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A B S T R A C T   

The study of the relationship between Daylight Saving Time (DST) and road safety has yielded 
contrasting results, most likely in relation to the inability of crash-database approaches to unravel 
positive (ambient lighting-related) and negative (circadian/sleep-related) effects, and to signifi
cant geographical differences in lighting-related effects. The aim of this study was to investigate 
the effects of DST on driving fatigue, as measured by driving-based, physiological and subjective 
indicators obtained from a driving simulator experiment. Thirty-seven participants (73 % males, 
23 ± 2 years) completed a series of 50-min trials in a monotonous highway environment: Trial 1 
was in the week prior to the Spring DST transition, Trial 2 in the following week, and Trial 3 in 
the fourth week after the transition. Thirteen participants returned for Trial 4, in the week prior to 
the Autumn switch to civil time, and Trial 5 in the following week. Significant adverse effects of 
DST on vehicle lateral control and eyelid closure were documented in Trial 2 and Trial 3 
compared to Trial 1, with no statistical differences between Trials 2 and 3. Further worsening in 
vehicle lateral control was documented in Trials 4 and 5. Eyelid closure worsened up to Trial 4, 
and improved in Trial 5. Participants were unaware of their worsening performance based on 
subjective indicators. In conclusion, DST has a detrimental impact on driving fatigue during the 
whole time during which it is in place. Such an impact is comparable, for example, to that 
associated with driving with a blood alcohol concentration of 0.5 g/L.   

1. Introduction 

As we move our clocks forward with the Spring transition to Daylight Saving Time (DST), we add 1 h to any degree of desynchrony 
between endogenous timing (dictated by our circadian clocks system, entrained to local solar time by light and dark cues), and the so- 
called social time (dictated by the existence of constraints such as time zones, work/study hours, and habits related to the availability 
of 24 h artificial lighting) [1]. Contrary to widespread belief, this extra hour desynchrony and its negative effects on sleep and daytime 
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performance extend beyond the few days surrounding the Spring transition to DST, and most likely persists throughout the DST period 
[2,3]. 

The effect of DST on road safety has been investigated by several studies, with contrasting findings [4–9]. Carey and Sarma [10] 
reviewed 24 studies published between 1974 and 2017, identifying inconsistent results both short- and long-term, and considering 
both the Spring transition to DST and the Autumn one from DST. This has been confirmed by more recent studies, some associating DST 
with overall positive outcomes [11–15], others with negative ones [16–19], and others documenting no significant effects [20,21]. 
These divergent findings are most likely related to the dual impact of the Spring transition to DST. On one hand, this increases ambient 
lighting in the late afternoon, at a time when traffic volumes are typically high, while reducing it in the early morning, when traffic is 
generally lower (with local exceptions, and always in relation to geographical location). On the other hand, it negatively affects 
drivers, leading to circadian desynchrony and sleep curtailment, which in turn affect driving performance, with adverse consequences 
on road safety. These two effects are opposing and tend to counterbalance each other, as already highlighted by other authors [17,20]. 
Due to the reliance of most studies on historical crash data, it becomes complex to separate these two contributions, especially when 
considering the confounding effects of additional factors such as weather conditions or infrastructural features, which may also 
contribute to the overall outcome and possibly mask the impact of DST. Furthermore, the effect of DST on ambient lighting is strongly 
influenced by the specific location under investigation, including latitude, longitude, and time zone, thus also partly explaining the 
observed contrasting evidence. All the above issues also hinder our ability to accurately assess the magnitude of the effects of DST, 
which is crucial to correctly understand the phenomenon and identify adequate countermeasures. 

These difficulties become even more pronounced when attempting to evaluate any long-term impact of DST, as seasonal factors also 
come into play, posing further challenges to statistical models. For instance, accounting for the seasonal variation in traffic flows alone 
may not suffice in certain regions, where the holiday season can influence traffic composition (e.g., fewer heavy-duty trucks and more 
private cars) and driver features (e.g., fewer commuters and more tourists), thus introducing additional opposing effects that become 
complex to model. 

In one of our previous studies, we proposed an alternative approach to evaluate the sleep/circadian-related effects of DST on road 
safety, by use of a driving simulator [22]. We compared the driving performance of 23 young males before and after the transition to 
DST, and documented a negative effect on several driving safety-related indices. These included increased overtaking violations, 
longer reaction times, reduced proximity when overtaking a cyclist, and more abrupt exit maneuvers from a freeway [22]. 

We subsequently employed a similar driving simulator-based approach and experimental design to investigate, in a pilot study, the 
short-term sleep/circadian effects of the Spring transition to DST on driving fatigue of young male drivers [23], documenting a sig
nificant decrease in both driving-based and physiological measures of fatigue. This raises concern, as fatigue ranks among the most 
critical contributing factors to road accidents, accounting for 16–20 % of fatal crashes in the USA [24–26], and contributing to 15–20 % 
of serious accidents in Europe [27]. Driving fatigue can be subdivided into sleep-related fatigue, resulting from circadian desynchrony 
and sleep curtailment, and task-related fatigue, stemming from the act of driving itself and from environmental factors [28]. The latter 
can be further categorized into active task-related fatigue, associated with mental overload, and passive task-related fatigue, linked to 
conditions of mental underload, i.e. a reduction in attentional capacity that associates with prolonged reductions in mental workload 
[28]. 

