluate participants’ 
reactive stress tolerance, attention, and reaction speed 
in  situations requiring continuous, swift, and varying 
responses to rapidly changing visual, and acoustic stim-
uli. Before the start of the test, participants were given a 
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practice session to familiarize themselves with the test. 
The participants were presented with color stimuli and 
acoustic signals and were asked to react by pressing the 
appropriate buttons on the response panel (Fig. 2F). Spe-
cifically, the color stimuli were presented via the moni-
tor by (1) five different colors (white, yellow, red, blue, 
green) that could appear in one of the ten circles or (2) 
foot signals (left or right) to which the participants had to 
react as quickly as possible by pressing the correspond-
ing colored button on the manual panel or one of the foot 
pedals of the VTS, respectively. The acoustic stimuli con-
sisted of high and low tones that were presented via the 
Test System interface to which participants had to press 
the upper grey or the lower black rectangular button in 
the middle of the VTS panel, respectively. The stress ele-
ment of the DT test comes from the adaptivity of the test, 
where the participants need to sustain continuous, rapid, 
and varying responses to rapidly changing stimuli. Adap-
tivity of the test means that the software continuously 
adapted the level of challenge based on the performance 
of each participant, i.e., the better the participant’s per-
formance was, the faster the signals’ presentation speed 
was. The test took about 6 min. The number of correct, 
incorrect, and omitted answers were evaluated and then 
were used in the statistical analysis.

DAY 2: Anthropometric and Physiological Measurements
Anthropometric Measurements
Anthropometric parameters were measured according to 
the international standards defined and approved by the 
International Society for the Advancement of Kinanthro-
pometry (ISAK). Specifically, height; body mass; width 
and depth of chest; shoulder, elbow, hip, and knee widths; 
body circumferences (chest, flexed upper arm, mid-upper 
arm, mid-lower arm, wrist, hand, thigh, calf, ankle), and 
skinfolds (biceps, triceps, subscapular, suprailiac, abdo-
men, mid-axilla, thigh, calf ) were determined by a cer-
tified expert. Body mass (BM), body height (BH), and 
estimated muscle- (M%) and fat mass (F%) were meas-
ured and calculated, respectively.
Physiological Measurements
Participants performed a maximal incremental cardio-
respiratory treadmill test until complete fatigue. The 
speed of the treadmill (Life Fitness model 90 T, Schiller 
Park, IL) was increased in the following manner: start-
ing speed was 5  km/h with 0% inclination, which was 
increased linearly every second minute, to 10, 12, 14, and 
16  km/h. Then inclination was increased by 3% every 
minute until exhaustion. A heart rate monitor (Polar 
H10, Polar Electro, Kempele, Finland) set at a sampling 
frequency of 1  Hz and a breath-by-breath metabolic 
cart (Jaeger Oxycon Pro, Viasys Healthcare GmbH, 
Höchberg, Germany) were used for measuring HR, VE, 

breathing frequency (BF), oxygen consumption (VO2), 
and carbon dioxide production (VCO2). V̇O2 max was 
defined as a lack of increase in oxygen consumption with 
increasing workload. The analysis of the straight-line 
relations of VCO2 vs VO2 (V-slope method) was used 
to detect the gas exchange threshold (GET) during the 
treadmill test [34]. The HR at GET (GETHR) was also 
recorded to detect the changes in HR corresponding to 
the lactate threshold.

DAY 3: Cognitive Tests During Moderate Intensity Exercise
After a 5-min warm-up, participants performed the 
STROOP and ZBA tests (see details at ‘2.3 DAY 1: Cog-
nitive tests (Vienna test system, VTS)’) during moder-
ate intensity exercise (65–75% of peak HR) on a Precor 
upright bicycle (Precor, Woodinville, WA, USA). The 
response panel of the VTS was fixed on the ergometer 
aligned with the eyes of the participants. The experiment 
took ~ 25–30 min including the warm-up.

Agility Training Program Using Light‑Based Stimuli
The experimenters administering the training inter-
vention were knowledgeable of the assigned group the 
participants were assigned. Participants in the EXP 
performed 60-min training sessions twice a week for 
6 weeks. Participants performed a 10-min warm-up con-
sisting of 2 min of walking (5 km/h) and 3 min of jogging 
(8 km/h) on a treadmill, which was followed by 5 min of 
dynamic stretching combined with core exercises.

The training bouts were performed using the Witty 
SEM© visual reaction test device (Microgate, Bolzano, 
Italy). All testing and training sessions were performed 
in isolated rooms, in which the consistent temperature 
(20  °C) was regulated by a conventional air conditioner. 
The eight LED lamps were placed person-specifically 
in a 3 × 3  m dark room according to the results of the 
anthropometric measurements (Additional file  2: Fig. 
S1). Lamps ‘A’ and ‘B’ were placed in alignment with the 
tips of the shoulder, lamps ‘C’ and ‘D’ were placed on the 
height of the head with a wingspan between them, lamps 
‘E’ and ‘F’ were placed on the mid-height of the shinbone 
with a wingspan between them, and lamps ‘G’ and ‘H’ 
were placed at the height of the waist with 85° from the 
starting position (+ 80 cm from arms reach). The starting 
position was determined as + 80 cm from the lamps and 
was marked on the floor with a tape (60 × 60 cm square). 
A green light was used as a stimulus, while the other 
photocells remained off. The test consisted of five series 
of 1 to 5 min of trials, respectively, with 2 min of rest in 
between.

Two sequences were pre-programmed in the following 
manner:
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Sequence #1: A,D,B,G,A,H,E,C,F,G,D,A,B,F,E,G,B,H,
C,G,H,F,A,E,D,B,F,E,H,E
Sequence #2: A,F,C,A,E,G,D,B,H,C,G,A,D,F,G,H,A,G,
E,D,B,G,E,C,B,A,F,H,B,E

Sequence #1 was used for the blocks of 1, 3, and 5 min, 
while sequence #2 was used for the blocks of 2, and 
4 min. The sequences were repeated until the end of the 
blocks. Participants were asked to wave only at the pre-
specified photocell as soon as possible, i.e., block 1: green 
‘B’; block 2: blue ‘6’; block 3: red ‘D’; block 4: green ‘9’; 
block 5: red ‘C.’ The generation time between the visual 
reactions was 1 s. The order of the lamps’ appearance and 
their position were randomly changed throughout the 
training program to prevent a potential learning effect 
of the sequences. HR data were measured using a Polar 
V800 heart rate monitor with a Polar H7 chest strap 
(Polar Electro, Kempele, Finland).

The reactive agility performance measured by the num-
ber of touches at each training and the RT were the pri-
mary performance outcomes. Average and peak HR were 
determined for each training. Moreover, parasympathetic 
reactivation was assessed after the first, sixth, and 12th 
training bouts from heart rate recovery (HRR) in a sitting 
position by taking the absolute difference between the 
final HR at exercise completion and the HR recorded fol-
lowing 60 s of recovery.

