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Abstract 

 Background: Fatigue is a complex state that can result in decreased alertness, often accompanied by drowsiness. 

Driving fatigue has become a significant contributor to traffic accidents globally, highlighting the need for effective 

monitoring techniques. Various technologies exist to enhance driver safety and minimize accident risks, such as 

fatigue detection systems that alert drivers as drowsiness sets in. In particular, measuring heart rate (HR) patterns 

may offer valuable insights into the occupant's physiological condition and level of alertness and may allow them to 

understand their fatigue levels. This review aims to establish the current state of the art of monitoring strategies for 

vehicle occupants, specifically focusing on fatigue assessed by HR and heart rate variability (HRV). 

 Methods: We performed a systematic literature search in the databases of Web of Science, SCOPUS and PubMed, 

using the terms vehicle, driver, physiologic monitoring, fatigue, sleep, electrocardiogram, heart rate and heart rate 

variability. We examine articles published between the 1st of January 2018 and the 31st of January 2023. 

 Results: A total of 294 papers were identified from which 71 articles were included in this study. Among the 

included papers, 57 utilized electrocardiogram (ECG) as the acquired signal for HR measures, with most ECG 

readings obtained through contact sensors (n=41), followed by non-intrusive wearable sensors (n=11). The majority 

of the works rely on subjective self-reported fatigue ratings (n=27) and video-based observer ratings 

(n=11).  Regarding validation, 16 papers do not report validation of any kind. From the included papers, only 13 

comprise a fatigue and drowsiness estimation system, 9 with reported validation. Some report acceptable 

performances, but reduced sample size limits the reach of any conclusions. 

 Conclusions: This review highlights the potential of HR analysis and non-intrusive instrumentation for continuous 

monitoring of driver's status and detecting sleepiness. One major issue is the lack of sufficient validation and 

estimation methods for fatigue, contributing to insufficient methods in providing proactive alarm systems. This area 

shows great promise but is still far from being reliably implemented. 

 

Keywords: Simulated driving; Biomedical; Physiologic; Occupant; Heart rate; Electrocardiogram  

 

 

1. Introduction 

Sleep insufficiency is a prevalent issue that significantly impacts both health and daily functioning. The impact of 

inadequate sleep can have wide-ranging consequences, affecting various aspects of an individual’s life. Reduced cognitive 

abilities resulting from sleep deprivation, whether resulting from inadequate sleep, a medical condition, or medication, can 

place individuals at risk. One area where this risk is particularly evident is in driving, as it demands high levels of alertness. 

Therefore, the importance of monitoring drivers becomes apparent.  

It also applies to other domains, such as the detection of sudden illnesses. Effective monitoring techniques that promote 

safe and alert driving primarily serve as a preventive measure against accidents and resulting injuries. 

The US National Highway Traffic Safety Administration has estimated that worldwide every year, about 100 000 

road accidents are caused by drowsiness, accounting for > 1500 deaths and > 70,000 injuries (Saleem, 2022). Incidents 

related to driving fatigue are increasing as transportation networks quickly grow, becoming one of the major causes of traffic 

accidents in the world (Wang T, 2018). 

A study conducted by the European Sleep Research Society estimated the average prevalence of falling asleep at the wheel 

in recent years as 17%. Among subjects who fell asleep at the wheel, the median prevalence of sleep-related accidents was 

mailto:rutealmeida@med.up.pt
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7.0%. For Portugal, the odds ratio of falling asleep at the wheel was 1.34 (95% CI: 1.13; 1.58), reflecting a high probability 

of falling asleep,  though  with  a  relatively smaller  effect  size compared  to the  mean  value (Goncalves et al., 2015). 

Fatigue is a complex state that can result in decreased mental and physical performance and reduced alertness, often 

accompanied by drowsiness (K.L. Lal & Craig, 2001) which is feeling the need to sleep. Some factors can lead to the 

suboptimal psychophysiological state of driving fatigue, including exertion and sleep-related issues, i.e., sleepiness or 

drowsiness (Dement & Carskadon, 1982). In addition to sleep-related causes, certain driving characteristics, such as task 

demand and driving environment, can lead to task-related fatigue. This type of fatigue can be further subdivided into active 

task-related fatigue, such as caused by driving in high-traffic conditions, and passive task-related fatigue, resulting from 

driving in a monotonous environment (May & Baldwin, 2009).  

Fatigue can cause a driver’s attention to decrease, leading to distraction and potentially dangerous driving behaviors, 

such as speeding, running a red light, and getting out of track (Utomo et al., 2019). Therefore, it is crucial to investigate 

fatigue detection methods to prevent accidents and promote safe driving practices. This could be particularly important for 

workers with  irregular shift schedules (such as health workers and professional drivers) or anyone who drives on  monotonous 

routes, and for long periods, which may even lead to drowsiness (Harma et al., 2002). 

Numerous technologies are available to enhance driver safety and minimize the risk of accidents, including fatigue 

detection systems that can alert drivers when they are becoming drowsy. Investing in these monitoring systems is of great 

significance for public safety and the development of the social economy. It aims to reduce the number of driving-related 

emergencies and ensures that emergency response teams can provide essential aid (Wan et al., 2019). 

The estimation of driver fatigue and drowsiness is typically done through subjective and/or objective evaluations of 

the driver. Subjective evaluations are based on post-evaluations of drivers; this often involves the use of questionnaires 

that ask drivers to provide their perception of their own fatigue/sleepiness levels while driving (Ahsberg et al., 2000). 

Some common subjective sleepiness scales used by researchers include the Karolinska Sleepiness Scale (KSS), the Chalder 

Fatigue Scale (CFS), the Stanford Sleepiness Scale (SSS), and the Swedish Occupational Fatigue Inventory (SOFI) (Stasi 

et al., 2011). These scales are often used as ground truth for drowsiness detection systems. 