The present study builds on our previous experience, providing further evidence of short-term sleep/circadian-related effects of 
DST on driving fatigue and studying its long-term effects, if any, for the first time. Participants were exposed to a combination of 
passive task-related fatigue (associated with a monotonous driving task at the simulator) and sleep-related fatigue (associated to DST). 
The chosen experimental design enabled us to separate and study these two distinct components. 

2. Material and methods 

2.1. Driving simulator experiment 

2.1.1. Experimental design and study overview 
The study involved 40 participants in total, with 37 of them (10 females, age range 19–30, mean = 22.9) being able to complete all 

the required trials. Each trial involved driving on a monotonous highway scenario for 50 min. Eighteen participants (all males, age 
range 21–30, mean = 24.1) underwent the experiment in 2022, which consisted of two trials, the first taking place in the week 

Fig. 1. Visual representation of experimental design.  
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preceding the Spring transition to DST, the second in the following; results from this experiment uncovered negative DST-related 
effects on driving fatigue [23]. Nineteen additional participants (10 females, age range 19–24, mean = 21.7) underwent the experi
ment in 2023, when an additional third trial was carried out in the fourth week after the Spring transition to DST. Thirteen of the 19 
subjects of the 2023 cohort were also studied on two further occasions, i.e. in the week preceding and the one following the 2023 
Autumn transition to civil time. 

Data from the first two trials of the 2022 and 2023 experimental groups were cumulated to confirm the short-term effects of the DST 
transition, while controlling for possible confounding effects resulting from repeating the experiment in two different years on 
different individuals. Data from the three (or five, where available) trials of the 2023 experiment were used to investigate its long-term 
effects. The experimental design is visually represented in Fig. 1; all additional details are reported in Sections 2.1.2–2.1.6. 

The 2022 experiment served as a pilot study, with its initial findings reported in Orsini et al. [23]; it exclusively involved young 
male drivers to maintain a homogeneous sample, a necessity stemming from the limited number of participants that could be recruited 
due to the strict time constraints of the experimental design. The additional group recruited in 2023 allowed us to confirm and 
generalize the findings of the pilot study, not only doubling the sample size but also including female drivers. Despite this expansion, 
the sample was kept homogeneous in terms of age, a decision that was influenced by the fact that driving fatigue is a particularly 
significant contributing factor to road accidents involving young drivers [29–31]. 

2.1.2. Participants 
A total of 40 participants were initially recruited, with 20 of them being enrolled in 2022 and 20 in 2023. Two participants from the 

2022 experiment and one from the 2023 experiment were unable to complete all the required Trials and were therefore excluded from 
subsequent analyses. Thus, the final sample included 37 participants, whose sociodemographic and sleep characteristics are detailed in 
Table 1. Six further participants from the 2023 cohort did not return for Trials 4 and 5 in the Autumn, with a total of 13 participants 
performing all 5 Trials (Fig. 1). 

Eye-tracking data from 2 participants in Trial 1, 3 in Trial 2, 2 in Trial 3, 2 in Trial 4, and 2 in Trial 5 was discarded due to eye- 
tracker calibration issues. 

Inclusion criteria were:  

• Normal or corrected-to normal vision (with contact lenses and not glasses due to incompatibility with the eye-tracker);  
• ≥ 1 year since first obtainment of a full Italian driving license and ≥1000 km average annual mileage;  
• No significant illnesses or diagnosed sleep disorders, and no sleep-inducing or psychoactive medication;  
• No history of shiftwork;  
• No previous experience with driving simulators. 

Their formal sleep-wake evaluation at the time of the experiments confirmed no significant night sleep disturbance, no significant 
daytime sleepiness nor abnormalities in sleep duration (Table 1). 

Participants were not asked to modify their habits in relation to sleep-wake patterns and alcohol/caffeine consumption. Partici
pants were provided with a small monetary compensation upon completion of the experiment and were unaware of its specific ob
jectives. The research protocol was granted ethical approval by the Ethics Committee for Psychological Research at the University of 
Padua (Protocol 4037, 24/03/2021), in adherence with the Code of Ethics of the World Medical Association [32]. Written informed 
consent was acquired from all participants. 

2.1.3. Subjective sleep-wake and fatigue assessment 
Prior to the first trial day, participants were asked to complete the following questionnaires online: 
The Pittsburgh Sleep Quality Index (PSQI) [33,34]. This encompasses 19 questions, which are used to generate seven components, 

each of which is scored from zero (best) to three (worst); these scores are then summated to provide the total PSQI score (range: 0–21); 
scores >5 indicate impaired sleep quality [33]. 

Table 1 
Sociodemographic and sleep (vide infra) features of participants; mean values (standard deviation in round brackets).  