Statistical Analyses
Statistical analyses were performed using SPSS Statis-
tics Package (version 22.0, SPSS Inc., Chicago, IL). All 
data were checked for normal distribution using the 
Shapiro–Wilk’s test. When variables were not normally 
distributed, log-transformation was performed in each 
data within the corresponding analysis. These analyses 
were performed on the transformed data but the data are 
reported in the non-transformed form. To statistically 
investigate the effect of the 6-week training program on 
car racing drivers’ physical and cognitive performance 
and anthropometric measures, a series of a group (EXP, 
CON) × time (baseline, post) mixed analysis of variance 
(ANOVA) and post hoc tests were performed for each 
dependent measures. Separate group (EXP, CON) × time 
(baseline, post) × task complexity (at rest, during exer-
cise) mixed ANOVAs were performed to determine if 
results of cognitive tests (STROOP, ZBA) are different 
when done at rest vs. during moderate intensity exercise. 
Additional repeated measures ANOVAs (rmANOVAs) 
and post hoc tests with Bonferroni correction for multi-
ple comparisons were used to detect the changes in reac-
tive agility performance, RT, and HR data (average HR, 
peak HR, HRR) of EXP throughout the training program. 
For each ANOVA, compound symmetry was evaluated 

with the Mauchly’s test and the Greenhouse–Geisser cor-
rection was used when data violated the assumption of 
sphericity so that when the Epsilon was less than 0.75 for 
Mauchly’s test of sphericity, we used the Greenhouse–
Geisser-corrected value and the Huynh–Feldt-corrected 
value for epsilon greater than 0.75. Effect sizes of repeti-
tion factors were expressed using partial eta squared (ηp

2) 
[35]. Complementary post hoc analyses (paired samples 
t tests) with additional Cohen’s effect size (d) calculation 
were used when indicated. Statistical significance was set 
at p < 0.05.

Results
Changes in Cognitive and Physiological Measures 
(Additional file 3: Data 1)
Cognitive Tests (Vienna Test System, VTS)
Table 1 summarizes the changes in each cognitive meas-
ure. Specifically, there was a main effect of time in LVT 
RT (F1,22 = 4.3, p = 0.05, ηp

2 = 0.16) and in the correct 
answers of LVT (F1,22 = 7.8, p = 0.011, ηp

2 = 0.26) with 
the post hoc analyses showing decreased RT and more 
correct answers post-intervention, irrespective of group. 
There was also a group × time interaction (F1,22 = 5.2, 
p = 0.033, ηp

2 = 0.19) in LVT RT. Post hoc analysis 
revealed that LVT RT decreased in EXP (p = 0.038, 
d = 0.61) but remained unchanged in CON (p = 0.800, 
d = 0.05) suggesting that the reactive agility training pro-
gram enhanced car racing drivers’ visual orientation per-
formance and selective visual attention.

A series of mixed ANOVA revealed a group × time 
interaction in both RT (F1,22 = 8.7, p = 0.007, ηp

2 = 0.28) 
and incorrect answers (F1,22 = 10.6, p = 0.004, ηp

2 = 0.32) 
of the color-naming condition of STROOP with the post 
hoc test showing a slightly increased RT in CON vs. EXP 
(p = 0.048, d = 0.05) (Fig.  3A) and decreased incorrect 
answers in EXP vs. CON (p < 0.001, d = 0.96) (Fig.  3B). 
Regarding the word-reading condition, a significant 
interaction in RT (F1,22 = 8.3, p = 0.009, ηp

2 = 0.27) was 
observed with a post hoc test showing that RT decreased 
in EXP (p = 0.028, d = 0.60) but remained unchanged in 
CON (p = 0.134, d = 0.56) (Fig. 3C). Moreover, a signifi-
cant time main effect (F1,22 = 4.7, p = 0.041, ηp

2 = 0.18) 
and also a group × time interaction (F1,22 = 6.8, p = 0.016, 
ηp

2 = 0.24) was found in incorrect answers. Post hoc 
analysis revealed a decreased number of errors in CON 
(p = 0.021, d = 1), while EXP remained unchanged 
(p = 0.819, d = 0.09) most probably due to the large inter-
subject variability (Fig.  3D) during the baseline meas-
urements. STROOP interference effect was observed 
neither in color-naming nor in word-reading condition 
(all p > 0.05).

There were no time main effect or group × time inter-
actions in VISGED and ZBA (all p > 0.05) indicating that 
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the reactive agility training program did not induce any 
changes in participants’ visual memory performance 
and time/movement anticipation neither in EXP nor in 
CON. However, there was a time main effect (F1,22 = 6.4, 
p = 0.019, ηp

2 = 0.22) and also a group × time interaction 
(F1,22 = 18.5, p < 0.001, ηp

2 = 0.46) in DT correct answers 
with the post hoc test showing an increased score of cor-
rect answers in EXP (p = 0.05, d = 0.77) but a decreased 
score in CON (p = 0.04, d = 0.12) as compared to base-
line values (267.3 ± 32.9, 265.3 ± 48.1, respectively) 
(Table 1). In addition, EXP but not CON also performed 
DT with a lower score of omitted answers indicated by a 
group × time interaction (F1,22 = 8.9, p = 0.007, ηp

2 = 0.29) 
and a post hoc paired samples t tests (EXP: p = 0.034, 
d = 0.78; CON: p = 0.087, d = 0.23).

Anthropometric Measures
Table  2 summarizes the changes in anthropomet-
ric measures in response to the reactive agility train-
ing program. Statistical analysis revealed that BM 
decreased in EXP (from 79.3 ± 10.9 to 77.2 ± 10.3  kg) 
but increased in CON (from 78.8 ± 9.4 to 79.7 ± 9.4  kg) 
indicated by a group × time interaction (F1,22 = 21.9, 
p < 0.001, ηp

2 = 0.50) with post hoc tests (p = 0.004, 
d = 0.20; p = 0.004, d = 0.10, respectively). Evidentially, 
BH remained unchanged in each group (all p > 0.05). 
Although no changes were found in M% (all p > 0.05), a 

time main effect (F1,22 = 47.3, p < 0.001, ηp
2 = 0.68) and 

also a group × time interaction (F1,22 = 70.4, p < 0.001, 
ηp

2 = 0.76) was found in F%. Post hoc analysis revealed 
lower post-intervention F% values in EXP (p < 0.001, 
d = 0.57) but higher F% in CON (p = 0.041, d = 0.05).