In terms of objective estimation of in-vehicle fatigue and drowsiness detection methods, there are three broad 

categories: (a) driver’s behavioral-based methods, (b) vehicle operational performance-based methods, and (c) driver’s 

physiological-based methods (Jiao et al., 2022). Driver’s facial characteristics involve video monitoring to capture 

various parameters of the driver’s facial expressions, such as eye movement activity (e.g., blinking, eye closures, saccade 

frequency, percentage of eye closure) and body posture (e.g., head and body movements) (Ji et al., 2004) (Fan et al., 

2008). Vehicle dynamics-based methods use of data from the vehicle’s performance, such as deviation from the lane 

position, steering angle, standard deviation of lateral position (SDLP) and speed, to estimate driver fatigue and drowsiness 

(Takei & Furukawa, 2005). Physiological signals involve the use of sensors to monitor a driver’s physical state and are 

considered the best measurements for driving fatigue detection (Chowdhury et al., 2018). These physiological indicators, 

such as electroencephalography (EEG), electrooculography (EOG), electrocardiography (ECG), electromyography 

(EMG), respiration, galvanic skin resistance, and body temperature, have been used for drowsiness detection and have 

shown high accuracy (Balandong et al., 2018) (Murugan et al., 2020). Each method has its own unique advantages and 

limitations. The most accurate outcomes can be achieved by combining psychological parameters, such as self-reports 

and physiological measurements (Lal & Craig, 2001). Physiological signals offer consistent, reliable, and robust 

information about a driver’s internal state (Murugan et al., 2020). However, the intrusive nature of signal acquisition 

methods has limited their use. Despite efforts to develop non-intrusive measurement techniques for EEG, EMG, and EOG 

signals, acquiring these signals still requires direct contact and permanent placement on the driver’s body, causing 

discomfort. EEG signals are acquired through a 10-20 electrode cap system that can be inconvenient and intrusive for 

drivers. Additionally, these signals are prone to artifacts caused by eye blinks, heart activity, and other movements, 

increasing the computational complexity and algorithm performance. EOG signals are picked up from the electrodes placed 

near the eyes disturbing the driver while driving (Jiao et al., 2020). 

Nevertheless, ECG signals have been utilized in various applications related to driver state estimation, including 

mental workload (Heine et al., 2017), emotion (Wang et al., 2020), stress (Keshan et al., 2015), and drowsiness (Chui et 

al., 2016). Furthermore, cardiovascular conditions are particularly dangerous, as patients may lose consciousness while 

operating a vehicle (D’Allegro, 2017). Incidents like these created the awareness of the necessity of systems that can detect 

abnormal heart rates and promptly alert emergency teams (Hanna, 2010).  

ECG signals are the most stable for real-time measurements (Hu et al., 2009). With the advances in sensor technology, 
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heart rate (HR) data acquisition via wearable devices has become increasingly convenient in real working conditions. 

Researchers have developed non-intrusive methods of acquiring ECG signals, such as using Bluetooth devices with ECG 

or HR sensors attached to the steering wheel (Jung et al., 2014) or chest electrodes attached to clothing (Begum, 2013). 

However, such methods are prone to movement artifacts and errors caused by improper electrode contact, resulting in less 

accuracy (Sahayadhas et al., 2015). Developing a non-intrusive wireless wearable device capable of providing a good flow 

of information without data loss is a significant challenge, and effective filtering techniques are required to remove 

artifacts. 

The HR, is the number of heartbeats in a minute, and the heart rate variability (HRV), consists on the sequence of 

the time difference between consecutive heartbeats (R to R Intervals, RRI), physiologically regulated by the sympathetic 

nervous system (ANS) and the parasympathetic nervous system (PNS) from the autonomic nervous system (ANS) (Jiao 

et al., 2022) (Garcia-Perez et al., 2023). The HRV features are commonly used for drowsiness and fatigue detection as 

ANS balance changes during stress, extreme fatigue, and drowsiness episodes (Vicente et al., 2016). HRV series are 

commonly studied in 3 domains: time-domain, frequency-domain, and non-linear (Shaffer & Ginsberg, 2017) . By 

analyzing the time domain indices, we can measure its variability changes through time. In the frequency domain, HRV 

is analyzed by decomposing the signal into different frequency bands: Ultra Low Frequency (ULF), Very Low Frequency 

(VLF), Low Frequency (LF), and High Frequency (HF). Two main bands are high frequency (HF) and low frequency 

(LF). Both PNS and SNS activity contribute to LF power, and PNS activity primarily contributes to HF power. (Shaffer 

& Ginsberg, 2017) proposed that a high LF/HF ratio indicates sympathetic dominance and a low LF/HF ratio reflects 

parasympathetic dominance, which may be related to a state of fatigue. Non-linear measurements of HRV capture the 

unpredictability of the time series and the complexity of the mechanisms regulating HRV. An important parameter to 

analyze in HRV is the LF/HF power ratio, which provides insights into the sympathovagal balance and offers a 

comprehensive assessment of driving fatigue (Patel et al., 2011).  Measuring HR from drivers is essential in understanding 

their fatigue levels. Previous studies have  demonstrated the usefulness of  HR  in detecting driver drowsiness, confirming that 

SNS and PNS activity are associated with varying fatigue levels (Persson et al., 2021). 

This paper aims to establish the current state of the art of monitoring strategies for vehicle occupants, specifically focusing 

on fatigue and drowsiness. The primary focus is on the identification of fatigue and drowsiness among motor vehicle 

occupants, utilizing ECG and/or HR measurements. The inclusion of cardiac information is essential due to its close 

relationship with the state of consciousness. Therefore, by examining HR patterns, valuable insights can be gained 

regarding the occupant’s physiological condition and level of alertness.  

This review targets motor vehicle occupants (P-population) on a journey, or simulated journey, in a vehicle or 

simulator while collecting ECG and or HR (I – Intervention or exposure), aiming fatigue monitoring (O – Outcome). 

Comparisons, namely as validation facing a fatigue reference values, are desirable, but not mandatory, as no golden 

standard exists. All study designs are admitted.  

Moreover, the review addresses the  following questions: 

RQ1: How can ECG and HR be used to monitor fatigue and drowsiness in motor vehicle occupants? 

RQ2: What are the potential benefits of using ECG and HR to monitor fatigue and drowsiness in motor vehicle 

occupants? 

RQ3: How reliable are ECG and HR readings in assessing fatigue and drowsiness in motor vehicle occupants? 

 

2. Material and methods 

This study took into account the preferred items for systematic reviews and meta-analyses (PRISMA) statements 

(Moher et al., 2009).  

2.1. Search Strategy 

We performed a literature search in the databases of Web of Science, SCOPUS, and PubMed until 03rd of February. 

We examine articles published between the 1st of January 2018 and the 31st of January 2023 to investigate the state of the art of 

vehicle occupants monitoring strategies regarding fatigue (or equivalently drowsiness or sleepiness), using ECG, HR and HRV 

readings.  