Variable Experimental group (2022) Experimental group (2023) Experimental group (2022 + 2023) 

N 18 19 37 
Age [years] 24.1 (2.9) 21.7 (0.9) 22.9 (2.4) 
Sex 100 % males 47 % males, 

53 % females 
73 % males, 
27 % females 

Driving experience [years] 5.5 (3.0) 3.1 (1.1) 4.3 (2.4) 
Annual mileage [km] 10,053 (12,690) 5997 (3564) 8038 (9350) 
Pittsburg Sleep Quality Index (0–21, abnormal >5) 4.3 (1.5) 4.4 (2.1) 4.3 (1.8) 
Epworth Sleepiness Scale (0–24, abnormal ≥11) 5.8 (2.6) 5.2 (2.7) 5.5 (2.8) 
Sleep duration (working days) [hh:mm] 07:33 (01:07) 07:45 (01:05) 07:41 (01:06) 
Sleep duration (free days) [hh:mm] 08:16 (01:11) 08:19 (01:03) 08:18 (01:06) 
Midsleep (working days) [hh:mm] 03:55 (00:59) 03:33 (00:56) 03:43 (00:58) 
Midsleep (free days) [hh:mm] 05:22 (01:09) 04:29 (00:46) 04:53 (01:03) 
Social jet lag [hh:mm] 01:27 (00:59) 00:55 (00:56) 01:10 (00:59)  
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The Epworth Sleepiness Scale (ESS) [35,36]. Subjects are asked to evaluate their likelihood of ‘dozing off’ in eight different situa
tions, on a scale of zero (unlikely) to three (very likely). These scores are then summated to provide the ESS score (range: 0–24); scores 
≥11 indicate excessive daytime sleepiness [35]. 

The ultra-short version of the Munich ChronoType Questionnaire (μMCTQ) [37]. This encompasses 6-questions, which allow to 
calculate sleep duration, midsleep (i.e. the midpoint, expressed as clock time, between sleep onset and sleep offset on free and 
work/study days) and social jetlag (uncorrected difference between midsleep on free and work/study days). 

On each trial day, participants were asked to complete the following questionnaires, before and after the driving task: 
The Stanford Sleepiness Scale (SSS) [38]. This is a one-item self-reported questionnaire assessing subjective sleepiness on a 7-point 

scale. Scores >3 qualify participants as “sleepy” [39]. 
The Samn-Perelli Fatigue Scale (SPF) [40]. This is a one-item self-reported questionnaire assessing subjective fatigue [range 1 (“fully 

alert, wide awake”) to 7 (“completely exhausted, unable to function effectively”)]. Scores ≥5 are considered to be critical [41]. 

2.1.4. Apparatus 
The experiments were carried out at the Mobility & Behavior Research Center (MoBe), using a dynamic driving simulator with 2 

degrees of freedom, developed by StSoftware (Fig. 2). Previous validation [42,43] has established realism and reliability of the setup, 
which has been utilized in in several road safety studies [22,44–48]. The hardware configuration includes a seat, a force-feedback 
steering wheel, three pedals, a manual gearbox, and a handbrake. Five 60-inch full-HD monitors provide an immersive 330◦ by 45◦

field of view, complemented by six speakers. Operating at a sampling rate of 50 Hz, the simulation system captures 31 kinematic 
variables, including (position, speed, lateral position, acceleration, and steering wheel rotation, among others). In addition, a small 
virtual dashboard positioned in the lower-right corner of the screen (Fig. 2) serves as a means for conveying messages or signals to the 
driver. For the current experiment, the simulator was configured in a static mode to minimize activation by external stimuli. 

During the driving task, eye gaze data were collected using the SMI eye-tracking glasses 2 Wireless (SensoMotoric Instruments, 
Germany), a non-invasive system designed to resemble ordinary glasses and equipped with HD cameras (resolution 1280 × 960p) to 
capture binocular gaze position and eye movement. Data acquisition occurred at a rate of 60 Hz, and extraction was carried out by the 
BeGaze software (SensoMotoric Instruments, Germany). 

The driving simulator room was maintained at an average temperature between 20 ◦C and 22 ◦C, with an illuminance of 4 lx. 

2.1.5. Experimental procedure 
The study consisted of five driving simulator trials within the same virtual environment on separate days. The first trial occurred 

during the week preceding the Spring transition to DST (March 21st – 25th, 2022; March 20th – 24th, 2023), the second in the 
following week (March 28th – April 1st, 2022; March 27th – 31st, 2023), the third in the fourth week after the transition (April 17th – 
21st, 2023), the fourth in the week preceding the Autumn transition to civil time (October 23rd – 27th, 2023), and the fifth in the 
following week (October 30th – November 3rd, 2023). The experiments were all conducted in the afternoon, Monday to Friday, with 
four trials carried out each day, the first starting at 15:00 and the last one at 18:00. The selected time window was chosen to mitigate 
the potential influence of the “post-lunch dip” on driving fatigue [49]. These strict constraints limited the experimental group to a 
maximum of 20 participants per year. Each participant completed the three trials on the same weekday and at the same time. 

Before the first trial, participants were instructed to complete online questionnaires providing sociodemographic, sleep quality and 
sleep timing information (please refer to Section 2.1.3). On Trial days, participants’ perceived sleepiness and fatigue were assessed 
before and after the driving simulator test using the SSS and the SPF, respectively. 