Physiological Measures
Table  2 summarizes the effects of the reactive agil-
ity training program on the physiological measures. 
Both peak HR and GETHR showed time main effects 
(F1,22 = 7.2, p = 0.014, ηp

2 = 0.25; F1,22 = 17.0, p < 0.001, 
ηp

2 = 0.44; respectively) and group × time interactions 
(F1,22 = 22.1, p < 0.001, ηp

2 = 0.50; F1,22 = 30.5, p < 0.001, 
ηp

2 = 0.58; respectively). Post hoc test revealed higher 
post-intervention peak HR values during the maxi-
mal incremental cardio-respiratory test for partici-
pants in EXP (p = 0.002, d = 0.45) and lower values in 
CON (p = 0.033, d = 0.40). In addition, GETHR was also 
higher in EXP as compared to baseline (p < 0.001, d = 1.2) 
but remained unchanged in CON (p = 0.086, d = 0.24). 
Mixed ANOVA revealed a time main effect (F1,22 = 25.4, 
p < 0.001, ηp

2 = 0.53) and also a group × time interaction 
(F1,22 = 43.1, p < 0.001, ηp

2 = 0.66) in VE with a post hoc 
analysis showing higher VE in EXP (p < 0.001, d = 1.62), 
which did not change in CON (p = 0.057, d = 0.28). 
Although BF remained unchanged (p > 0.05), there was 
a time main effect (F1,22 = 28.3, p < 0.001, ηp

2 = 0.56) 

Fig. 3  Changes in STROOP when performed at rest or during moderate intensity exercise. Baseline (BL) and post-intervention RT values in EXP 
(red and blue boxes, respectively) and CON (light brown and green boxes, respectively) in the color naming (A) and word-reading (C) conditions 
of STROOP. B, D represent the percentage of incorrect answers at baseline (BL) and post-intervention in EXP (red and blue boxes, respectively) and 
CON (light brown and green boxes, respectively) in the color naming and word-reading condition of STROOP, respectively. CON, control group; 
EXERCISE, STROOP during moderate intensity exercise; EXP, experimental group; REST, STROOP at rest; RT, reaction time; STROOP, Stroop test. The 
boxplots show the median, the upper, and lower quartiles, and the min and max value of the groups. ‘×’ within the boxplot represents the mean 
line. *p < 0.05 for post hoc paired samples t test based on a significant group × time interaction. †main effect of task complexity
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and a group × time interaction (F1,22 = 41.5, p < 0.001, 
ηp

2 = 0.65) in rVO2 max. Post hoc analysis showed that 
rVO2 max increased in EXP (p < 0.001, d = 0.85) but 
decreased in CON (p = 0.029, d = 0.17).

Cognitive Measures During Moderate Intensity Exercise
The reactive agility training program induced changes 
in participants cognitive performance when performed 
during moderate intensity exercise on a bicycle, i.e., 
except for the interference effect, each STROOP variable 
showed improvement in EXP indicated by group × time 
interactions and post hoc analyses (Fig.  3). Specifi-
cally, there was a time main effect (F1,22 = 5.6, p = 0.027, 
ηp

2 = 0.20) and also a group × time interaction (F1,22 = 9.6, 
p = 0.005, ηp

2 = 0.30) in RT of the color-naming condi-
tion of STROOP. The post hoc test revealed shorter RT 
in EXP (p = 0.002, d = 0.75), which, on the other hand, 
remained unchanged in CON (p = 0.634, d = 0.01) 
(Fig.  3A). Moreover, the percent of incorrect answers 
also decreased in EXP indicated by a group × time inter-
action (F1,22 = 11.5, p = 0.003, ηp

2 = 0.34) and a post hoc 
paired samples t test (p = 0.015, d = 0.69), but did not 
change in CON (p = 0.084, d = 0.33) (Fig.  3B). Regard-
ing the intervention-induced changes in word-reading 
condition, mixed ANOVA revealed a time main effect 
(F1,22 = 8.8, p = 0.007, ηp

2 = 0.29) and also a group × time 
interaction (F1,22 = 22.3, p < 0.001, ηp

2 = 0.50) in RT with 
a post hoc test showing shorter RT in EXP (p = 0.001, 
d = 0.66) but unchanged RT in CON (p = 0.063, d = 0.24) 
(Fig.  3C). In line with the results in the color-naming 
condition, car-racing drivers in EXP performed the 
word-reading task with higher accuracy (with less incor-
rect answers) indicated by both a time main effect and 
(F1,22 = 5.5, p = 0.028, ηp

2 = 0.20) also a group × time 
interaction (F1,22 = 13.8, p = 0.001, ηp

2 = 39) with post hoc 

test (p = 0.004, d = 1); however, the number of incorrect 
answers was not changed in CON (p = 0.224, d = 0.16) 
(Fig.  3D). STROOP interference interaction effect was 
not observed in any conditions (all p > 0.05), nevertheless, 
a time main effect was found in word-reading condition 
(F1,22 = 4.7, p = 0.041, ηp

2 = 0.18), irrespective of group. 
There were no time main effect or group × time inter-
action in ZBA variables (all p > 0.05) indicating that the 
reactive agility training program induced no changes in 
car racing drivers’ time/movement anticipation, regard-
less of group.

Differences in STROOP and ZBA Performance 
when Performed at Rest or During Moderate Intensity 
Exercise
No significant group × time × task complexity or 
time × task complexity interaction effects were found in 
any of the cognitive task measures (all p > 0.05) indicating 
that the improvements in cognitive task performance did 
not differ when done at rest vs. during moderate intensity 
exercise in response to the training intervention, regard-
less of group. However, a significant main effect of task 
complexity (F1,22 = 8.0, p = 0.010, ηp

2 = 0.27) was found in 
the accuracy of the word-reading condition with the post 
hoc analysis showing more incorrect answers when the 
task was performed at rest vs. during moderate intensity 
exercise (d = 1.75) (Fig. 3D).

Changes in Performance and Physiological Measures 
Throughout the Training Program
The light-stimuli-based reactive agility training program 
affected reactive agility performance markers but not 
physiological measures throughout the 6-week program 
(Additional file  4: Data 2). Specifically, statistical analy-
ses revealed training main effects in both reactive agility 

Table 2  Reactive agility training program effects on anthropometric and physiological measures

Values are mean (SD) of each variables

BF, breathing frequency; BH, body height; BL, baseline; BM, body mass; BPM, breaths per minute; bpm, beats per minute; CON, control group; EXP, experimental 
training group; F, estimated fat mass; GETHR, heart rate at gas exchange threshold; HR, heart rate; intensity, the peak treadmill speed reached (km/h); M, estimated 
muscle mass; rVO2, relative oxygen consumption (ml/min/kg); VE, ventilation

*p < 0.05 post hoc paired samples t test
† Significant group × time interaction

Anthropometric measures Physiological measures

BM† (kg) BH (cm) M (%) F† (%) HR† (peak) VE† (l/min) BF (BPM) rVO2
† (max) GETHR† (bpm) intensity (max)

EXP * * * * * *

BL 79.3 (10.9) 181.4 (7.4) 43.9 (3.2) 18.6 (5.8) 194.3 (6.6) 129.3 (11.9) 55.8 (8.0) 49.9 (6.2) 170.9 (6.3) 15.5 (0.9)