To improve query relevance, the search queries were formulated considering the terms in titles, abstracts, keywords, 

author-keywords, and keywords plus. Queries fundamentally included terms to identify the intended system, referencing 
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vehicle, driver, and physiologic monitoring, among other relevant reference words to find articles of interest and adding 

terms to specify the search, fatigue, sleep, electrocardiogram, heart rate and heart rate variability. 

After refining the query and performing sensitivity analysis, the final queries are reported in Table 1. The queries 

needed to be adjusted based on the specific database being used. For instance, PubMed is the only database that provides 

the option of using MeSH terms. 

 

2.2. Eligibility Criteria 

Only studies written in English were considered. Considering both screening and full-text analysis phases, documents 

were included if they (1) monitor physiological signals during a journey or simulated journey in a vehicle or simulator; (2) 

monitor fatigue (or equivalently drowsiness or sleepiness) using ECG, HR, HRV or derived indexes; (3) and published 

between 2018-2023. Exclusion criteria include non-English publications, articles with no abstract available, letters, editorials, 

comments, abstract only publications, and reviews. An additional exclusion criterion was considered in the full-text 

analysis: no full text available and studies without implementation (idea only). 

 

2.3. Analysis 

 Screening analysis phase, which involved reviewing titles and abstracts, was performed by two independent 

reviewers, with the help of a software system, Rayyan, for recording decisions. The two reviewers screened records 

independently with Blind On. Disagreements were resolved through consensus between the two reviewers.  

 Full-text analysis phase was performed by four independent reviewers, forming all six possible combinations of 

pairs, following the strategy:  

•  the list of retrieved publications was divided into six batches with an equivalent number of publications;  

•  each batch was assessed by two different reviewers, that performed the data extraction; 

•  final data were reviewed in a consensus meeting. 

 

2.4. Data Extraction and Quality Assessment 

 Data extraction was part of the full-text analysis phase. The two researchers’ extraction occurred independently, 

followed by the consensus meeting. The information structure extracted from publications is reported in Table 2.  

 This review focuses on a health-related problem that requires software engineering development and studies. Usual quality 

instruments and assessment checklists for medical studies are inadequate. Alternative quality assessment instruments specific to 

software engineering studies have been proposed. The most frequently adopted for systematic reviews, according to (L. Yang 

et al., 2021), is the 11 criteria checklist by Dybå and Dingsøyr’s (Dybå & Dingsøyr, 2008). Each criteria is evaluated as 1- “yes” 

or 0 - “no”).  These criteria are presented in Table 3. To better adapt to the current review, the criteria 6, was enlarged also to 

consider comparison with reference, as listed in PRISMA. Those were considered in this review as part of eligibility criteria, 

information extraction or specific quality analysis by two reviewers. Attending for subjectivity, for each included study, the 

mean of the two independent scores normalized by the maximum of the scale is considered as a quality assessment. 

 

Table 1. Final queries, per database consulted. 

Database Query 

 
SCOPUS (TITLE-ABS-KEY (vehicle OR car OR motorbike OR bus OR rail* OR plane OR road OR “simulated driving” OR 

“simulator drive” OR “simulator driving” OR traffic*) AND TITLE-ABS-KEY (biomedical* OR physiologic* OR 

biometric*) AND TITLE-ABS-KEY (driver* OR occupant* OR passenger*) AND TITLE-ABS-KEY (ecg OR “heart 

rate” OR “electrocardiogram” OR “hr” OR “hrv”) AND TITLE-ABS-KEY (fatigue OR sleep*) AND (PUBYEAR > 

2017)) 

PubMed ("vehicle"[Title/Abstract] OR "car"[Title/Abstract] OR "motorbike"[Title/Abstract] OR "bus"[Title/Abstract] OR 

"rail*"[Title/Abstract] OR "plane"[Title/Abstract] OR "road"[Title/Abstract] OR "simulated driving*"[Title/Abstract] 

OR "simulator drive*"[Title/Abstract] OR "simulator driving*"[Title/Abstract] OR "traffic"[Title/Abstract]) AND 

("biomedical*"[Title/Abstract] OR "physiological*"[Title/Abstract] OR "biometric*"[Title/Abstract]) AND 

("driver*"[Title/Abstract] OR "occupant*"[Title/Abstract] OR "passenger*"[Title/Abstract])) OR ("Fatigue"[MeSH 

Terms] AND "automobile driving*"[MeSH Terms]) OR ("automobile driving*"[MeSH Terms] AND "monitoring, 

physiologic*"[MeSH Terms]) OR ("accidents, traffic/prevention and control"[MeSH Terms] AND "monitoring, 

physiologic*"[MeSH Terms]) ) AND 2018/01/01:2023/01/31[Date - Publication] AND 2018/01/01:2023/01/31[pdat] 

AND ("ECG"[Title/Abstract] OR "heart rate"[Title/Abstract] OR "electrocardiogram"[Title/Abstract] OR 

"HR"[Title/Abstract] OR "HRV"[Title/Abstract]) AND 2018/01/01:2023/01/31[Date - Publication]) AND 
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(2018/1/1:2023/1/31[pdat]) Filters: from 2018/1/1 - 2023/1/31 

Web of Science TI=((vehicle OR car OR motorbike OR bus OR rail* OR plane OR road OR "simulated driving" OR "simulator drive" 

OR "simulator driving" OR traffic* OR "simulation driving")AND(driver* OR occupant* OR passenger*)AND(ECG 

OR "heart rate" OR "electrocardiogram" OR ”HR” OR ”HRV”) AND(Fatigue OR sleep*)) OR AB=((vehicle OR car 

OR motorbike OR bus OR rail* OR plane OR road OR "simulated driving" OR "simulator drive" OR "simulator 

driving" OR traffic* OR "simulation driving")AND(driver* OR occupant* OR passenger*)AND(ECG OR "heart 

rate" OR "electrocardiogram" OR ”HR” OR ”HRV”) AND(Fatigue OR sleep*)) OR AK=((vehicle OR car OR 

motorbike OR bus OR rail* OR plane OR road OR "simulated driving" OR "simulator drive" OR "simulator driving" 

OR traffic* OR "simulation driving")AND(driver* OR occupant* OR passenger*)AND(ECG OR "heart rate" OR 

"electrocardiogram" OR ”HR” OR ”HRV”) AND(Fatigue OR sleep*)) OR KP=((vehicle OR car OR motorbike OR 

bus OR rail* OR plane OR road OR "simulated driving" OR "simulator drive" OR "simulator driving" OR traffic* 

OR "simulation driving")AND(driver* OR occupant* OR passenger*)AND(ECG OR "heart rate" OR 

"electrocardiogram" OR ”HR” OR ”HRV”) AND(Fatigue OR sleep*)) 

 

 

Table 2. List of variables considered for data extraction. 