The driving task involved driving for 50 min in a monotonous highway environment. Participants were instructed to drive similarly 
to their usual driving behavior in a real-world setting. They were asked to verbally self-assess their level of sleepiness every 9 min using 
a 1–10 self-reported sleepiness scale (a modified version of the Karolinska Sleepiness Scale, KSS, with 1 being the lowest sleepiness 
level and 10 the highest), adapted from Åkerstedt et al. [50]. Participants were not provided with information regarding the trial 
duration beforehand. They were asked to switch off their phone and remove their wristwatch before commencing the experiment. 

Fig. 2. Driving simulator setup and virtual environment.  
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2.1.6. Driving scenario 
The driving scenario encompassed a straight two-lane two-carriageway segment spanning a length of 164 km. The carriageway 

featured a virtual banking effect that induced a slight inclination to veer towards the right; this required drivers to remain vigilant and 
apply compensatory steering adjustments to keep the vehicle within the designated lane. The simulation adopted daytime conditions 
with overcast skies, ensuring favorable visibility of up to 500 m. The prescribed speed limit was set at 130 km/h. 

The simulated traffic conditions mirrored very light flow in both directions. In the primary direction, the traffic consisted of ve
hicles traveling at an equal or higher speed compared to that of the participant, thus disallowing active overtaking maneuvers. This 
deliberate design aimed to induce mental underload, to allow the investigation of passive task-related fatigue. 

The scenario was identical in all experimental trials. 

2.2. Variables analyzed 

To investigate passive task-related driving fatigue, various metrics/indices were employed, encompassing subjective measures 
(SSS, SPF, KSS), along with an objective driving-based measure (the standard deviation of the lateral position, SDLP) and an objective 
physiological measure (PERcent of eye CLOSure, PERCLOS). In the current study, both SDLP and PERCLOS measurements were 
aggregated into 5-min intervals; i.e., the 50-min experiment was divided into ten discrete 5-min segments, and SDLP and PERCLOS 
values were computed within each segment. 

The SDLP within a specified time interval was computed relative to the lane axis occupied by the participant’s vehicle. SDLP has 
been demonstrated to be a valid tool to objectively assess driving fatigue [50–52]. As drivers experience increasing levels of fatigue, 
their ability to accurately perceive their position within the lane diminishes. As a consequence, their corrective responses to maintain 
the vehicle’s position and trajectory become less frequent and more pronounced, leading to greater lateral swaying with reference to 
the lane central axis [53]. Therefore, higher levels of driving fatigue are associated with larger SDLP values, which indicate a reduced 
ability to maintain a consistent position within the lane. 

PERCLOS is a measure used to assess drowsiness by quantifying the amount of time the eyelids are closed above a predefined 
threshold within a specific time period. It is widely used as an indicator of drowsiness [54–56]. In accordance with the existing 
literature [57,58], this study used a conservative 80 % threshold to define eyelid closure. Thus, PERCLOS was calculated as the 
percentage of time during which the pupil was covered by more than 80 %, relative to each participant’s detected maximum opening, 
within each time interval. The resulting ratio provides insights into the drivers’ alertness, with higher PERCLOS values indicating 
higher levels of driving fatigue. 

2.3. Statistical analyses 

Separate analyses were conducted for each of the five dependent variables considered: SDLP, PERCLOS, SSS, SPF, and KSS. 
Linear mixed-effect models (LMMs) were used for the analysis of scalar dependent variables (SDLP and PERCLOS) [59]. The fixed 

effect factors included Trial (2 levels for the short-term analysis, 3 or 5 levels for the long-term analysis) and Time (with 10 levels 
corresponding to the 10 5-min segments into which the experiment was discretized). Year was an additional fixed factor in the analysis 
of the short-term effects. Time was considered as a marker of passive task-related fatigue, Trial to assess the DST-related effects, and 
Year to account for any potential confounding effects resulting from repeating the experiment in two different years on different 
individuals. The ID of each participant was treated as a random factor. 

LMMs were chosen due to their ability to handle repeated-measures designs with missing data, thus maximizing the available 
information despite dropouts. Nevertheless, for additional robustness, the analyses on long-term effects were replicated by exclusively 
considering data from participants who completed all five trials. 

The Satterthwaite approximation was used to compute degrees of freedom for reported F-statistics, allowing for unequal variances 
[60,61]. Due to concerns regarding the control of Type I errors and the complexity associated with interpreting factors involving 
multiple levels and interactions [59], we chose not to perform statistical inference directly on the parameter estimates. Thus, these are 
not reported. 

QQplot diagnostics was used to test normality of LMMs residuals. LMMs are known to be robust to violations of distributional 
assumptions [62]. Nevertheless, to ensure additional robustness, when such assumption was not met, the dependent variable was 
transformed prior to model fitting using a Box-Cox transformation [63]. In Section 3, all reported marginal means were 
back-transformed for ease of interpretation. 

Cumulative link mixed-effect models (CLMMs) were used for the analysis of ordinal dependent variables (SSS, SPF, KSS) [64,65]. 
These models had a structure similar to the previously described LMMs, incorporating Trial and Time as fixed factors and participant 
ID as a random factor. For the Time factor, there were 2 levels for SSS and SPF (“before” and “after”) and 5 levels for KSS (corre
sponding to the five self-evaluations conducted during the driving task). 

