Impact of cognitive training on professional drivers' cognitive profiles and performance
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Abstract: This study explores the cognitive profiles of professional drivers and presents a pilot evaluation of a Computerized Cognitive Training (CCT) intervention, aiming to assess its feasibility and potential effects on cognitive performance and driving outcomes. To investigate how specific cognitive domains relate to real-world driving behavior, the research was structured in two experiments. Experiment 1 involved 160 professional drivers who completed cognitive assessments to examine correlations between cognitive abilities and driving safety metrics. The results revealed significant relationships, particularly noting that coordination abilities were inversely correlated with crash rates. Experiment 2 included a subset of 47 drivers from the initial group, who participated in an 8-week CCT program. Pre- and post-intervention assessments measured cognitive performance, safety metrics, and driving styles. The intervention led to significant improvements in cognitive domains, while driving styles, as expected, remained stable. However, no improvements were observed in driving metrics. In conclusion, while CCT effectively enhances cognitive performance among professional drivers, its transfer effects to driving safety metrics remain unsubstantiated. As a pilot study, these findings offer a preliminary foundation for further research to explore the relationship between cognitive enhancements and driving outcomes, and to evaluate CCT's potential in improving road safety.
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1. Introduction
Professional drivers, defined as individuals who drive for a living and whose primary occupation involves operating vehicles, constitute an essential segment of the workforce within the European Union, with their numbers surpassing 10.8 million, as per the latest estimates by Eurostat [1]. Of this significant figure, heavy truck and bus drivers represent 35% of those engaged in transport-related occupations. Despite accounting for a mere fraction of the overall driving population, their impact on road safety dynamics is profound. The increased propensity for traffic crashes within this demographic is multifactorially influenced by extended periods of driving, variable driving conditions, occupational stress, overconfidence, and fatigue [2,3]. It is therefore not surprising that traffic crashes represent a leading cause of occupational fatalities in industrialized nations [4].
In response to these concerns, the European Parliament in 2018 ratified Directive 2022/2561, setting forth enhanced safety measures for professional drivers [5]. This legislation mandates specific driving hours, rest periods, and periodic training to ensure drivers are updated on the latest vehicular technologies and safety protocols. However, the Directive notably omits considerations for cognitive functioning, despite extensive documentation of human factors in traffic incidents [6–8]. This oversight may point to a gap in addressing the broader needs of professional drivers, who typically possess adequate theoretical and practical expertise. The integration of practical skills with foundational knowledge necessitates consideration of personal attributes, including personality traits [9], driving styles [10], and cognitive processes [11]. These elements are instrumental in defining driving behavior and, by extension, are indispensable in safeguarding road safety, advocating for a more inclusive approach that addresses the complex dimensions of driving proficiency among professional drivers.
Regarding the cognitive dimensions of driving, it becomes evident that a comprehensive array of cognitive functions is pivotal for effectively and safely driving a motor vehicle. This includes attention, working memory, perception, executive functions, motor coordination, and judgment [12,13]. These faculties underpin the driver's ability to concentrate on pertinent stimuli, interpret sensory data, execute rapid decision-making, navigate the vehicle adeptly, and assess situations to forge secure decisions. Consider the routine scenario of navigating a traffic light at an intersection, where the signaling protocol is straightforward: green indicates proceed, amber or yellow signals caution—advising to stop if safe before the intersection, or continue if halting is unsafe, and red mandates a stop. Within this seemingly mundane task lies a complex interplay of cognitive operations, starting from sensory processing to recognize external stimuli, attention mechanisms to prioritize relevant inputs, inhibitory functions to filter out non-essential stimuli, and memory processes to merge this information with past experiences, culminating in decision-making processes that orchestrate the motor actions required for the maneuver. Beyond these mechanisms, additional elements tied to individual behavioral patterns, such as driving styles, emerge as critical determinants influencing driver conduct and overall road safety.
As per the specificities of driving styles and their consequential impact on road safety, scholarly investigations delineate a comprehensive taxonomy of driver behaviors: a) the patient and cautious driver, epitomized by a deliberate, methodical approach to vehicle operation, strict adherence to traffic regulations, and respectful interaction with fellow road users; b) the anxious driver, characterized by perpetual vigilance and a pervasive sense of tension; c) the reckless and careless driver, marked by a quest for excitement, disregard for safety norms including speed limits, and a general indifference to the welfare of others; and d) the angry and hostile driver, who displays behaviors of aggression, irritation, and a propensity for risky driving maneuvers and confrontations with other road users [14,15]. The linkage between driving style and the occurrence of traffic crashes is substantiated by empirical research, revealing that a patient and cautious driving approach correlates with a lower frequency of vehicular crashes. In contrast, styles characterized by recklessness, carelessness, anger, and hostility are associated with a heightened crash rate [16]. Further studies have shown a decrease in driving-related anxiety as drivers gain experience [17], and it has been noted that individuals who adopt a cautious driving style tend to exhibit greater responsibility and less personal anxiety about driving [18].