Post 77.2 (10.3) 181.5 (7.4) 44.7 (2.3) 15.4 (5.5) 197.3 (5.9) 148.2 (11.4) 53.8 (7.6) 54.6 (4.7) 177.8 (5.7) 16.0 (0.0)

CON * * * *

BL 78.8 (9.4) 178.8 (9.2) 46.0 (3.4) 15.8 (5.5) 195.0 (2.4) 126.6 (10.0) 51.8 (6.1) 50.3 (3.1) 172.9 (4.6) 15.3 (1.0)

Post 79.7 (9.4) 179 (9.2) 45.7 (2.8) 16.1 (5.6) 194.2 (1.5) 124.3 (8.1) 51.8 (6.1) 49.8 (2.8) 171.9 (3.7) 15.3 (1.0)
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performance (F11,49 = 15.4, p < 0.001, ηp
2 = 0.78) and RT 

(F11,49 = 38.2, p < 0.001, ηp
2 = 0.90) with post hoc analysis 

revealing that participants significantly improved from 
the first to the second, from the third to the fourth, and 
from the 11th to the last training (all p < 0.001) (Fig. 3A, 
B). Moreover, car racing drivers produced more touches 
with shorter RT in each training bout as compared to the 
first training (all p < 0.001), including the last 12th train-
ing, indicating an improved reactive agility performance 
in response to the training intervention. On the other 
hand, neither average- or peak HR nor HRR were affected 
throughout the training program (all p > 0.05).

Discussion
This study is the first to examine the effects of a 6-week 
reactive agility training program using light-based stimuli 
on physiological and cognitive performances in car rac-
ing drivers. The main findings of the present study are 
that cognitive performance on some sub-tasks of the 
VTS improved in response to the intervention even when 
the tasks were performed during moderate intensity 
exercise on a bicycle. What is more, car racing drivers 
performed the STROOP word-reading condition more 
accurately when the task was performed during the exer-
cise vs. rest. Furthermore, the training program-induced 
beneficial changes in physiological measures of car racing 
drivers in EXP, including higher peak- and gas exchange 
threshold-related heart rate, improved ventilation and 
relative maximal oxygen consumption during a maximal 
incremental cardio-respiratory test. Finally, car racing 
drivers performed the reactive agility task with improved 
performance and decreased reaction time throughout the 
6-week training program. Overall, our results indicate 
that such a short training program that is easy to admin-
ister may have the potential to contribute to car racing 
drivers’ physical and mental performance.

Changes in Cognitive Performance at Rest or During 
Moderate Intensity Exercise
The peer-reviewed literature indicates that car racing 
drivers have significantly faster RT as compared to con-
trols [36, 37] that might be related to the more consist-
ent recruitment of brain areas devoted to motor control 
and spatial navigation of car racing drivers [38, 39], 
which are linked to enhanced eye movement strategies 
acquired by task familiarity [40]. It is, therefore, not ques-
tionable that visual perception and visual attention play 
an important role in driving performance [41]. Notably, 
while the visual behavior of saccadic scanning is preva-
lent in everyday driving [42], car racing drivers must 
rely more on peripheral vision [43, 44]. Therefore, in the 
present study, it was fundamental to determine whether 
the reactive agility training program has the potential to 

enhance car racing drivers’ visual attention. Indeed, par-
ticipants in EXP but not in CON had decreased reaction 
time of LVT task post-intervention (3.19 ± 0.38  ms) as 
compared to baseline (3.83 ± 1.31  ms), suggesting that 
the reactive agility training program enhanced car rac-
ing drivers’ visual orientation performance and selective 
visual attention (Table  1). Moreover, the 6-week inter-
vention induced beneficial effects in the color-naming 
condition of STROOP indicated by a decrease in incor-
rect answers in EXP but not in CON (Fig. 3). Regarding 
the word-reading condition, a decreased RT in EXP was 
found. Against the expectations, a decreased number of 
errors was found not in EXP but in CON, however, this 
unexpected result could be related to the large inter-sub-
ject variability during the baseline measurements (Fig. 3). 
Although the reactive agility training program induced 
changes neither in car racing drivers’ time/movement 
anticipation measured by the ZBA test nor in their visual 
short-term memory measured by VISGED, car racing 
drivers in EXP had an increased score of correct answers 
and a lower score of omitted answers of DT as compared 
to baseline (Table 1). Car racing is a sport that requires 
minimal errors in physical or cognitive performance. 
However, unlike more traditional sports, the high rate of 
speeds drivers compete at can result in more substantial 
injuries when errors do occur [15, 17, 45]. The determi-
nation test (DT) is commonly used not only in healthy 
young [46] and older [47] adults, but also in brain-injured 
respondents [48] to measure complex choice reactions 
under stress arising from the need to react continuously 
and as quickly as possible to rapidly changing stimuli. In 
line with previous studies suggesting a beneficial role of 
aerobic endurance training to improve stress tolerance 
[45], findings of our study indicate that a reactive agility 
training program may also have the potential to enhance 
car racing drivers’ reactive stress tolerance, attention, and 
reaction speed.

In addition, because car racing drivers continuously 
need to respond to several external stimuli during a race, 
we aimed to evaluate the information-processing capac-
ity of car racing drivers performing two tasks simultane-
ously. This idea is supported by many anecdotal examples 
presented on social media of elite racing drivers (e.g., 
F1) performing conditioning and cognitive tasks simul-
taneously. For this aim, participants had to perform the 
STROOP and ZBA cognitive tasks during moderate 
intensity exercise on a bicycle. In both STROOP condi-
tions, a decreased RT and number of errors were found 
in EXP (Fig.  3). We hypothesized no differences in the 
results of cognitive tests when done at rest vs. during 
moderate intensity exercise. In line with our hypoth-
esis, we found no group × time × task complexity or 
time × task complexity interaction effects indicating that 
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the improvements in cognitive task performance did 
not differ when done at rest vs. during moderate inten-
sity exercise in response to the training intervention. 
What is more, car racing drivers performed the word-
reading condition more accurately when the task was 
performed during the exercise vs. rest. This result is in 
line with results of meta-analytical studies [49, 50] that 
suggested an inverted U-shaped relationship between 
exercise intensity and cognitive performance, i.e., moder-
ate levels of exercise increased physiological arousal and 
facilitated cognition. Overall, our results indicate that 
the reactive agility training program may have the poten-
tial to improve car racing drivers’ selective attention and 
information-processing speed even during a concomitant 
task. Nevertheless, the STROOP interference effect was 
not observed in any conditions neither when performed 
at rest nor during moderate intensity exercise suggesting 
that response RT of car racing drivers improved not only 
during the incongruent but also during the congruent 
stimuli.