In the post hoc tests, p-value adjustments were carried out with the Tukey method. All statistical analyses were performed using the 
R software. The following R packages were used:“lme4” [66] for estimating the LMMs, “ordinal” [67] for estimating the CLMMs, 
“lmerTest” [61] and “emmeans” [68] for the post hoc analyses. Significance level was set at α = 0.05, p-values between .05 and .075 
were reported as marginally significant. 
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3. Results 

To investigate driving fatigue, several metrics/indices were employed, encompassing one objective driving-based measure (SDLP, 
registered by the driving simulator), one objective physiological measure (PERCLOS, recorded with an eye-tracker) and questionnaire- 
based subjective measures. 

3.1. Short-term effects of DST on driving-fatigue 

The short-term effects of the Spring transition to DST on objective measurements of driving fatigue were analyzed by linear mixed- 
effects models (LMMs). This analysis considered not only the data collected during the 2023 experiment but also those from the pilot 
study conducted in 2022 in identical conditions, as reported in Orsini et al. [23]. This combined dataset included a total of 37 
participants. 

Two separate models were built, one for investigating SDLP, the other for PERCLOS. Fixed-effects factors considered in the models 
were Time (categorized into 10 levels of 5-min intervals within the 50-min task), Trial (with 2 levels: Trial 1 occurring in the week 
preceding the DST transition and Trial 2 in the week after), Year (with 2 levels: 2022 and 2023 experiments), and their interactions. 

The factor Time had a significant effect on both SDLP, F(9, 673.01) = 24.9, p < .001, and PERCLOS, F(9, 612.70) = 8.7, p < .001, 
indicating an overall, progressive increase in driving fatigue throughout the duration of the driving task (Fig. 3). 

The factor Trial also had a significant effect on both SDLP, F(1, 673.68) = 75.7, p < .001, and PERCLOS, F(1, 621.59) = 12.3, p <
.001. Specifically, participants exhibited higher SDLP values in the post-DST compared to the pre-DST trial (estimated marginal means, 
EMM: 0.286 m vs. 0.253 m) and higher PERCLOS (EMM: 6.74 % vs. 5.75 %), indicating an increase in fatigue in the week following the 
DST transition. There was no statistical significance of the interaction Time*Trial, suggesting that SDLP and PERCLOS trends evolved 
similarly throughout the driving task. 

Neither the factor Year nor any of its interactions with other factors were significant, indicating that the observed results were not 
influenced by any confounding factors related to the two experimental groups. 

To analyze the effects of the DST transition on participants’ subjective perception, SSS, SPF, KSS were used. Due to the ordinal 
nature of the dependent variables, effects on subjective measurements of fatigue were investigated by CLMMs. As for previous ana
lyses, each dependent variable was treated separately. Time, Trial and Year were considered as fixed effect factors, and subject ID as a 
random grouping factor. When investigating SSS and SPF, Trial had two levels, “before” and “after”, as the questionnaires were 
administered twice. In the case of the KSS, Trial had 5 levels, i.e. each of the five times participants were asked to report their level of 
sleepiness (minutes 9, 18, 27, 36, 45). 

As expected, the factor Time had significant effects on all variables (χ2
1 = 82.6, p < .001 on SSS; χ2

1 = 65.8, p < .001 of SPF, χ2
4 =

170.6, p < .001 on KSS), with participants demonstrating an awareness of their decreasing alertness over the course of the driving task 
(Fig. 4). 

The factor Trial had a significant effect on SSS, χ2
1 = 4.0, p = .046, and its interaction with Time was also significant, χ2

1 = 4.3, p =

Fig. 3. Short-term impact of the transition to DST. Effect of factors Trial and Time on: (A) SDLP and (B) PERCLOS. Large blue circles (Trial 1), and 
large red triangles (Trial 2) represent marginal means, bars are 95 % confidence intervals of marginal means; background, smaller and lighter blue 
circles (Trial 1), and red triangles (Trial 2) are individual observations. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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.038. In further detail, participants tended to report a higher level of sleepiness before starting the task in the second trial, as docu
mented by post hoc tests, z = 2.91, p = .019. However, they subsequently reported a smaller decrease in alertness throughout the task, 
which contrasts with the observations made using objective measurements. The factor Trial and the interaction Time*Trial did not 
have significant effects on SPF and KSS. Participants did not report any significant difference in fatigue levels before and after the task, 
or in sleepiness levels throughout the task. The factor Year and its interactions with Time and Trial were not significant on any variable. 

3.2. Long-term effects of DST on driving-fatigue 

To investigate the long-term effects of the Spring transition to DST, data from the 19 participants who carried out the experiment in 
2023 were analyzed, with the same statistical approach. Fixed effect factors were Time and Trial. In this case, the factor Trial had three 
levels, including Trial 3, which took place in the fourth week after the transition (Fig. 1). 