Computerized Cognitive Training (CCT) may represent a complementary approach that aligns with the European Parliament’s broader objectives for improving road safety, particularly in relation to the human factors that underlie driving behavior. Defined as a methodological intervention delivered in the form of software deploying specially crafted exercises in a structured and reproducible manner, CCT's objective is to enhance cognitive faculties such as attention, memory, and executive functions. This approach is anchored in the hypothesis that rigorous practice of cognitive skills can not only augment these capabilities but also stimulate learning and engender adaptive neuroplastic modifications within neural circuits [19]. By strengthening the neural networks underlying cognitive processes related to driving, cognitive training offers the potential to enhance focus, diminish susceptibility to distractions, and instill awareness of when the cognitive system necessitates a pause. While CCT has shown promising results in certain populations, such as older adults or novice drivers, its applicability to professional drivers remains underexplored. Research has substantiated that CCT can amplify driving proficiency [20,21], refine speed management [22], and curtail the likelihood of driving cessation [23]. Previous research underscores that cognitive impairments, particularly those concerning executive functions and memory, can significantly impede the capacity for proficient and safe driving, thereby escalating traffic incident rates and posing a considerable public health hazard [11,24,25]. Indeed, a recent study has implemented an 8-week cognitive training regimen for young drivers, assessing driving performance on a driving simulator. The study found a significant reduction in the number of traffic violations committed, substantiating CCT's potential to enhance driving safety [26]. Likewise, Dehnabaei and colleagues [27] evaluated the impact of a 4-week cognitive training program on adolescents, finding improvements in executive functions alongside enhanced driving skills, including reduced speeding, better stopping behavior, and smoother deceleration. However, translating these improvements to experienced professional drivers remains a challenge, and further research is needed to establish whether similar benefits can be observed in this high-performing population.
Building on the critical role of cognitive abilities in driving safety, numerous studies have emphasized their importance across various contexts [13]. Research has shown that cognitive impairments, such as those associated with conditions like dementia, can significantly impact driving performance, leading to recommendations for regular cognitive assessments to ensure safety [28,29]. While much of the literature has historically focused on older populations, recent studies underscore the relevance of cognitive faculties across all age groups, particularly in demanding or complex driving scenarios [30]. Despite advancements in understanding the cognitive domains critical for driving, consensus remains elusive regarding the adoption of a universal test or evaluation method. This challenge arises from the inherent complexity of driving, which requires the integration of multiple cognitive processes to ensure safety and proficiency [31,32].
This pilot study seeks to provide preliminary evidence on how specific cognitive domains may influence driving performance in professional drivers, offering a broader understanding of how cognitive training could be tailored to support driving safety and effectiveness. The primary objective was to examine the relationship between cognitive profiling and driving safety, focusing on how specific cognitive abilities correlate with driving performance metrics. Moreover, the study preliminarily explores the feasibility and potential of a computerized cognitive training program to enhance cognitive functions and examine whether such improvements may relate to driving performance and safety. To this end, a comprehensive CCT program tailored for professional drivers is delineated, encompassing a pre- and post-test evaluation to assess cognitive functions, driving performance, and driving styles.
Given the exploratory nature of this pilot intervention, we formulated the following guiding hypotheses: (1) cognitive performance would show a strong relationship with driving performance metrics, (2) cognitive domains would improve significantly following the CCT intervention, (3) driving performance would improve as evidenced by lower crash rates, reduced speeding, and smoother driving, and (4) no changes in driving styles would be observed, as CCT is not expected to alter established personality-related behavioral patterns.
2. Methods
The methodology of this study is articulated through two experiments designed to address different facets of the interaction between cognitive performance and professional driving. Experiment 1 is dedicated to evaluating the cognitive profiles of professional drivers and to correlate these profiles with driving performance metrics. Through an extensive assessment, this phase aims to delineate the cognitive abilities that are related to driving safety. On the other hand, Experiment 2 aims to evaluate the effectiveness of a personalized cognitive training intervention. This segment of the study focuses on determining whether a computerized cognitive training program can lead to significant improvements in cognitive performance and its potential transfer to driving safety. Given the pilot and exploratory nature of the intervention, no a priori power analysis was conducted; the subsample size was considered adequate to evaluate feasibility and within-subject cognitive changes, as well as to estimate effect sizes for future confirmatory studies. Participant gender was recorded for descriptive purposes; however, the study was not designed or powered to examine gender-based effects.
2.1 Experiment 1
2.1.1 Participants
A total of 160 professional bus drivers (15.66% women), aged between 29 and 60 years old (M = 47, SD = 6.33) took part in the study. Participants were recruited through the driver roster of a transportation company operating in the Iberian Peninsula and volunteered by completing an online registration form. Eligibility was screened at enrollment via self-report and required (i) current active duty as a professional driver, (ii) no self-reported neurological, psychiatric, or medical condition that could affect cognitive functioning or driving ability, (iii) no use of medication with potential cognitive effects, and (iv) adequate visual and hearing acuity for professional driving. Descriptive statistics are presented in Table 1.
Table 1. Participant descriptive statistics for Experiment 1
	 