Variables 

Domains considered other than fatigue 

Sensors and devices for ECG and HR/HRV  

Additional physiological parameters 

Additional activities monitored  

Health status and lifestyle habits 

Special physiological framework  

Experiment environment  

Source of data  

Extension and type of validation  

Sample size  

Participants age and gender 

Data processing and Golden Standard 

Performance for fatigue detection 

TLR of the technology 

Main contributions and Limitations 

(ECG- electrocardiogram; HR- heart rate; HRV- heart rate variability; TLR- technology readiness level). 

 

 

Table 3. Quality assessment criteria, Changes with respect to Dybå and Dingsøyr marked as Italic.  

Criteria as proposed by (Dybå & Dingsøyr’s, 2018) 

1. The study reported empirical research or whether it was merely a ‘‘lessons learned” report based on expert opinion. 

2. The aims and objectives were clearly reported (including a rationale for why the study was undertaken).  

3. There was an adequate description of the context in which the research was carried out 

4. The research design was appropriate to address the aims of the research  

5. There was an adequate description of the sample used and the methods for identifying and recruiting the sample.  

6. Any control groups, or comparisons with standard, were used to compare treatments. 

7. Appropriate data collection methods were used and described 

8. There was an adequate description of the methods used to analyze data and whether appropriate methods for ensuring the data 
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analysis were grounded in the data. 

9. The relationship between the researcher and participants was considered to an adequate degree.   

10. The study provided clearly stated findings with credible results and justified conclusions. 

11. They provided value for research or practice. 

 

 

3. Results 

3.1. Study Selection Process 

The PRISMA flow diagram model demonstrates the detailed study selection process, as shown in Figure 1. After 

applying the final query to the three databases, a total of 371 documents were retrieved, which was reduced to 294 publications 

after eliminating the duplicates found (n=77 duplicates). In the title and abstract screening phase, a total of 194 studies did 

not meet our inclusion criteria and were excluded. A total of 71 articles were finally included and analyzed. 

All of the publications focused on fatigue monitorization (n=71), followed by drowsiness/sleep (n=42) and cognitive 

workload (n=6) detection systems. Original research articles published in international journals comprise most of the 

included publications (n=53), as only fifteen documents were conference papers, and three were book sections. 

Additionally, the period encompassed in the included publications ranged between 2018 and 2023, with most publications 

occurring in 2022 (n=19) (Figure 2). 

In Sections 3.2–3.4, the body of the literature was further summarized according to data collection methods, challenges 

and limitations to be addressed, and quality assessment of the included publications, respectively. 

 

 

3.2. Data Collection Methods 

3.2.1. Additional Domains 

Regarding the domains, in addition to fatigue, 42 out of the 71 studies refer explicitly to Drowsiness/Sleep, while 15 

included one or more additional domains, as represented in Figure 3. 

 

3.2.2. Sensors and devices for ECG and HR/HRV 

Data collection methods of biomedical parameters measured across the included publications typically occurred from 

different signal acquisition. Regarding the assessment of the primary physiological parameter, HR/HRV, four different 

signal acquired measurements were reported. Most of the publications (n=57) utilized ECG as the acquired signal, 

followed by photoplethysmography (PPG) (n=20). Some publications (n=7) used both ECG and PPG to obtain HR. 

Another way to assess HR was through radar-based signal acquisition (n=1), a non-contacting detection of heartbeat 

signals. Similarly to the auscultation method, one paper used an acoustic pulse signal (n=1) to obtain HR.  

Regarding the sensors utilized to capture the signals from HR, there were essentially two categories of 

sensors: vehicle sensors, which are integrated or installed on the vehicle, and subject sensors, which can either 

be wearable or instrumentalized. Figure 4 summarizes the type of sensor used per signal acquired 

measurements for HR/HRV access across the included publications.  

For ECG readings, most studies utilized instrumentalized sensors with electrodes positioned in the body 

(n=41). Some of the studies utilized non-intrusive methods of acquiring ECG signals, such as wearable sensors 

(n=11) and vehicle sensors (n=6). Among the wearable ECG sensors, the chest belt type sensors were the most 

utilized across multiple studies (Lu et al., 2022), (Rome, 2019), (Zhang et al., 2018), (Watling et al., 2022), 

(Magana et al., 2020), (Gielen & Aerts, 2019), (Garcia-Perez et al., 2023). Additionally, one study (Yuda et 

al., 2021) employed a Biometric Smart Shirt with embedded electrodes in the shirt, while other study (Huang 

et al., 2019) used an ECG vest. Amid vehicle ECG sensors, 4 studies (Afghari et al., 2022), (Abbas, 2020a), 

(Abbas, 2020b), and (Esteves et al., 2021) employed ECG sensors attached to the steering wheel, while 2 

studies (Bhardwaj & Balasubramanian, 2019) and (Balasubramanian & Bhardwaj, 2018)  utilized ECG sensors 

installed on the car seat. 
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Figure 1. PRISMA flow diagram model. *No full-text available. 
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Figure 2. Number of included publications over time. 

 
 

 

 

Figure 3. Additional domains reported by included studies, in addition to fatigue (some studies include more 

than one additional domain). 

 

 

The wearable type of sensor is predominantly utilized for PPG readings (n=17). Among these, 14 studies utilized 

wristwatch-type sensors, specifically Empatia E4 (Polar) (Kim et al., 2018), (Tsai et al., 2022), (Kundinger et al., 2021), 

(Kundinger & Riener, 2020), (T. Kundinger et al., 2020), (Kundinger et al., 2020), (Mizusako et al., 2019), (Jing et al., 

2020), (Esteves et al., 2021), (Jiao et al., 2022), (Dong et al., 2021), (Wolkow et al., 2020), (Antunes et al., 2022), 

(Aghajarian et al., 2019). For acoustic pulse signal acquisition, 1 study (Salvati et al., 2021) employed a microsensor 

inserted into the seat vehicle, and for radar-based signal acquisition, 1 study (Dong et al., 2021) utilized a millimeter wave 

radar embedded in the vehicle. 
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Figure 4. Type of sensor used, per signal acquired measurements for HR/HRV.  