A significant effect of the factor Time on SDLP was observed, F(9, 522) = 13.6, p < .001, indicating that the level of fatigue, as 

Fig. 4. Short-term impact of the transition to DST. Effect of the factors Trial and Time on: (A) SSS; (B) SPF; (C) KSS. Large blue circles (Trial 1), and 
large red triangles (Trial 2) represent marginal means, bars are 95 % confidence intervals of marginal means; background smaller and lighter blue 
circles (Trial 1) and red triangles (Trial 2) are individual observations. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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expected, tended to increase throughout the driving task. The factor Trial was also significant, F(2, 522) = 12.4, p < .001, indicating 
that the observed level of fatigue was different in the three trials. Post hoc analysis showed a significant difference between the SDLP 
recorded during Trial 1 and Trial 2, t(522) = 4.80, p < .001, and between Trial 1 and Trial 3, t(522) = 3.51, p = .001, but not between 
Trials 2 and 3. This is presented in Fig. 5A, where a distinct increase in SDLP is observed between the first and the second trial, while in 
Trial 3 SDLP tends to overlap with that of Trial 2. No statistical significance of the interaction Time*Trial was observed, meaning that 
the three SDLP trends evolved similarly throughout the driving task. 

These findings were paralleled by those obtained from the same analysis performed on PERCLOS. Time and Trial showed significant 
effects, respectively F(9, 457.86) = 5.8, p < .001 and F(2, 459.69) = 6.8, p = .001, while their interaction did not. Post hoc analyses 
confirmed statistical differences between Trials 1 and 2, t(460) = 2.60, p = .026, and between Trials 1 and 3, t(460) = 3.54, p = .001, 
but not between Trials 2 and 3. Visually, Fig. 5B presents PERCLOS trends that are consistent with the SDLP trends presented in Fig. 5A. 

Regarding the subjective measurement of fatigue, as expected, the factor Time had a significant effect on both SSS, χ2
1 = 48.7, p <

.001, and SPF, χ2
1 = 55.7, p < .001, with participants reporting higher values of sleepiness and fatigue after the driving task. The 

interaction Time*Trial was also significant for both indicators, χ2
2 = 6.1, p = .047 and χ2

2 = 8.6, p = .014, respectively, while Trial itself 
was not significant. 

Fig. 6A and B show that the increase in perceived sleepiness/fatigue after the driving task was higher in Trial 1 compared to the two 
trails performed after the transition to DST. The post hoc analysis documented no significant differences in SSS and SPF scores among 
the three Trials, neither before nor after the driving task, apart from a marginally significant difference between the SSS reported 
before the driving task between Trial 1 and Trial 2, z = 2.19, p = .073, the SSS score being higher in Trial 2, which is consistent with 
what observed short-term. 

As for the dependent variable KSS, again Time had a significant effect, χ2
4 = 127.8, p < .001, but neither Trial nor the interaction 

Time*Trial were significant. Fig. 6C illustrates how in each of the three Trials participants reported progressively increasing sleepiness, 
with no substantial variations across Trials. 

The analyses were then replicated, incorporating data from the 13 participants who also returned for Trials 4 and 5, in the weeks 
preceding and following the Autumn transition to civil time, confirming significant effects of the factors Time, F(9, 762.06) = 16.9, p <
.001, and Trial, F(4, 763.09) = 14.9, p < .001, on SDLP. 

Post hoc analyses confirmed statistical differences between Trial 1 and Trial 2, t(762) = 4.47, p < .001, and between Trial 1 and 
Trial 3, t(762) = 3.32, p = .011, and the absence of any difference between Trials 2 and 3. In addition, they showed that Trial 4, t(764) 
= 6.59, p < .001, and Trial 5, t(764) = 6.35, p < .001, were both statistically different from Trial 1 (EMM = 0.254 m), exhibiting an 
upward trend (expressing worse driving performance) with EMMs of 0.300 m and 0.298 m, respectively. In absolute terms, these 
values were even higher than those recorded in Trial 2 and Trial 3 (EMM = 0.280 m for Trial 2; EMM = 0.273 for Trial 3), as can be 
observed in Fig. 7A. A marginally statistical difference between Trials 2 and 4, t(764) = 2.69, p = .057, and statistical differences 
between Trials 3 and 4, t(764) = 3.77, p = .002, and between Trials 3 and 5, t(764) = 3.52, p = .004 were observed. For additional 
robustness, the same analysis was repeated including only the 13 participants who completed all 5 Trials, and this confirmed the main 
effects and the statistically significant increase in SDLP in Trials 4 and 5 compared to the preceding Trials. 

Fig. 5. Long-term impact of the transition to DST. Effect of factors Trial and Time on: (A) SDLP and (B) PERCLOS. Large blue circles (Trial 1), large 
red triangles (Trial 2) and large orange squares (Trial 3) represent marginal means, bars are 95 % confidence intervals of marginal means; back
ground smaller and lighter blue circles (Trial 1), red triangles (Trial 2) and orange squares (Trial 3) are individual observations. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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The analysis on PERCLOS confirmed the results obtained in the previous section, with a significant effect of Time, F(9, 638.95) =
7.3, p < .001, and Trial, F(4, 640.86) = 3.8, p = .004. However, these were not entirely consistent with those observed on SDLP. Indeed, 
the post hoc analysis revealed statistical differences only between Trials 1 and 2, t(641) = 2.87, p = .035, and between Trials 1 and 3, t 
(641) = 2.94, p = .028, while Trials 4 and 5 were not statistically different from any other Trial. In terms of EMMs, as can be observed 
in Fig. 7B, Trial 4 showed a PERCLOS which was higher than that of Trial 1 (+0.96 %), but lower than that of Trials 2 (− 0.24 %) and 3 
(− 0.27 %). In Trial 5, PERCLOS returned to values which were very similar to those of Trial 1 (+0.03 %). 