	Gender
	N
	Mean
	Median
	SD
	Min
	Max

	Age
	
	Men
	
	135
	
	47.3
	
	49
	
	6.51
	
	29
	
	60
	

	 
	
	Women
	
	25
	
	45.4
	
	45
	
	5.05
	
	39
	
	59
	


2.1.2 Materials and procedure
The evaluation process involved using two main instruments. Firstly,  participants engaged with the Cognitive Assessment Battery (CAB)® PRO (CogniFit Inc., San Francisco, US), which is designed for a comprehensive assessment of cognitive capabilities through a suite of interactive tasks. This assessment offers a detailed analysis of individual cognitive skills, overarching domains, and a composite score of general cognitive ability (see Appendix A for a detailed exposition). Participants received an email instructing them to complete the CAB on their personal mobile devices using the CogniFit application. They were also advised to ensure they were in a quiet environment without any potential distractions. The resulting scores, expressed in percentile ranks, were adjusted for gender and age. After completing the CAB, participants received a detailed report with their results. Alongside the cognitive assessment, the collaborating transport company provided driving performance metrics from participants. These metrics encompass various performance indicators over the twelve months leading up to the study, including total accident rate (TAR), driver-attributed crashes (DAC), speed overrun rate per kilometer (SOR), and sudden acceleration/deceleration rate per kilometer (ADR).
2.2 Experiment 2
2.2.1 Participants
From the initial sample in Experiment 1, 47 participants (10.64% women, age range 35-60, M = 48.2, SD = 5.98) were included in Experiment 2. This subsample consisted exclusively of those participants who completed the full computerized cognitive training program as well as both the pre- and post-intervention assessments. No additional eligibility criteria were applied beyond adherence to the intervention protocol and completion of the final evaluation. Descriptive statistics are presented in Table 2.
Table 2. Participant descriptive statistics for Experiment 2
	 
	Gender
	N
	Mean
	Median
	SD
	Min
	Max

	Age
	
	Men
	
	42
	
	48.4
	
	49
	
	5.88
	
	35
	
	60
	

	 
	