 

 

3.2.3. Additional Physiological Parameters 

Additional physiological parameters were collected by 23 studies, namely brain activity, respiratory rate, Peripheral 

Capillary Oxygen Saturation (SpO2) and Skin Conductivity. Table 4 summarizes the acquired signals by the different 

studies for each targeted biomedical parameter. 

  

 

Table 4.  Additional biomedical parameters measured across the included publications and the type of acquired signal. 

Biomedical parameter Signal acquired 

Brain Activity • Electroencephalogram (EEG)  

(Lees et al., 2021) (Pugliese et al., 2022) (Gwak et al., 2020) (Wörle et al., 2019) (Fujiwara et al., 

2019) (Zeng et al., 2020) (Balasubramanian & Bhardwaj, 2018) (Riquelme et al., 2022) (Sheibani 

et al., 2022) (Arefnezhad et al., 2022) (Murugan et al., 2020) (Gwak et al., 2018) (Chen et al., 2022) 

(Y. Yang et al., 2021) 

Respiratory Rate • Respiratory Excursion  

(Wörle et al., 2019) (Yuda et al., 2021) (Naurois et al., 2019) 

• Thermal Imaging  

(Ebrahimian et al., 2022) 

• Respiratory Temperature Monitoring  

(Darzi et al., 2018) (Aghajarian et al., 2019) 

• Oronasal Airflow  

(Arefnezhad et al., 2022) 

• Radar-based signal 

(Dong et al., 2021) 

Peripheral Capillary  

Oxygen Saturation (SpO2) 
• Oxygen Saturation/Pulse oximeter 

(Jing et al., 2020) (Murugan et al., 2020) 

Skin Conductivity • Skin’s Electrical Impedance 

(Wörle et al., 2019) (Naurois et al., 2019) (Arefnezhad et al., 2022) (Varadam & Ganesh, 2021) 

(Magana et al., 2020) (Y. Yang et al., 2021) (Darzi et al., 2018) (Aghajarian et al., 2019) 
 

 

 

ECG; 6

ECG; 11

ECG; 41

PPG; 17

PPG; 3

Acustic; 1

Wave Radar; 1Sensors on the vehicle (embedeed and fixed at the
vehicle)
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Sensors on the subject - Instrumentalized
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3.2.4. Additional Activities 

Additional data monitored were collected by 44 studies, namely driver’s behavioral-based data and vehicle operational 

performance-based data, as shown in figure 5. 

Regarding driver’s behavioral-based data, studies have focused on facial expressions parameters and body posture. 

Within facial expression parameters, eye movement patterns such as eye blinking, eye gaze, eye saccade, eye aspect ratio, 

pupil area, PERCLOS and eyelid distance were evaluated. Additionally, other facial expression parameters included yawn 

detection, mouth openness, and mouth aspect ratio. In terms of data extracted from body posture, the most common 

features include nodding, head-tilted ratio, head posture and movement, head aspect ratio, and body position. For 

recording these data several sensors were used, specifically a camera with a video recording of driver’s face, eye tracker 

technology, electrooculography (EOG), electromyography (EMG) and body position sensor. Table 5 summarizes the 

sensor variant employed for capturing behavioral-based data.  

Regarding vehicle operational performance-based parameters, Table 6 represents the different variables extracted 

from the papers that describe the motion and behavior of a vehicle. 

 
 

 

Figure 5. Additional activities monitored across the included studies. 

 

 

Table 5.  Sensor variant employed for capturing behavioral-based data. 

 

Behavioral based 

data 

                                                 

Sensors 

 Sensors on the vehicle  Sensors on the subject 

 (Embedded and fixed at the 

vehicle) 

 

Wearable 

 

Instrumentalized 

Facial expression 

parameters 
• Camera with video recording 

of driver’s face  

(Salvati et al., 2021) (Utomo et al., 

2019) (F. Wang et al., 2019) (T. 

Kundinger et al., 2020) (Rahman et al., 

2022) (Abbas, 2020a) (Abbas, 2020b) 

(Pugliese et al., 2022) (Zeng et al., 

2020) (Riquelme et al., 2022) (Cheng, 

2021) (Esteves et al., 2021) (Murugan 

et al., 2020) (Antunes et al., 2022) 

• Eye Tracker glasses 

(F. Wang et al., 2019) (Ma et 

al., 2020) 

 

• EOG  

(Riquelme et al., 2022) 

(Oliveira et al., 2018) 

(Pugliese et al., 2022) 

(Murugan et al., 2020) 
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 • Optical Eye Tracker (Oliveira 

et al., 2018)  

(Gwak et al., 2020) (Watling et al., 

2022) (Naurois et al., 2019) 

(Arefnezhad et al., 2022) (Varadam & 

Ganesh, 2021) (Arefnezhad et al., 

2020) (Gwak et al., 2018) (Lee et al., 

2018) 

• EMG ocular eye blink 

sensor 

(Caceres et al., 2021) 

 

Body posture  • Camera  

(Oliveira et al., 2018) (Riquelme et al., 

2022) (Varadam & Ganesh, 2021) 

(Antunes et al., 2022) 

 

 • Body position sensor 

(Murugan et al., 2020) 

(EMG- electromyography; EOG- electrooculography). 

 

Table 6.  Variables extracted from studies that describe vehicle performance metrics and its features. 

Vehicle performance metrics Features 

Vehicle velocity Speed limit, mean, and standard deviation. 

 

Steering Wheel Steering angle, steering wheel acceleration. 

 

Acceleration Harsh, longitudinal, and lateral acceleration; Accelerator pedal angle and depth. 

 

Braking Harsh braking, break reaction time, brake pedal depth. 

 

Headway Time and distance headway. 

 

Offset from lane center Standard deviation of lateral position (SDLP) 

  

Lane crossing Time and number of lane crossing 

 

 

3.2.5. Health Status and Lifestyle factors 

Regarding health status and lifestyle factors, some studies offer insights into the inclusion criteria established for 

participant selection. These criteria are related to the participant’s health status and personal habits. The health status of 

individuals was assessed based on the presence or absence of disease. Most studies (n=40) reported that eligible participants 

were required to have good overall health, without any diseases, and maintain high sleep quality. Concerning subject’s 

lifestyle factors, multiple studies implemented a range of criteria, such as have a valid driver's license (n=37), refrain from 

sedative or stimulant substances (n=36), maintain a regular sleep schedule (n=17), and not take chronic medication (n=6). 