In terms of subjective measurements of fatigue, the factor Time was statistically significant for SSS, χ2
1 = 66.8, p < .001, SPF, χ2

1 =

83.7, p < .001, and KSS, χ2
4 = 104.5, p < .001, while the factor Trial was not significant for either of them, indicating that fatigue 

perception did not substantially change throughout the Trials, as also partly observed in the previous sections. These findings were 
confirmed when the analysis was restricted to the 13 participants who completed all five Trials. 

Fig. 6. Long-term impact of the transition to DST. Effect of the factors Trial and Time on: (A) SSS; (B) SPF; (C) KSS. Large blue circles (Trial 1), large 
red triangles (Trial 2) and large orange squares (Trial 3) represent marginal means, bars are 95 % confidence intervals of marginal means; back
ground smaller and lighter blue circles (Trial 1), red triangles (Trial 2) and orange squares (Trial 3) are individual observations. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

F. Orsini et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e34956

10

4. Discussion 

Driving fatigue was analyzed with a range of indicators which included objective measurements (SDLP and PERCLOS) and sub
jective indices (SSS, SPF, KSS scores). The observation that the factor Time had a significant effect on SDLP and PERCLOS in all an
alyses suggests that participants’ fatigue levels increased throughout the driving task. This outcome was expected, as the driving 
scenario was intentionally designed to produce mental underload. In this sense, the factor Time can be considered a marker of passive 
task-related fatigue, as defined by May & Baldwin [28]. Notably, in all Trials in this study, SDLP values largely exceeded the 0.25 m 
threshold defined by Brookhuis et al. [69] as a criterion to detect driving impairment, thus confirming that the experimental design 
produced the intended results. 

The significant effect of Trial both short- and long-term indicates that the values of SDLP and PERCLOS differed across Trials, and 
more specifically they worsened. As Trials took place either before or after the Spring transition to DST, this factor can be regarded as a 
marker of DST-related driving fatigue. It should be noted that even if any familiarization/learning effect occurred (which we have 
previously excluded by comparing the 2022 cohort with a historical cohort of pertinent, matched controls who also underwent the two 
trials on exactly the same driving scenario without any time change in between [23,70]), this would have reasonably mitigated or 
masked the negative effect of DST. One might argue that the differences observed in the Trials could be attributed to other confounding 
factors, possibly including changes in photoperiod and other time-dependent environmental factors, which would not affect the 
experiment itself but would, of course, affect the participant’s daily life around the time of the experiment. These, if any, would be 
more likely to impinge on Trials 4 and 5, which are further in time and in environmental conditions compared to the first three Trials. 

Albeit being to some extent redundant, the results of this study confirm the negative short-term effects observed in our pilot study 
[23]. It is important to highlight that, by contrast to that earlier study, the 2023 cohort included both male and female participants, 
suggesting that the adverse short-term effects of the Spring transition to DST impact drivers regardless of sex. Given that the analysis of 
short-term effects revealed no significant impact of the factor Year on any of the dependent variables, one can be confident that no 
confounding effects or other factors related to participants’ features in the two groups influenced the overall conclusions regarding the 
effect of DST on driving fatigue. It is worth noting that all participants involved were healthy and had no sleep issues (please refer to 
Table 1). Since these drivers may represent a significant proportion of the general population, this observation further supports the 
hypothesis that DST can lead to serious road safety issues. 

In absolute terms, SDLP increased by 3.3 cm (corresponding to a 13 % relative increase) and PERCLOS by 0.99 % in Trial 2. The 
magnitude of such effect is comparable, for example, to that associated with driving 0.5–2 h after the administration of 0.5 g/L alcohol 
[71,72] or 8.5–10 h after the administration of 7.5 mg of the sleep-inducing medication zopiclone [73,74] (~2.6 cm SDLP, according 
to the meta-analysis by Vinckenbosch et al. [52], corresponding to a 13 % relative increase), and also of that associated with driving 
after a night of partial night sleep deprivation (2.5 cm SDLP, corresponding to a 11 % relative increase, and 0.43 % PERCLOS [75]). 
Several driving simulator-based studies have investigated the effects of alcohol on SDLP [76], although only a minority of them used 
driving simulators validated with alcohol [77–79], showing SDLP increases ranging from +2 cm (12 % relative increase) [78] to +6.6 
cm (22 % relative increase) [77]. It should be noted that, although the simulator we used has been validated in terms of speeding [42] 
and gap-acceptance behaviour [43], it has never been specifically validated for any type of impaired driving. Therefore, the com
parisons reported here should be interpreted with caution. 