	Women
	
	5
	
	47.2
	
	46
	
	7.40
	
	39
	
	59
	


2.2.2 Materials and procedure:
The experiment was structured around a pre- and post-intervention framework, comprising cognitive evaluations and driving style inquiries, bracketing an 8-week regimen of computerized cognitive training (CCT). The repeated use of the computerized cognitive battery was supported by recent test-retest evidence showing stable performance across repeated administrations of CogniFit computerized assessment tasks [33]. In addition, CogniFit-based assessments have previously been used as repeated cognitive outcome measures in intervention studies, including pretest-posttest designs with control groups [34–36]. After completing the cognitive assessment from Experiment 1, participants completed a driving style questionnaire comprising 26 items distributed across five thematic clusters: rules compliance, motivation, fearful driving style, cautious driving style, and aggressive driving style. The questionnaire was adapted from the Multidimensional Driving Style Inventory Scale (MDSI) [14], with binary (YES/NO) responses and domain-specific scores computed based on the aggregate of affirmative responses within each category. YES responses were encoded as 1 and NO responses as 0. Accordingly, all domains were scored from 0 to 5, except for the motivation domain, which ranged from 0 to 6. A comprehensive itemization and domain affiliation are available in Appendix B. In addition, the transportation company provided the driving performance metrics of total accident rate (TAR), driver-attributed crashes (DAC), speed overrun rate per kilometer (SOR), and sudden acceleration/deceleration rate per kilometer (ADR) for the preceding 6 months and the subsequent 6 months following the cognitive intervention.
Subsequent to baseline evaluations, participants undertook an 8-week CCT. Cognitive training was conducted using the CogniFit platform, a commercial software that has been shown to have significant effects on cognitive performance, as demonstrated in recent meta-analyses and research studies [37]. The training regime included a total of 65 different games or exercises, each lasting about five minutes. Figure 1 illustrates one of the cognitive training activities. These interactive games are designed to target multiple cognitive domains simultaneously. Each session featured three pseudo-randomly chosen games. The randomization was managed by CogniFit’s patented Individualized Training System™ (ITS), which selected the games most beneficial for each participant based on their cognitive performance while avoiding repetition. The first time a game is played, participants must complete a tutorial and an initial test. If completed satisfactorily, the exercise begins. If a high number of errors are detected during the test, the tutorial restarts. On subsequent attempts, a screen with a summary and basic instructions is presented at the beginning of each activity. Participants can choose to start directly or repeat the tutorial if needed. Additionally, participants can pause at any time during the activity to access the tutorial, which includes both text and audio-video resources, as well as practice tests. Each activity has 10 levels of difficulty, with 9 sublevels each. Activities start at level 1.0 and increase in difficulty based on the achievement of objectives and the time required to complete the task. When the difficulty level changes – either to increase or decrease –, an alert is presented indicating the new level and the main modification (e.g., a greater or lower number of objects for a memorization task). The current difficulty level is also displayed on the top panel and is kept the next time the participant engages in the same game (see Figure 1). The ITS algorithm adjusted the complexity and type of tasks based on real-time performance, providing personalized feedback to encourage progression and sustained motivation. This adaptive framework meticulously calibrated task difficulty in alignment with individual performance metrics, ensuring cognitive engagement without overwhelming participants. This balancing act is instrumental in optimizing the efficacy of training intervals and bolstering participant adherence by mitigating monotony and undue challenge.
Figure 1. Example of a cognitive training activity. Panel a) displays the instructions given to participants before starting the game. Panel b) shows a screenshot of the game at difficulty level 3.2.
[image: ]
Participants were advised to undertake daily training, adhering to a minimum frequency of five days per week, with unrestricted platform access granted. Culminating the CCT program, participants were re-evaluated using the initial battery of cognitive tests and the driving style questionnaire to gauge the intervention's impact. The entire process was conducted remotely, with participants accessing the platform via a mobile app. They completed both the initial and final evaluations, as well as the training, through the CogniFit mobile application. The research team monitored progress and sent regular updates on each participant's status, including the number of completed sessions and the time remaining in the 8-week program.
3. Results
In this study, we initially garnered interest from a cohort of 247 professional drivers, all of whom were extended an invitation to partake. Following a detailed briefing about the study's objectives and methodologies, a subset of 172 drivers consented to participate, with 160 successfully completing the preliminary assessment phase. This initial group served as the basis for Experiment 1, where we examined the correlation between cognitive performance metrics and driving performance indicators.
As the study advanced into the second phase, Experiment 2 engaged 58 participants who had successfully completed the 8-week cognitive training regimen and were ready for the subsequent evaluation. However, adherence to the prescribed training protocol was a critical factor for inclusion in the final analysis. Eleven participants were disqualified for not meeting the established criterion of participating in at least 15 training sessions, narrowing down the effective sample size to 47. This group, with a women representation of 10.64%, had an average age of 48.2 years (SD = 5.98). Driving performance metrics were analyzed for 46 participants due to missing data. The examination of driving styles revealed further attrition, with 9 participants failing to complete the post-training questionnaire. Consequently, the analysis for driving style changes was conducted with a reduced sample of 38 participants, maintaining a similar demographic profile with 13.16% women and an average age of 48.1 years (SD = 6.22). Figure 2 visually summarizes the participants' progression from the onset of the study through the conclusion of Experiment 2, offering a detailed insight into participant engagement, adherence, and attrition rates.
Figure 2. Participant flow diagram through the study phases.
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3.1 Associations between cognitive and driving performance
In Experiment 1, we explored the interconnections between specific cognitive domains (attention, perception, memory, reasoning, and coordination) and key driving performance indicators (Total Accident Rate - TAR, Driver-Attributed Crashes - DAC, Speed Overrun Rate - SOR, and sudden Acceleration/Deceleration Rate - ADR). To provide context for these analyses, the driving performance indicators exhibited the following descriptive statistics: TAR (M = 0.762, SD = 1.16), DAC (M = 0.381, SD = 0.82), SOR (M = 0.018, SD = 0.08), and ADR (M = 222.975, SD = 428,71). Figure 3 visualizes the distribution and variability of each metric, providing a clear depiction of the data spread and central tendencies. As all variables were found to follow a non-normal distribution (assessed via the Shapiro-Wilk test), non-parametric correlation analyses using Kendall's Tau were conducted to examine the magnitude and direction of associations between the cognitive abilities and driving metrics, with p-values additionally adjusted using the Benjamini-Hochberg false discovery rate procedure. Following this exploratory phase, a regression model was formulated to scrutinize the influence of these cognitive faculties on driving performance measures more closely. All statistical analyses were conducted using jamovi software [38].
[bookmark: _Hlk197356917]Figure 3. Jittered data plots showing the distribution of Total Accident Rate (TAR), Driver-Attributed Crashes (DAC), Speed Overrun Rate (SOR), and sudden Acceleration/Deceleration Rate (ADR).
[image: ]
The strongest association was the inverse relationship identified between coordination capabilities and the TAR (τ = -.163, p = .002, qFDR= .030), indicating that enhanced coordination was associated with fewer traffic incidents, independent of fault attribution. This association remained significant after Benjamini-Hochberg false discovery rate correction, with an effect size suggesting a small but meaningful relationship (refer to Table 3 for comprehensive details). To expand upon these insights, a linear regression analysis was executed, focusing on the impact of coordination subdomains – specifically, eye-hand coordination and response time – on the TAR. The results from this model demonstrated a modest level of explanatory power (R = 0.199, R2 = .040), indicating that 4% of the variance in TAR could be explained by the predictors. The coefficients further illustrate the relative contributions of these predictors: Eye-Hand Coordination (Estimate = -0.00611, SE = 0.00361, t = -1.69, p = .093) and Response Time (Estimate = -0.00681, SE = 0.00369, t = -1.84, p = .067). This outcome advocates for a holistic examination of cognitive abilities in influencing driving safety, underscoring the premise that these skills collectively contribute to safer driving practices rather than their isolated effects.
Table 3. Kendall’s Tau correlation matrix of cognitive domains and driving performance metrics
	