Figure 6 summarizes the health status and lifestyle conditions across the included papers. 

 

3.2.6. Special Physiological Framework / Experiment Environment 

Several studies included in the review utilized a specialized physiological framework to manipulate physiological 

responses and establish controlled environments. Within these frameworks, 23 studies focused on inducing driving fatigue, 

19 studies incorporated sleep-deprived conditions, 6 studies examined the effects of shift work and 1 study induced 

distraction. These specialized physiological frameworks are closely related to the experimental environment. Table 7 

summarizes the controlled environment in which the studies with special physiologic frameworks were conducted. 

Regarding the sleep-deprived framework, aside from the 13 studies that induced drowsiness using low light conditions, 

an additional 6 studies induced drowsiness by implementing short-term sleep restrictions. 
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Figure 6. Summary of health status and lifestyle factors across included studies. 

 

 

Table 7.  Summary of Controlled Environments in Studies with Special Physiological Frameworks. 

Special Physiological 

Framework 

Controlled Environment 

Driving Fatigue Induction Monotonous driving task and Scenario (tedious route, low traffic volume, warm vehicle 

temperature, low/constant driving speed)  

(Akiduki et al., 2022) (Ebrahimian et al., 2022) (Lees et al., 2021) (Halomoan et al., 2020) (Wang et al., 

2019) (Kundinger et al., 2021) (Kundinger & Riener, 2020) (T. Kundinger et al., 2020) (Zhang et al., 

2018) (Kundinger et al., 2020) (Gwak et al., 2020) (Wörle et al., 2019) (Fujiwara et al., 2019) (Zeng et 

al., 2020) (Balasubramanian & Bhardwaj, 2018) (Bhardwaj et al., 2018) (Naurois et al., 2019) (Sheibani 

et al., 2022) (Murugan et al., 2020) (Arefnezhad et al., 2020) (Gwak et al., 2018) (Lee et al., 2018) 

(Antunes et al., 2022) 

Sleep Deprivation Low Luminosity Conditions (early morning, nighttime, simulated night period)  
(Lecca et al., 2022) (Abtahi et al., 2018) (Lu et al., 2022) (Buendia et al., 2019) (Persson et al., 2021) 

(Oliveira et al., 2018) (Zhang et al., 2018) (Fujiwara et al., 2019) (Mizusako et al., 2019) (Murugan et 

al., 2020) (Darzi et al., 2018) 

Shift Working Real World Driving (heavy vehicle, train and metro drivers working shifts)  
(Lecca et al., 2022) (Kim et al., 2018) (Afghari et al., 2022) (Y. Jiao et al., 2022) (Wolkow et al., 2020) 

(Huang et al., 2019) 

Driving Distraction Induction Interaction with Mobile Phone (send messages and take calls)  

(Murugan et al., 2020) 

 
 

3.2.7. Source of Data 

The data source of the included papers is presented in Figure 7. Most studies (n=63) collect new datasets through real 

or simulated environments. Some studies utilized data from an existing dataset experiment on real or simulated 

environments (n=4), public databases on real or simulated environments (n=3), and other databases not from real or 

simulated environments (n=3). There were 3 studies that did not provide clear information about the data source. 
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Figure 7. Data sources across included studies.  

 

3.2.8. Extension and Type of Validation; Sample Size; Participants Age and Gender 

The extension setup across the included papers is presented in Figure 8. Most studies (56%) employed a simulation 

environment, either in a realistic driving simulator (19%) or in a driving simulator room (28%). Real-world/naturalist 

environment was employed by 38% of the studies, and 6% had a setup experiment unclear.  

Validation is missing, referred but not reported or only illustrative (sample size below 10 subjects) for 16 (23%) of 

the included studies. A sample of more than 30 subjects was considered by 20 studies (28%), and only one study included 

more than 100 subjects (Y. Jiao et al., 2022). Across all studies data from 1075 males and 351 females was reported, with 

15 studies not reporting gender. The ages of subjects are mainly reported using range (33 studies) or mean (20 studies), 

with 12 not reporting the age of the subjects. The maximum mean value reported is 45 years old, while reported age only 

included subjects over 50 years old in 17 studies. Differences between age groups are analyzed in 5 studies, all with small 

samples. 

 

 
Figure 8. Extension setup across included papers. DS- driving simulator.  
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3.2.9. Data Processin, Golden Standard; Performance for fatigue detection; TLR of the Technology  

The summary of the data processing methods is presented in Figure 9. The majority of the studies (51%) explored 

one or more machine learning methods, namely Linear and Probabilistic Models, Generative Adversarial Networks 

Clustering, Ensemble Learning, Instance-Based, Tree-Based and Neural Network-Based Algorithms. Nevertheless, more 

than 39% only employed descriptive statistics and thresholding approaches.  

Monitoring fatigue was an eligibility criteria, thus found in all included papers. Nevertheless, only 13 presented an 

estimation and/or alert system for fatigue and drowsiness, as described in Table 8.  

For 29 studies, no fatigue scale reference to validate the methods was reported. The ground truth for fatigue is 

summarized in Figure 10 and it was mainly obtained from subjective self-ratings (27 studies) or video-based trained 

observer ratings (11 studies). 

Only 52 (73%) of the studies reported any kind of performance of the proposal, with 13 (18%) comparing two or more 

methods/models/approaches. Regarding the 13 studies that proposed fatigue and/or drowsiness estimation, only 10 reported 

validation (Table 8).  

Regarding technology readiness levels (TRL), 61 studies were considered to describe effective research and 

development, with ongoing or to be done laboratory validation, corresponding to TLR levels of 3 - Experimental proof of 

concept (Project Plan) - or TLR 4 - Technology validated in a lab (development). For 7 studies, there was no proof of 

concept, following in TLR level 2- Technology concept formulated, while 2 studies evidence validation in a relevant 

environment - TLR level 5. 

 

 

3.3. Research Challenges and Limitations 

Several limitations were found in the studies included in the review. 

Most experiments occur in a simulation environment rather than in realistic or naturalistic settings. Driving simulators 

can differ from real-world driving conditions in terms of factors like vibration, changes in gravity, and sound. Drowsiness 

may occur later in simulators, and the vibrations from real-world driving could affect the quality of HR data, leading to 

different outputs regarding fatigue quantification. 