The training program induced anthropometric 
and physiological changes
Body mass and F% of car racing drivers decreased in 
EXP but increased in CON suggesting a potential de-
training effect in CON (Table 2). However, the low effect 
size might indicate that these changes have no practical 
significance to traditional sports, but in automobile rac-
ing where the car/driver combination is designed to have 
a minimal mass to improve performance any training 
regimen that reduces body mass could have a beneficial 
effect [10]. Since we did not control the nutritional intake 
of car racing drivers throughout the 6-weeks reactive 
agility training program, we cannot interpret whether 
the decreased values in body-fat-related anthropometric 
measures were the result of an inconsistent calorie intake 
or the training itself.

In the present study, we aimed to determine whether 
the reactive agility training program induces beneficial 
changes in physiological indices. Although statistical 
analysis revealed significantly higher peak HR values in 
EXP during the maximal incremental cardio-respiratory 
test as compared to the baseline, the average of 3  bpm 
change is most probably practically meaningless. In par-
ticular, because the literature suggests that peak HR is 
reduced following regular aerobic exercise by sedentary 
adults and endurance athletes and can increase only 
upon cessation of aerobic exercise (for reviews, see [51, 
52]). Thus, the slight increase observed in peak HR can be 
explained by the possibility that participants might have 
failed to actually achieve their true ‘maximal’ heart rate 
prior to the agility training program; therefore, it is not 

inconceivable that an increase in peak HR could appear 
when the experiment consists of repeated measures.

The analysis of the straight-line relations of VCO2 
vs VO2 (V-slope method) was used to detect the gas 
exchange threshold during the treadmill test [34]. Car 
racing drivers’ HR at gas exchange threshold (GETHR) 
increased from 170.9 ± 6.3 to 177.8 ± 5.7  bpm in 
response to the training intervention (Table 2). Consider-
ing that variations in HR during exercise correlate with 
changes in exercise intensity [53], our result indicates 
that GET occurred later, at a higher intensity during the 
maximal incremental cardio-respiratory test; therefore, 
the reactive agility training program induced improved 
lactate threshold. In line with this, this short train-
ing program that is easy to administer was sufficient to 
evoke beneficial changes in cardiorespiratory measures, 
i.e., ventilation and rVO2 max also increased after the 
6-week reactive agility training program. To the best of 
our knowledge, previous studies have not investigated 
the effects of a reactive agility training program neither 
on maximal oxygen consumption nor on ventilation. 
Nevertheless, our results are in line with the findings of 
a previous study sponsored by the US Air Force Research 
Laboratory showing increased levels of rVO2 max in 
response to an agility training consisting of ladder drills, 
hurdle crossings, dot/footspeed drills, and directional 
change drills in subjects undergoing military technical 
training [54]. In summary, the reactive agility training 
program appeared to be sufficient to induce changes in 
cardiorespiratory variables.

Changes in performance and physiological measures 
throughout the 6‑weeks training program
The reactive agility training program using light-based 
stimuli was designed to model the complex physical 
and cognitive demands of motorsport competition in a 
controlled lab setting. Racing drivers respond to visual, 
physical (sliding of the car), and auditory (sound of the 
tires) signals in order to achieve optimal performance, 
thereby using reactive agility training may improve driv-
ers’ abilities to prevent the incidence of catastrophic 
events. In the present study, the change in reactive agility 
performance was determined by measuring the number 
of touches on the flashing light devices to which the par-
ticipants needed to react and also the time needed for the 
reaction. In line with the expectations, car racing drivers 
produced more touches with shorter RT in each train-
ing bout as compared to the first training (all p < 0.001), 
including the last 12th training, indicating an improved 
reactive agility performance in response to the training 
intervention (Fig. 4).
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Exercise is known to induce acute and long-term 
responses in both heart rate (HR) and heart rate recovery 
(HRR) [55]; however, in the present study, neither aver-
age- or peak HR nor HRR was affected throughout the 
training program. The lack of HR adaptation might be 
simply explained by the lack of a sufficient training load. 
Although the reactive agility training program consisted 
of 60-min sessions twice a week for 6  weeks, the five 
blocks of reactive agility exercise lasted altogether only 
for 15-min (Fig. 1). It is, therefore, not surprising that the 
15-min exercise together with the 10-min warm-up failed 
to induce changes in average and peak HR. Heart rate 
recovery may reflect the state of the autonomic nervous 
system, thus, may indicate the body’s capacity to respond 
to exercise [56]. Although endurance training is known 
to induce changes in cardio autonomic regulation [57], 
as mentioned before, the reactive agility training pro-
gram applied in the present study cannot be considered 
as endurance training due to its insufficient training load. 
Nevertheless, considering that the number of touches and 
the speed of performing the reactive agility task increased 
throughout the training program, the unchanged HR may 
indicate a physiological improvement i.e., car racing driv-
ers performed more work as the training program pro-
gressed with the same cardiovascular response. Overall, 
car racing drivers performed the reactive agility training 
with improved performance and decreased reaction time 
throughout the training program; however, the training 
load was insufficient to induce changes in heart-rate-
related physiological measures.

Limitations and future directions
In the present study, a comprehensive cognitive test 
package of VTS was performed. Although the package is 
marketed specifically for motorsport athletes, the manu-
facturer claims that 1) ‘The SFMOTOR test set emerged 
from a series of sport psychology studies conducted at 
the psychology faculty of the University of Vienna…’ 
and 2) ‘The findings of the studies led to the develop-
ment of the SFMOTOR test set and definition of a tar-
get range for the ability profile of elite racing drivers,’ we 
found no peer-reviewed publication of these validation 
studies. However, since most of the tests are similar to 
standard cognitive psychology experimental tests that 
have been in use for decades to study both normal and 
clinical populations [58–62], the results provide useful 

information in regard to the cognitive performance of 
the participants. Nevertheless, some of the tests still have 
some limitations. First, the naming ‘visual pursuit test’ is 
misleading considering that ‘pursuit’ refers to tracking 
moving objects with the eyes; however, no eye movement 
behaviors are measured in this test. Second, the experi-
mental setup of the VISGED test is not within the three 
general classes of tasks that have most often been used 
in humans to study visual short-term memory (Brook 
Matrix Task [63]; recall procedure of colored squares 
[58]; sequential comparison procedure of colored squares 
(e.g., change-detection task [64]); nevertheless, it can 
be considered as a modified version of the recall proce-
dure of colored squares that was constructed primarily 
on the basis of Kosslyn’s theory of visual representation 
[59] and Hänggi’s integrative information processing 
model [60]. On the other hand, it is questionable how 
this test is ‘marketed for motorsport’ according to the 
manufacturer’s claim as most drivers do not need to 
look for a taxi or specific locations while racing. Moreo-
ver, researchers and practitioners using the ZBA test of 
the VTS should acknowledge that this test is commonly 
called a ‘prediction-motion task’ [61, 62] and not a time/
movement anticipation test. Although the DT test is an 
adaptive test so that the software adjusts the stimulus 
presentation speed to the performance level of the par-
ticipant, no detailed information is given regarding the 
exact algorithm of the level of the adaptation. Consider-
ing that these cognitive tests were designed for normal 
or clinical populations, it is still unknown whether elite 
athletes would also fit within the scope. Finally, while the 
number of familiarization trials was pre-programmed in 
the VTS software, we found no data or validation studies 
that would support whether the familiarization approach 
is appropriate and sufficient enough.