	
	Attention
	Perception
	Memory
	Reasoning
	Coordination

	TAR
	Kendall’s Tau B
	-0.086
	-0.043
	-0.069
	-0.096
	-0.163*

	
	p-value
	0.106
	0.416
	0.193
	0.073
	0.002

	
	qFDR
	0.398
	0.780
	0.478
	0.365
	0.030

	DAC
	Kendall’s Tau B
	-0.004
	0.030
	-0.000
	-0.030
	-0.096

	
	p-value
	0.936
	0.571
	0.993
	0.574
	0.072

	
	qFDR
	0.993
	0.834
	0.993
	0.834
	0.365

	ADR
	Kendall’s Tau B
	-0.072
	0.024
	-0.027
	-0.067
	0.016

	
	p-value
	0.189
	0.667
	0.621
	0.223
	0.772

	
	qFDR
	0.478
	0.834
	0.834
	0.478
	0.891


Note1: * qFDR < .05, ** qFDR < .01, *** qFDR < .001.
Note2: The SOR variable is not presented in the table as all its comparisons yielded undefined (NaN) values due to insufficient variability in the data.
Note3: TAR = Total Accident Rate, DAC = Driver-Attributed Crashes, SOR = Speed Overrun Rate, and ADR = sudden Acceleration/Deceleration Rate.
3.2 Cognitive training intervention outcomes
In Experiment 2, the dedication exhibited by participants towards the cognitive training regimen was notably robust, evidenced by an average attendance of 80.9 sessions (SD = 55.9) spanning approximately 41.6 days on average (SD = 23.3), resulting in a mean total engagement duration of 942 minutes (SD = 651). Upon meticulous scrutiny of participants' engagement patterns in the training program, a correlation emerged showing higher cognitive improvements as a function of the distribution of training sessions over multiple days (r = 0.96, p = .043), with a very large effect size (R2 = .921).
	Our statistical analysis employed a Repeated Measures ANOVA model with two within-subjects factors: Cognitive Domain (with the levels of memory, attention, perception, reasoning, and coordination) and Evaluation Time (with the levels pre- and post-intervention, referring to the time points at which cognitive performance was measured). The results revealed a significant effect of Cognitive Domain, F(4, 180) = 11.15, p < .001, ηp2 = .195. Post hoc analyses showed that the scores in coordination and reasoning did not differ from each other, both being significantly lower than scores in memory, attention, and perception (all pbonf < .05). The main effect of Evaluation Time was also significant, F(1, 45) = 72.41, p < .001, ηp2 = .612, highlighting generalized improvements across all cognitive domains following the intervention (see Figure 4).
Figure 4. Estimated marginal means of Cognitive Performance across Cognitive Domain and Evaluation Time. Error bars indicate the 95% confidence intervals for each cognitive domain measured
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	The analysis also considered the interaction between Cognitive Domain and Evaluation Time, which did not show significant differences (F(4, 180) = 1.03, p = .391), indicating that the improvements were consistent across the different domains over time (see Figure 5 for pre vs post results by domain).
Figure 5. Pre- and post-intervention enhancements by cognitive domains. X-axis represents the percentile
[image: ]
A second Repeated Measures ANOVA with two within-subjects factors: Driving Performance Metric (with the levels of Total Accident Rate - TAR, Driver-Attributed Crashes - DAC, Speed Overrun Rate - SOR, and sudden Acceleration/Deceleration Rate - ADR) and Evaluation Time (with the levels pre- and post-intervention) was conducted to analyze driving performance metrics from the 6 months before and after the cognitive training intervention. The results indicated no significant differences in driving performance metrics across the two time points (F(1, 45) = 2.11, p = 0.153).
Furthermore, in the analysis of driving styles pre- and post-intervention, the Wilcoxon Signed-Rank Test was chosen to account for the non-normative distribution in the paired sample data. The results revealed no statistically significant alterations across any of the domains: aggressive driving style (W = 81.0, p = .846), cautious driving style (W = 42.0, p = .830), fearful driving style (W = 143.5, p = .120), motivation (W = 14.5, p = .660), and adherence to regulatory norms (W = 18.0, p = .608), indicating a stable pattern post-intervention.
Descriptive statistics, including the mean and standard deviation for all pre- and post-intervention variables, are summarized in Appendix C.
4. Discussion
This pilot study set out to explore an under-researched yet highly relevant area in driving safety research: the role of cognitive profiling in understanding professional drivers’ performance and the feasibility of cognitive training interventions in this context. This focus on cognitive foundations responds to their significant influence on driving behavior, an area often overlooked despite legislative efforts like Directive 2022/2561 of the European Parliament.
After examining 22 cognitive skills of professional drivers and their relationship with driving performance measures – including crash rates, exceeding speed limits, and sudden acceleration or braking – the results revealed a potential link between coordination abilities and crash rates, supporting existing literature that connects cognitive abilities with driving safety. Research using driving simulators has also found similar relationships between cognitive parameters and driving. Various studies revealed that visuospatial ability can predict speeding, executive function can predict lane deviation, and attention and visuospatial ability together can predict overall driving performance [30]. Specifically, a study by Sun et al. [32] found that visual-motor coordination significantly influences driving. This finding is supported by another study which showed that coordination and memory capabilities are predictive of traffic violations among young drivers in simulated challenging scenarios [11]. Therefore, CCT may hold promise for reducing the risk of traffic-related offenses and crashes while addressing the cognitive foundations of safe driving behavior.