One major issue is the lack of sufficient validation. Very few articles have proper validation, and some do not report 

validation. The limited sample size of many studies compromises the results' reproducibility and generalization. It also 

restricts the potential benefits of personalization in fatigue detection systems. Additionally, most study participants were 

young males, neglecting older age groups and females. This leads to biased participant samples and limits the 

generalization of the results. In some articles, gender and age are not even considered. 

Regarding ground truth, the majority rely on subjective self-reported fatigue ratings (e.g., KSS scale) or video-based 

observer ratings. The main drawbacks of the KSS scale are that the subjective feeling does not always reflect the actual 

sleepiness level. Due to the lack of ground truth data, it is challenging to quantify the accuracy of fatigue detection methods 

precisely. 

Only a few articles in the review include fatigue estimation systems. Most of the focus is on detection and recognition 

systems, contributing to the insufficiency of methods in providing proactive alarm systems for fatigue. Furthermore, most 

articles measure HR using instrumentalized ECG, which requires contact with electrodes and specific positioning. This 

approach is less acceptable for drivers as it can be more intrusive during driving tasks. Additional limitations found in the 

studies include limited knowledge of participants’ health status and personal habits; absence of a non-exposed control 

group; insufficient description of the physiological states classification (e.g., transition states not evaluated); poor statistics 

description; and unclear data and testing setting. 

These limitations highlight the challenges faced by fatigue and drowsiness detection studies and suggest areas for 

improvement in future research. 

 

 

3.4. Quality Assessment of the Included Articles 

As explained in section 2, from the 11-point quality assessment, a mean score normalized by 11 (maximum 

possible) was obtained. The minimum- maximum scores were 18,2% and 90,0%, respectively, with mean (standard 

deviation) of 64,8% (17,6%). Figure 11 presents the distribution of the quality assessment score. 
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Figure 9. Data processing methods reported. SVM- Support Vetor Machine; LogReg- Logistic Regression; MLReg- Multiple linear 

Regression; NLReg- Non-linear Regression; Nbayes- Naive Bayes.; BayesN- Bayesian Network; ANN- Artificial Neural Network; CNN- 

Convolutional Neural Networ; LSTM- Long Short-term Memory; BiLSMT- Bi-directional Long Short-term Memory; DBN- Deep Belief Network; 

RNN- Recurrent Neural Netwok; DCNN- Deep Convolution Neural Network; FCNN- Fuzzy Convolution Neural Network; GRU- Gated Recurrent 

Unit; DRNN- Deep Residual Neural Network; RBM- Multi-layer Restricted Boltzmann Machine; MTCNN- Multi-Task Cascade Convolution Neural 

Network; MLP- Multilayer Perceptron; PCA- Principal Component Analysis; WT- Wavelet Transform; Cx Demond- Complex Demodulation; ICA- 

Independent Component Analysis; ADASYN- Adaptive Synthetic Sampling Approach; KNN- K-Nearest Neighbors; GBT- Gradient Boosting Tree; 

AdaBost- Adaptive Boosting; K-meansC- K-means Clustering; FCMC- Fuzzy C-means Clustering; CGAN- Cycle-Generative Adversarial Network.     
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Table 8. Type of proposals for fatigue and/or drowsiness estimation and reported validation. 

Proposal Reported Validation 

Estimation of driving fatigue as continuous value 

(F. Wang et al., 

2019) 

Fatigue estimation model can describe the driver’s fatigue status accurately for all the road segments at the plateau 

area with altitudes from 3540 to 4767 m. 

(Peng et al., 

2022) 
Not reported. 

(Cheng, 2021) 

If traffic congestion lasts less than 90s, the drivers’ level of fatigue witnesses a linear increase, and the level of 

fatigue increases as the congestion duration gets longer. A certain fluctuation occurred during 20-40 s followed 

by a steady increase in the level of fatigue. The results showed that there is a certain relationship between the level 

of fatigue and the duration of traffic congestion. It can also be seen from the results that the longer the traffic 

congestion lasts, the higher the driver’s level of fatigue is. 

Multi-level classification of drowsiness 

(Ebrahimian et 

al., 2022) 

The best performance for both three-level and five-level drowsiness classifications was achieved by the CNN-

LSTM model, with 91 and 67% accuracy, respectively. 

(Kundinger & 

Riener, 2020) 

High accuracies (>99%) and F-measures (0.99) were achieved in both 2- and 3-level classification. KNN, tree 

(RF, RT) and rule-based (DT, PART) classifiers were more suitable than Bayesian (BN, NB) or function-based 

classifiers (SVM) as well as neural networks (MLP).  

(Mizusako et 

al., 2019) 
The sleepiness level corresponded 10/12=83,3%, outperforming the conventional estimation (3/12=25%). 

(Antunes et al., 

2022) 
Not reported. 

Alerting system for fatigue detection before drowsiness 

(Utomo et al., 

2019) 

System PERCLOS best using LSTM-based, can achieve a true positive rate of 75% and an accuracy of 88%; 

HRV best uses BPNN-based, yields a true positive rate and accuracy of 80% and 88% respectively. 

(Rahman et al., 

2022) 

Not reported. 

(Abbas, 2020a) 

On average, the Fatigue Alert DDF system achieved 93.4% detection accuracy on different real-time driver’s 

online datasets (no HRV). On average, the detection accuracy on a real-time dataset was 93.4%. 130 seconds, 140 

seconds and 200 seconds videos recorded during real-time driving conditions on KSA highway roads. Fatigue 

Alert detection system is outperformed compared to other multi-layer deep-learning methods. 

(Caceres et al., 

2021) 

Effectiveness and accuracy of the device is 80% of 100%; Acceptability test showed that safety has the highest 

effect on the driver’s decision to use the device.        

(Varadam & 

Ganesh, 2021) 
Not reported. 
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(Zhao & Ye, 

2018) 
Precision rate up to more than 95%. 

 

 
Figure 10. Ground Truth for Fatigue. KSS- Karolinska Sleepiness Scale. EEG- Electroencephalogram. PERCLOS- Percentage of 

Eye Closure. 
 

 

 

 

 
Figure 11. Distribution of the quality assessment score. 

 

 

 

4. Discussion 

 Aside from fatigue, most studies (59%) specifically address drowsiness/sleep monitoring. Fatigue is a complex state 

that can lead to decreased cognitive and physical performance and reduced alertness, often accompanied by drowsiness 

(K.L. Lal & Craig, 2001). In this paper, we considered drowsiness as an advanced stage of fatigue that induces a 

compelling urge to sleep. It is important to acknowledge that discussing drowsiness requires addressing fatigue as a 
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prerequisite. The included studies also considered additional domains such as attention, cognitive workload/mental state, 

reaction time, stress/relaxation, emotions, comfort, temperature, and acceptability. 