Another limitation of the present study is the lack of 
a double-blinded study design, i.e., the experimenters 
administering the training intervention were aware of 
which group the participants were assigned. Moreover, 
the 6-week training program in EXP was only controlled 
with an inactive CON group. Considering that our train-
ing program aimed to improve the reactive agility of car 
racing drivers, we should have had another control group 
with an alternative reactive agility training regime (e.g., 
change-of-direction training) to draw clear conclusions 
about the efficacy of the agility training program used in 

(See figure on next page.)
Fig. 4  Changes in reactive agility performance and reaction time throughout the training program. A Participants significantly improved their 
reactive agility performance (A) and RT (B) from the first to the second, from the third to the fourth, and from the 11th to the last training. Moreover, 
car racing drivers produced more touches with shorter RT in each training bout as compared to the first training. *p < 0.05 for post hoc paired 
samples t test based on a significant time main effect. †Significantly different to training session #1
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Fig. 4  (See legend on previous page.)
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the present study on improving cognitive performance. 
Nevertheless, because car racing drivers continuously 
need to respond to several external stimuli during a 
race (including light displays on the steering wheel), we 
hypothesize that using flashing light devices that produce 
external stimuli to which the participants need to react 
may improve the reactive ability, and also the cogni-
tive and physiological performance of car racing drivers 
in a higher extent as compared to other agility training 
regimes. Future studies should address this hypothesis 
via a more rigorous double-blinded randomized con-
trolled trial also controlling for training effects. Another 
limitation of this study is that we determined driving 
performance neither in a racing environment simulator 
nor in real life on a racetrack. Therefore, future studies 
should determine changes in real driving performance 
in response to an intervention preferably while acquir-
ing biosignals. Another limitation of the present study is 
that we did not control the nutritional intake of our par-
ticipants throughout the 6-weeks reactive agility train-
ing program; therefore, it is not clear whether changes in 
body-fat-related anthropometric measures are the conse-
quences of the training or an inconsistent calorie intake. 
Finally, although both testing and training sessions were 
controlled for Hawthorne effects, such placebo effects on 
performance gains cannot be ruled out completely.

Conclusions
In conclusion, the reactive agility training program 
improved cognitive performance on some sub-tasks of 
the VTS when performed at rest or during moderate 
intensity exercise. What is more, car racing drivers per-
formed the STROOP word-reading condition more accu-
rately when the task was performed during the exercise 
vs. rest. In addition, the training intervention induced 
beneficial changes in some physiological measures 
so that peak heart rate, the heart rate at gas exchange 
threshold, ventilation, and relative maximal oxygen con-
sumption increased during the maximal incremental car-
dio-respiratory test. Finally, car racing drivers performed 
the reactive agility task with improved performance and 
decreased reaction time throughout the 6-week training 
program. Overall, in line with our hypothesis, our results 
indicate that such a short training program that is easy to 
administer has the potential to contribute to induce ben-
eficial effects on some physiological and cognitive per-
formance measures. Therefore, it may have the potential 
to contribute to car racing drivers’ physical and mental 
preparation. Future studies should gather further scien-
tific data on this relatively understudied sport to develop 
strategies that may improve motorsport athletes’ physical 
and cognitive abilities.

Abbreviations
ANOVA: Analysis of variance; BF: Breathing frequency; BH: Body height; BM: 
Body mass; CON: Control group; DT: Determination test; EXP: Experimental 
group; F%: Estimated fat mass; GETHR: Heart rate at gas exchange threshold; 
HR: Heart rate; HRR: Heart rate recovery; LVT: Visual pursuit test; M%: Estimated 
muscle mass; rmANOVA: Repeated measures analysis of variance; rVO2 max: 
Relative maximal oxygen consumption (adjusted to body mass); RT: Reaction 
time; STROOP: Stroop test; VE: Ventilation; VISGED: Visual memory test; VCO2: 
Carbon dioxide production; VO2: Oxygen consumption; VTS: Vienna test 
system; ZBA: Time/movement anticipation test.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40798-​022-​00509-9.

Additional file 1. CONSORT Checklist.

Additional file 2. Placement of the 8 LED lamps during the reactive agility 
training program.

Additional file 3. Supplementary data for the results of cognitive 
and physiological measures in response to the reactive agility training 
program.

Additional file 4. Supplementary data for changes in performance and 
physiological measures throughout the training program.

Acknowledgements
Not applicable.

Author Contributions
DH, BS, SS, and LR and designed the research. DH, BS, PJT, NS, BT, RK, KT, and 
LR performed the research. DH, JN, TG, BS, CÖ, NS, and RN analyzed the data. 
DH, JN, TG, and RN performed the statistical analyses. DH and ZM provided the 
facilities. DH, JN, and DPF wrote the manuscript and all the authors have read 
and approved the final version.

Funding
Open access funding provided by University of Physical Education. This 
research received no specific grant from any funding agency in the public, 
commercial, or not-for-profit sectors.

Availability of Data and Materials
The datasets used and/or analyzed during the current study are presented 
within the manuscript and/or additional supporting files, and also available 
from the corresponding author on reasonable request.

Declarations

Ethics Approval and Consent to Participate
After giving both verbal and written explanations of the experimental proto-
col, participants signed the informed consent document in accordance with 
the declaration of Helsinki. The study was carried out in accordance with the 
recommendations of the Ethical Committee of University of Physical Educa-
tion, Budapest, Hungary (Approval No. TE-KEB/No11/2020).

Consent for Publication
Not applicable.

Competing interests
DH, JN, TG, BS, PJT, ZM, CO, SS, NS, BT, RK, KT, DPF, RN, and LR declare that they 
have no potential conflicts of interest that might be relevant to the contents 
of this manuscript.

Author details
1 Department of Kinesiology, University of Physical Education, Budapest, 
Hungary. 2 Fit4Race Kft., Budapest, Hungary. 3 Division of Biomedical Engineer-
ing for Health and Welfare, Tohoku University, Sendai, Japan. 4 Department 

https://doi.org/10.1186/s40798-022-00509-9
https://doi.org/10.1186/s40798-022-00509-9


Page 16 of 17Horváth et al. Sports Medicine - Open           (2022) 8:113 

of Psychology and Sport Psychology, University of Physical Education, 
Budapest, Hungary. 5 PharmaFlight Research and Training Center, Debrecen, 
Hungary. 6 Deparment of Sport Games, University of Physical Education, Buda-
pest, Hungary. 7 Training Theory and Methodology Research Center, University 
of Physical Education, Budapest, Hungary. 8 National Academy of Handball, 
Balatonboglár, Hungary. 9 Department of Kinesiology, Michigan State Univer-
sity, East Lansing, MI, USA. 10 Department of Medicine and Science in Sports 
and Exercise, Tohoku University Graduate School of Medicine, Sendai, Japan. 