[bookmark: _Hlk187225459]The literature on the effectiveness of cognitive training typically differentiates between near- and far-transfer effects. Near-transfer refers to the benefits of tasks directly targeted by the training, such as improving memory after specific memory exercises (e.g., remembering word lists). On the other hand, far-transfer effect refers to the transfer of improvement to perform another task in a different context, such as learning a new language. In Experiment 2 of our study, we investigated both near- and far-transfer effects in a driving context. As per the near-transfer effects, our results provide support for the cognitive benefits of CCT in augmenting overall cognitive functionality, as evidenced by substantial enhancements across cognitive domains including attention, perception, memory, reasoning, and coordination. While there is ongoing debate about the ideal length and frequency of CCT sessions [39], our research provides valuable insights into this issue. Specifically, we found that training regimens involving brief sessions distributed across multiple days yield better outcomes. This finding supports a methodology emphasizing regular engagement over an extended timeframe, which aligns with existing recommendations for an eight-week minimum duration and continuous practice [40]. While further exploration is needed to refine these conclusions, our study offers a promising direction for future research and practical applications of cognitive training programs.
However, despite encountering consistently large effect sizes for all cognitive domains, our investigation did not detect significant shifts in driving performance metrics after the CCT intervention. This lack of transferability could be explained by several factors. Most previous research that assessed far-transfer effects has been conducted on the older population and conventional drivers [41,42], limiting its generalizability. In our study, due to the professional profile of the sample, the window for improvement was very narrow. The average crash rate in the 12 months assessed during the study was 0.762, which was also similar across the other metrics (see Appendix C). For instance, two of the driving performance variables referred to rates normalized by kilometers traveled—namely, the rate of time spent exceeding speed limits per kilometer traveled and the rate of sudden acceleration or deceleration events per kilometer traveled. These normalized metrics may have smoothed the incidence of events, making it harder to detect significant changes. For future studies, it might be more relevant to consider total frequency rates instead, as they could better capture variability in driving performance.
Regarding previous studies that have found cognitive training transfer to driving tasks, they generally occurred in artificial-ish settings. For example, in Roenker et al. [20], the driving metrics in simulation involved pressing the brake pedal when a red light appeared on the screen and performing a flanker task where participants had to turn the steering wheel in the direction of an arrow. Another study using cognitive training with TV-based games displayed the tasks within a driving context. For instance, the interface simulated being inside a vehicle, and participants had to press a button when an object disappeared behind another on the road [21]. Additionally, the driving performance was assessed by a driving instructor, which, despite following a checklist, is subject to some degree of subjectivity. Nozawa and colleagues [43] also demonstrated improvements in driving performance following cognitive training. However, driving aptitude was assessed via a computer test on tasks such as simple response, selective response, handling operation, and divided attention to multiple tasks, lacking an on-road driving transfer evaluation. In Cassavaugh and Kramer’s study [44], cognitive training was not gamified and was conducted using a computer with a steering wheel and pedals, while driving performance evaluation was carried out in a simulator. Furthermore, the evaluation tasks were similar to those trained. For example, a selective visual attention training task involved pressing a button on the steering wheel when a motorcycle silhouette appeared in a specific area—peripheral detection. Similarly, a driving evaluation task required pressing a button on the steering wheel when an oncoming vehicle was of a specific color. Therefore, results of previous studies showed benefits on selective simulated driving tasks, but their transfer to real-life safe driving performance remains to be established. In contrast to these simulator-based or lab-constrained evaluations, the present pilot study incorporated real-world driving data, providing preliminary insights into the challenges of translating cognitive gains into measurable behavioral outcomes in naturalistic conditions.