Fig. 7. Long-term effect of the transition to DST. Effect of the factors Trial on: (A) SDLP; (B) PERCLOS. Large circles represent marginal means, bars 
are 95 % confidence intervals of marginal means, background smaller and lighter circles are individual observations. 
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Analyses also revealed a significant long-term effect, which was comparable in magnitude to that observed short-term. In Trial 3, 
participants exhibited significantly higher values of both SDLP and PERCLOS compared to Trial 1, with no significant change from 
Trial 2. This is an important observation, as it suggests that the effects of DST on driving fatigue extend beyond the week immediately 
after the transition, persisting for at least one month. Further, the exploratory analysis conducted immediately prior to and after the 
Autum transition to DST revealed that not only was driving fatigue significantly worse in these trials compared to Trial 1, but it was 
also slightly worse than that ofd Trials 2 and 3. Besides supporting the contention that DST-related circadian misalignment has effects 
on performance that last as long as DST is in place, it also suggests that such effects are likely to be cumulative [3]. The analysis on 
PERCLOS exhibited a different time dynamic, with a small improvement in Trial 4, and a significant one in Trial 5, with a return to the 
levels of Trial 1. This might be explained by the fact that the effects of driving fatigue measured by SDLP are probably an expression of 
its effects on complex cognitive functions and their combination, and they may therefore require a significant amount of time to revert 
once they have accumulated, explaining the similarity between Trials 4 and 5, immediately before and immediately after the Autumn 
return to civil time. By contrast, eyelid closure may change more rapidly in relation to decreased/increased sleep duration, and may 
vary less than SDLP (in terms of magnitude) in response to small changes in fatigue levels [80]. This hypothesis is supported by the 
time-course of PERCLOS levels (Fig. 7B), which rapidly deteriorated after Trial 1, and then rapidly returned to baseline levels in Trial 5, 
suggesting a quicker response to daily misalignment or lack thereof, rather than a cumulative effect as that observed for SDLP. Indeed, 
there is no reason to expect that a physiological index such as PERCLOS would have the same time-course as a driving-simulator based 
index, which is the outcome of a complex network of cognitive functions, possibly even including eyelid movements. 

The fact that no significant interaction between the factors Time and Trial was observed is also remarkable, because it indicates no 
combination in the effects of passive task-related and DST-related fatigue, i.e., that the negative effects of the transition to DST do not 
necessarily emerge in mental underload situations. Figs. 3 and 5 show that, if anything, the effect tends to be more pronounced at the 
beginning rather than at the end of the driving task. This aligns with our previous work [22], documenting worsened overall driving 
performance in a relatively short (~15 min) experimental route in the week following the Spring transition to DST. 

Analyses performed on subjective indicators of fatigue confirmed that participants felt more fatigued after the driving task, but also 
documented a lack of awareness of the objectively-measured decrease in performance after DST. By contrast, the short-term analysis 
carried out on SSS and the long-term analysis on SSS and SPF showed a significant effect of the interaction Time*Trial, indicating, as 
can be observed in Fig. 4A and 6A–B, that participants felt proportionally less sleepy and less fatigued after the driving task in Trials 2 
and 3 compared to Trial 1. This may either be related to Trial 1 being generally more taxing than subsequent Trials, simply because of 
total lack of familiarity with the task. An alternative explanation may be that as circadian desynchrony accumulates over the DST 
period, the participants’ insight into their actual performance decreases, which is known to occur when sleep is curtailed [81,82]. This 
effect is concerning in terms of its road safety implications, as it may prevent drivers from engaging in compensatory or fatigue-coping 
strategies. 

5. Conclusion 

The key findings of this study can be summarized as follows. 

1. The Spring transition to DST had a significant negative impact on objectively-measured driving fatigue in the short-term, con
firming our previous findings [23].  

2. DST per se also had a significant, negative long-term effect, as the increase in objectively-measured driving fatigue persisted in the 
fourth week after the transition, with the same magnitude. Further worsening of these parameters was observed at the very end of 
the DST period, and also in the week after the return to civil time in Autumn.  

3. Participants were unaware of this increase in driving fatigue, as indicated by the SSS and SPF scores reported before and after each 
trial, as well as the KSS scores reported during the driving tasks. 

Albeit preliminary, our findings regarding the long-terms effects of DST – which are perfectly reasonable in terms of chro
nophysiology and chronopathology but had never been directly tested before – are of great relevance, and could suggest that DST is a 
contributing factor to the higher number of road fatalities [83] and sleep-related fatal crashes [84], which have been observed during 
the Summer months in several nations adopting DST. Further, as drivers are unaware of the decline in their performance, informative 
campaigns on the effects of DST on driving - and how to manage them - targeting the general population may represent a valuable 
mitigation strategy. 

Future studies should probably investigate the DST effects on other age groups, also keeping into account of chronotype and of the 
course of sleep quality/timing indices over the DST months. In addition, extension of the study on the effects of DST on driving 
performance to naturalistic settings may be worthwhile. Lastly, we designed this study to be ecological, and therefore we did not 
control for sleep-wake patterns and alcohol/caffeine consumption during or on the day of study. Future research should investigate 
how these may modulate the effects of DST on driving performance. 
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