Received: 12 February 2022   Accepted: 16 August 2022

References
	1.	 Ferguson DP. The science of motorsport racing. New York: Routledge; 

2018.
	2.	 Dawson GA. A fitness profile of grand national stock car drivers. Phys 

Sportsmed. 1979;7(5):60–4.
	3.	 Jacobs PL, Olvey SE, Johnson BM, Cohn K. Physiological responses 

to high-speed, open-wheel racecar driving. Med Sci Sports Exerc. 
2002;34(12):2085–90.

	4.	 Jacobs PL, Olvey SE. Metabolic and heart rate responses to open-wheel 
automobile road racing: a single-subject study. J Strength Condition Res. 
2000;14(2):157–61.

	5.	 Barthel SC, Ferguson DP. Cockpit temperature as an indicator of thermal 
strain in sports car competition. Med Sci Sports Exerc. 2021;53(2):360–6.

	6.	 Potkanowicz ES, Ferguson DP, Greenshields JT. Responses of driver-ath-
letes to repeated driving stints. Med Sci Sports Exerc. 2021;53(3):551–8.

	7.	 Kochanek J, Davis M, Erickson K, Ferguson D. More than “just a driver”: 
a study of professional women racecar drivers’ agency in motorsport. 
Psychol Sport Exerc. 2021;52.

	8.	 Barthel SC, Buckingham TM, Haft CE, Bechtolsheimer JE, Bechtolsheimer 
TA, Ferguson DP. A comparison of the physiological responses in 
professional and amateur sports car racing drivers. Res Q Exerc Sport. 
2020;24:1–12.

	9.	 Ferguson DP, Barthel SC, Pruett ML, Buckingham TM, Waaso PR. Physi-
ological responses of male and female race car drivers during competi-
tion. Med Sci Sports Exerc. 2019.

	10.	 McKnight PJ, Bennett LA, Malvern JJ, Ferguson DP. VO2peak, body com-
position, and neck strength of elite motor racing drivers. Med Sci Sports 
Exerc. 2019.

	11.	 Ferguson DP, Myers ND. Physical fitness and blood glucose influence per-
formance in indycar racing. J Strength Cond Res. 2018;32(11):3193–206.

	12.	 Ferguson DP, Davis AM, Lightfoot JT. Optimizing the physical condition-
ing of the NASCAR sprint cup pit crew athlete. J Strength Cond Res. 
2015;29(3):567–77.

	13.	 Ferguson DP, Bowen RS, Lightfoot JT. Heart rate and core temperature 
responses of elite pit crews during automobile races. J Strength Cond 
Res. 2011;25(8):2075–83.

	14.	 Turner AP, Richards H. Physiological and selective attention demands dur-
ing an international rally motor sport event. Biomed Res Int. 2015;2015: 
638659.

	15.	 Reid MB, Lightfoot JT. The physiology of auto racing. Med Sci Sports 
Exerc. 2019;51(12):2548–62.

	16.	 Potkanowicz ES. Commentary on motorsport and driver-athlete research. 
Med Sci Sports Exerc. 2019;51(12):2547.

	17.	 Potkanowicz ES, Mendel RW. The case for driver science in motorsport: a 
review and recommendations. Sports Med. 2013;43(7):565–74.

	18.	 Bretzin AC, Hines JN, Ferguson DP. Concussion knowledge, attitudes, and 
reporting behaviors of sports car racing drivers. Transl J Am Coll Sports 
Med. 2022;7(2): e000195.

	19.	 Ferguson DP, Barthel SC, Pruett ML, Buckingham TM, Waaso PR. Physi-
ological responses of male and female race car drivers during competi-
tion. Med Sci Sports Exerc. 2019;51(12):2570–7.

	20.	 Schuhfried G. Vienna test system: psychological assessment. Moedling: 
Schuhfried. 2013.

	21.	 Ong NCH. The use of the Vienna test system in sport psychology 
research: a review. Int Rev Sport Exerc Psychol. 2015;8(1):204–23.

	22.	 Morrison M, Martin DT, Talpey S, Scanlan AT, Delaney J, Halson SL, et al. A 
systematic review on fitness testing in adult male basketball players: tests 

adopted, characteristics reported and recommendations for practice. 
Sports Med. 2022.

	23.	 Hojka V, Stastny P, Rehak T, Gołas A, Mostowik A, Zawart M, et al. A sys-
tematic review of the main factors that determine agility in sport using 
structural equation modeling. J Hum Kinet. 2016;1(52):115–23.

	24.	 Sheppard JM, Young WB. Agility literature review: classifications, training 
and testing. J Sports Sci. 2006;24(9):919–32.

	25.	 Scanlan A, Humphries B, Tucker PS, Dalbo V. The influence of physical 
and cognitive factors on reactive agility performance in men basket-
ball players. J Sports Sci. 2014;32(4):367–74.

	26.	 Sheppard J, Young WB, Doyle T, Sheppard T, Newton RU. An evaluation 
of a new test of reactive agility and its relationship to sprint speed and 
change of direction speed. J Sci Med Sport. 2006;9(4):342–9.

	27.	 Lockie RG, Jeffriess MD, McGann TS, Callaghan SJ, Schultz AB. Planned 
and reactive agility performance in semiprofessional and amateur 
basketball players. Int J Sports Physiol Perform. 2014;9(5):766–71.

	28.	 Matlák J, Tihanyi J, Rácz L. Relationship between reactive agility and 
change of direction speed in amateur soccer players. J Strength Cond 
Res. 2016;30(6):1547–52.

	29.	 Oliver JL, Meyers RW. Reliability and generality of measures of accelera-
tion, planned agility, and reactive agility. Int J Sports Physiol Perform. 
2009;4(3):345–54.

	30.	 Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical 
power analysis program for the social, behavioral, and biomedical sci-
ences. Behav Res Methods. 2007;39(2):175–91.

	31.	 Adair JG. The Hawthorne effect: a reconsideration of the methodologi-
cal artifact. J Appl Psychol. 1984;69(2):334–45.

	32.	 Holden JD. Hawthorne effects and research into professional practice. J 
Eval Clin Pract. 2001;7(1):65–70.

	33.	 Torbeyns T, de Geus B, Bailey S, De Pauw K, Decroix L, Van Cutsem J, 
et al. Cycling on a bike desk positively influences cognitive perfor-
mance. PLoS ONE. 2016;11(11): e0165510.

	34.	 Beaver WL, Wasserman K, Whipp BJ. A new method for detect-
ing anaerobic threshold by gas exchange. J Appl Physiol. 
1986;60(6):2020–7.

	35.	 Peat JK, Barton B, Elliott EJ. Statistics workbook for evidence-based 
healthcare. Malden: Blackwell; 2008.

	36.	 Baur H, Müller S, Hirschmüller A, Huber G, Mayer F. Reactivity, stability, 
and strength performance capacity in motor sports. Br J Sports Med. 
2006;40(11):906–10; discussion 11.