Another factor to consider is the brevity of our intervention, which might have played a role in the absence of noticeable changes in driving performance. Existing literature suggests that prolonged periods of cognitive training are necessary to bring about substantial behavioral transformations, particularly in complex activities such as driving, which may not be evident following short-term interventions [45,46]. Therefore, to modify deep-seated driving behaviors, interventions might need to be more focused or inclusive, extending beyond cognitive enhancement to also consider behavioral and emotional dimensions of driving. Future research could benefit from exploring the integration of CCT with behavioral therapy or emotional regulation training to achieve a more holistic improvement in driving practices, tackling the complex relationship between cognition and behavior to effectuate meaningful changes in driving performance among professional drivers.
Regarding driving styles, our sample exhibited behavior consistent with the literature, which indicates that more experienced drivers tend to adopt cautious and relaxed driving patterns, characterized by low anxiety and appropriate responses to traffic demands [17,18]. Specifically, participants were characterized by cautious driving (M = 4.711), high rule compliance (M = 4.711), and being highly motivated towards driving (M = 5.605). In contrast, they reported being minimally aggressive (M = 0.526) and having a low fearful driving style (M = 0.895). As expected, driving styles remained stable after the intervention, with no significant changes observed in any of the evaluated domains [47].
It is essential to acknowledge certain limitations within our study, which are crucial for contextualizing our findings within the broader scope of cognitive training research. While our overall sample was predominantly male, this reflects the gender distribution of the professional driving sector. Nevertheless, women, who represent approximately 16–18% of bus and coach drivers, were underrepresented in the intervention subsample [48]. This imbalance limits the generalizability of the intervention-related findings, particularly with respect to potential gender-specific effects, and may affect their applicability to broader driver populations, including non-professional drivers and different age groups. Moreover, although our study employed objective real-life metrics, such as crash rates, adherence to speed limits, and acceleration or braking patterns, additional complementary measures could provide deeper insights into the far-transfer effects of cognitive training. For instance, integrating eye-tracking data to analyze visual-attentional patterns during real-world driving could enhance our understanding of how cognitive training influences situational awareness and decision-making. Similarly, behavioral markers such as response patterns to unexpected hazards or near-miss incidents recorded through telematics could offer valuable information on subtle improvements in driving performance. These complementary approaches could refine future studies, enabling a more comprehensive evaluation of the impact of CCT on driving safety. Additionally, the absence of a control group in our study design introduces potential biases, limiting our capacity to definitively attribute the observed changes in cognitive performance directly to the CCT intervention. Without a comparative baseline provided by a control group, it becomes challenging to discern the specific effects of the intervention from other external variables or natural cognitive fluctuations over time. In this context, practice effects and familiarization with the computerized assessment may also have contributed to the observed pre-post cognitive improvements, as repeated neuropsychological testing can lead to performance gains that are not exclusively attributable to true cognitive change [49].
Notwithstanding its limitations, the current work presents a primary practical implication in terms of policy recommendations. Given the significant role of cognitive functions in instrumental tasks, including safe driving, we advocate for policy recommendations to consider cognitive assessments in the processes of obtaining and renewing driver's licenses. Similarly, periodic evaluations would help identify drivers who might be at risk. From a theoretical perspective, the significant correlations between specific cognitive abilities and driving safety metrics can inform and refine theoretical models of driver behavior by better incorporating cognitive factors. Our results contribute to the ongoing debate in cognitive science regarding the transfer of training effects. While CCT improved cognitive functions, the absence of behavioral transfer highlights the need to better understand the mechanisms that support effective generalization in ecologically valid contexts, especially within professional driver populations.
5. Conclusion
This pilot study provides quantitative evidence for the role of cognitive processes in professional driving safety, identifying coordination abilities as a significant predictor of real-world crash incidence. The computerized cognitive training intervention produced consistent improvements across multiple cognitive domains, demonstrating clear near-transfer effects at the cognitive level. However, these gains did not translate into measurable changes in naturalistic driving performance metrics, suggesting limited far-transfer in an experienced professional driver population with relatively high baseline safety. These findings indicate that cognitive training alone may be insufficient to modify real-world driving outcomes in the short term and highlight the need for future research combining cognitive, behavioral, and educational approaches, as well as longer follow-up periods, to better assess the potential impact of cognitive enhancement on driving safety.
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Appendices
Appendix A. Cognitive domain and skill breakdown from the Cognitive Assessment Battery
	
	Cognitive Domain
	Cognitive Skill

	General Cognition
	Memory
	Naming

	
	
	Phonological short-term memory

	
	
	Visual short-term memory

	
	
	Nonverbal memory

	
	
	Contextual memory

	
	
	Working memory

	
	
	Short term memory

	
	Attention
	Inhibition

	
	
	Divided attention

	
	
	Focus attention

	
	
	Updating

	
	Perception
	Auditory perception

	
	
	Estimation

	
	
	Recognition

	
	
	Spatial perception

	
	
	Visual perception

	
	
	Visual scanning

	
	Reasoning
	Processing speed

	
	
	Planning

	
	
	Shifting

	
	Coordination
	Hand-eye coordination

	
	
	Response time




Appendix B. Overview of driving style questionnaire
	Category
	Question

	Rules Compliance
	Do you respect other drivers on the road?

	
	Do you always try to follow traffic signs and rules?

	
	Do you abide by the speed limit?

	
	Has it been more than one year since your last traffic fine?

	
	Are you able to control your stress when you drive?

	Motivation
	Do you keep driving for 2-3 hours without getting tired (drowsiness, eye discomfort, mental fatigue)?

	
	Do you adapt well to the changes and unforeseen events that may arise during a trip (traffic jams, weather changes, car breakdowns)?

	
	On long trips, do you volunteer to drive?

	
	Does driving relax you?

	
	Do you like to drive and enjoy driving a vehicle?

	
	Do you tend to stay calm in traffic jams or when another driver blocks the road?

	Fearful Driving Style
	Do you often think about getting in a car accident?

	
	Do you think that driving is dangerous?

	
	Are you nervous or scared to drive at night?

	
	Do you get nervous about long road trips?

	
	Do you get scared when you have to pass larger vehicles on the road?

	Cautious Driving Style
	Do you check the tire pressure, fill up on gas, and look at the forecast before starting a long road trip?

	
	Before passing a car on the road, do you check to make sure that you're able to do so safely?

	
	Do you think that patience and prudence are important when it comes to driving?

	
	Do you often think about the possible consequences that your actions may have?

	
	Do you prefer driving calmly, while enjoying the views and the driving itself?

	Agressive Driving Style
	Do you like to see how fast your car can go?

	
	Do you like to participate in risky activities just for fun?

	
	Would you like to have a fast sports car?

	
	Do you usually insult other drivers when they do something that you think is dangerous or wrong?

	
	Do you get impatient when things go slowly or take too long?
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Appendix C. Descriptive statistics for pre- and post-evaluation metrics
	Category
	Variable
	N
	Mpre
	SDpre
	Mpost
	SDpost

	Cognitive Domains
	Memory
	47
	55.4
	22.4
	75.3
	12.8

	
	Attention
	47
	57.4
	15.8
	74.5
	16.6

	
	Perception
	47
	54.0
	16.9
	72.1
	13.3

	
	Reasoning
	47
	51.0
	19.5
	65.3
	15.9

	
	Coordination
	47
	48.1
	17.2
	65.8
	17.5

	Driving Metrics
	TAR
	46
	0.348
	0.74
	0.478
	0.84

	
	DAC
	46
	0.152
	0.47
	0.326
	0.70

	
	SOR
	46
	0.094
	0.40
	0.68
	0.29

	
	ADR
	46
	829.902
	1603.48
	2161.990
	6858.42

	Driving Styles
	Aggressive Style
	38
	0.526
	0.69
	0.553
	0.76

	
	Cautious Style
	38
	4.711
	0.46
	4.684
	0.53

	
	Fearful Style
	38
	0.895
	0.76
	0.684
	0.66

	
	Motivation
	38
	5.605
	1.001
	5.658
	0.78

	
	Rules Compliance
	38
	4.711
	0.77
	4.816
	0.39
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