	37.	 van Leeuwen PM, de Groot S, Happee R, de Winter JCF. Differences 
between racing and non-racing drivers: a simulator study using eye-
tracking. PLoS ONE. 2017;12(11): e0186871.

	38.	 Bernardi G, Cecchetti L, Handjaras G, Sani L, Gaglianese A, Ceccarelli 
R, et al. It’s not all in your car: functional and structural correlates of 
exceptional driving skills in professional racers. Front Hum Neurosci. 
2014;8:888.

	39.	 Bernardi G, Ricciardi E, Sani L, Gaglianese A, Papasogli A, Ceccarelli R, 
et al. How skill expertise shapes the brain functional architecture: an fMRI 
study of visuo-spatial and motor processing in professional racing-car 
and naïve drivers. PLoS ONE. 2013;8(10): e77764.

	40.	 Lappi O. The racer’s brain—how domain expertise is reflected in the 
neural substrates of driving. Front Hum Neurosci. 2015;9:635.

	41.	 Lemonnier S, Désiré L, Brémond R, Baccino T. Drivers’ visual attention: 
a field study at intersections. Transport Res Part F Traffic Psychol Behav. 
2020;69:206–21.

	42.	 Underwood G. Visual attention and the transition from novice to 
advanced driver. Ergonomics. 2007;50(8):1235–49.

	43.	 Lappi O. Gaze strategies in driving-an ecological approach. Front Psychol. 
2022;13: 821440.

	44.	 Wolfe B, Dobres J, Rosenholtz R, Reimer B. More than the useful field: 
considering peripheral vision in driving. Appl Ergon. 2017;65:316–25.

	45.	 Schwaberger G. Heart rate, metabolic and hormonal responses to maxi-
mal psycho-emotional and physical stress in motor car racing drivers. Int 
Arch Occup Environ Health. 1987;59(6):579–604.

	46.	 Aniţei M, Chraif M, Schuhfried G, Sommer M. The validation of expert 
system traffic psychological assessment to Romanian driving schools. 
Proc Soc Behav Sci. 2011;30:457–64.

	47.	 Finkenzeller T, Würth S, Müller E, Amesberger G. Aging-related changes of 
cognitive performance and stress regulation in high functioning elderly 
individuals. Scand J Med Sci Sports. 2019;29(Suppl 1):17–25.



Page 17 of 17Horváth et al. Sports Medicine - Open           (2022) 8:113 	

	48.	 Golz D, Huchler S, Jörg A, Küst J. Beurteilung der Fahreignung. Z Neu-
ropsychol. 2004;15(3):157–67.

	49.	 McMorris T, Graydon J. The effect of incremental exercise on cognitive 
performance. Int J Sport Psychol. 2000.

	50.	 McMorris T, Sproule J, Turner A, Hale BJ. Acute, intermediate intensity 
exercise, and speed and accuracy in working memory tasks: a meta-
analytical comparison of effects. Physiol Behav. 2011;102(3–4):421–8.

	51.	 Zavorsky GS. Evidence and possible mechanisms of altered maxi-
mum heart rate with endurance training and tapering. Sports Med. 
2000;29(1):13–26.

	52.	 Borresen J, Lambert MI. Autonomic control of heart rate during and after 
exercise. Sports Med. 2008;38(8):633–46.

	53.	 Karvonen J, Vuorimaa T. Heart rate and exercise intensity during sports 
activities. Sports Med. 1988;5(5):303–11.

	54.	 Walker TB, Lennemann L, Doczy E, Klein R, Sidrow K, Harrison C. The influ-
ence of agility training on physiological and cognitive performance: AIR 
FORCE RESEARCH LAB BROOKS AFB TX; 2010.

	55.	 van de Vegte YJ, Tegegne BS, Verweij N, Snieder H, van der Harst P. 
Genetics and the heart rate response to exercise. Cell Mol Life Sci. 
2019;76(12):2391–409.

	56.	 Borresen J, Lambert MI. Changes in heart rate recovery in response to 
acute changes in training load. Eur J Appl Physiol. 2007;101(4):503–11.

	57.	 Yamamoto K, Miyachi M, Saitoh T, Yoshioka A, Onodera S. Effects of 
endurance training on resting and post-exercise cardiac autonomic 
control. Med Sci Sports Exerc. 2001;33(9):1496–502.

	58.	 Wilken P, Ma WJ. A detection theory account of change detection. J Vis. 
2004;4(12):1120–35.

	59.	 Kosslyn SM. Image and mind. Harvard University Press; 1980.
	60.	 Haenggi D, Perfetti CA. Individual differences in reprocessing of text. J 

Educ Psychol. 1992;84:182–92.
	61.	 Makin ADJ. The common rate control account of prediction motion. 

Psychon Bull Rev. 2018;25(5):1784–97.
	62.	 Tresilian JR. Perceptual and cognitive processes in time-to-contact 

estimation: analysis of prediction-motion and relative judgment tasks. 
Percept Psychophys. 1995;57(2):231–45.

	63.	 Brooks LR. The suppression of visualization by reading. Q J Exp Psychol. 
1967;19(4):289–99.

	64.	 Phillips W. On the distinction between sensory storage and short-term 
visual memory. Percept Psychophys. 1974;16(2):283–90.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Application of a Reactive Agility Training Program Using Light-Based Stimuli to Enhance the Physical and Cognitive Performance of Car Racing Drivers: A Randomized Controlled Trial
	Abstract 
	Background: 
	Materials and Methods: 
	Results: 
	Conclusion: 

	Key Points 
	Introduction
	Methods
	Participants
	Experimental Design
	DAY 1: Cognitive Tests (Vienna Test System, VTS)
	Visual Pursuit Test (LVT)
	Stroop Test (STROOP)
	Visual Memory Test (VISGED)
	Timemovement Anticipation Test (ZBA)
	Determination Test (DT)

	DAY 2: Anthropometric and Physiological Measurements
	Anthropometric Measurements
	Physiological Measurements

	DAY 3: Cognitive Tests During Moderate Intensity Exercise
	Agility Training Program Using Light-Based Stimuli
	Statistical Analyses

	Results
	Changes in Cognitive and Physiological Measures (Additional file 3: Data 1)
	Cognitive Tests (Vienna Test System, VTS)
	Anthropometric Measures
	Physiological Measures
	Cognitive Measures During Moderate Intensity Exercise

	Differences in STROOP and ZBA Performance when Performed at Rest or During Moderate Intensity Exercise
	Changes in Performance and Physiological Measures Throughout the Training Program

	Discussion
	Changes in Cognitive Performance at Rest or During Moderate Intensity Exercise
	The training program induced anthropometric and physiological changes
	Changes in performance and physiological measures throughout the 6-weeks training program
	Limitations and future directions

	Conclusions
	Acknowledgements
	References