 The HR and its variability (HRV) features are commonly used for drowsiness and fatigue detection (Vicente et al., 

2016). By analyzing the HR and HRV changes, one can assess the autonomic balance of the cardiovascular system, which 

changes during stress, extreme fatigue, and drowsiness episodes, making it a useful tool in monitoring and assessing 

drivers' fatigue status. 

 The most direct method to measure HR is through ECG. ECG signals are widely recognized as the most reliable and 

stable for real-time HR measurements (Hu et al., 2009). In our study, data collection of HR/HRV across the included 

publications occurred from 4 different signal measurements. As expected, most of the studies (80%) utilized ECG as the 

acquired signal. From these, 20% of the studies acquired the ECG signal through wearable technology, mostly chest belt 

type sensors, biometric Smartshirt, and ECG vest. These data align with findings from (Rachim & Chung, 2016), and 

(Huang et al., 2018), that also employs HR data acquisition through wearable devices, which has become increasingly 

convenient in real-world working conditions. Another type of signal collected among the studies reviewed was PPG 

(n=28%). PPG acquired by wearable wristwatch-type sensors, as considered by 70% of those, use a light source and 

photodetector as a receiver to measure volumetric changes in blood, which can be used to estimate HR. These devices 

have been reported to be able to correctly estimate HR (Schuurmans et al., 2020). Nevertheless, accuracy depends on the 

model and these estimates can be affected by motion artifacts (Friman et al., 2022).  On the other hand, camera 

photoplethysmography has been reported to be affected by skin melanin tone, illumination conditions, subject motion, 

and compression impacts (Premkumar & Hemanth, 2022). 

 In addition to HR and HRV features, other physiological parameters can assist in monitoring the driver’s fatigue 

status. Brain activity is a well-known physiological marker that provides insights into specific patterns and changes of 

brain’s electrical activity, using EEG readings. Several studies included in this review employed EEG readings to aid in 

predicting the fatigue state of drivers. According to (Balandong et al., 2018), EEG readings assess brain activity by 

correlating patterns of brain waves (alpha, beta, theta, and delta waves) with different states of consciousness. (Lees et 

al., 2021) demonstrate that fatigue often leads to a decrease in higher-frequency waves (such as beta waves) and an 

increase in lower-frequency waves (such as theta waves), indicating a shift toward a drowsier state. 

Besides brain activity, some studies evaluate the breathing patterns and respiratory variability to observe the impact 

of fatigue on respiratory function. Fatigue often leads to a reduction in respiratory variability, resulting in more regular 

and consistent breathing patterns. To assess breathing rate, some studies have employed the analysis of chest area 

expansion and contraction during the breathing process. (Wörle et al., 2019) and (Naurois et al., 2019) utilized a thoracic 

belt sensor, while (Yuda et al., 2021) employed a smart shirt sensor. In other studies (Ebrahimian et al., 2022), (Darzi et 

al., 2018) and (Aghajarian et al., 2019), breathing rate was assessed using a thermal camera and a thermistor. These tools 

measured temperature changes on the body’s surface and airflow during the breathing process. 

In the studies (Jing et al., 2020) and (Murugan et al., 2020), oxygen saturation levels (Sp02) were considered as an 

additional physiological parameter for fatigue detection. By monitoring Sp02 using pulse oximetry, researchers were able 

to identify fluctuations in oxygen saturation associated with changes in breathing patterns. 

In some studies, researchers utilized electrodermal activity (EDA) as a measure to gain insights into changes in 

sympathetic arousal and infer about the cardiovascular balance (Wörle et al., 2019), (Varadam & Ganesh, 2021), (Magana 

et al., 2020), (Y. Yang et al., 2021), (Darzi et al., 2018), (Aghajarian et al., 2019). 

Additional biomedical monitoring represents extra costs and burdens for the monitoring, with a risk of lower user 

acceptance. However, it may allow a better fatigue estimation and modelling give rise to a more timed alarm for 

drowsiness. In this revision, it was not possible to find strong evidence of that, possibly due to the poor validation of most 

proposals.  

 Driver’s behavioral-based data and vehicle operational performance-based data were collected by 62% of the studies 

with most of them (56%) focused on evaluating the driver’s facial expressions through eye movement and yawning 

episodes detection. To record these data, the studies employed non-intrusive sensors, such as camera sensors with eye 

tracker technology embedded in the vehicle. Eye trackers require eyes to be visible, open, and unobstructed with glasses, 

hair or any other object. As other systems based on facial landmarks struggle to differentiate between changes in eye 

position and head movements relative to the camera (Vijayalaxmi et al., 2020). 

 Two studies (F. Wang et al., 2019), (Ma et al., 2020) introduced an innovative approach to recording eye movements 

data using eye tracker glasses, which, according to the authors, revealed to be a practical and acceptable method for 

measuring this data. Only four studies (Riquelme et al., 2022), (Varadam & Ganesh, 2021), (Antunes et al., 2022), 
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(Murugan et al., 2020) evaluated the body posture of drivers, specifically focusing on nodding behavior and body 

movements. While this approach could provide insights into the driver's fatigue state, it is important to note that relying 

solely on these features is insufficient for accurately predicting and estimating fatigue.  

 Within a subset of studies (n=15), various parameters related to vehicle motion and behavior were collected. These 

parameters included speed, steering wheel angle, number of lane crossings, harsh braking and acceleration, and the 

standard deviation of lateral position (SDLP). These metrics were found to be particularly relevant in providing insights 

into the dynamics of vehicle movements and the driver’s behavior. Nevertheless, they are dependent on previous 

knowledge about the road, creating practical difficulties. Moreover, these features relate also with driving style, not only 

with fatigue, which may require further personalization. 

 Regarding health status and lifestyle factors, most studies (56%n=40) reported healthy participants, without any 

chronic illnesses that may affect HRV, such as cardiovascular, neurological, respiratory, and sleep disorders; thus the 

possible advantages in case of consciousness loss related with previous health conditions was not considered. To 

minimize potential influences on driving behavior, several studies implemented various criteria related to the subjects’ 

lifestyle.  These criteria included refraining from sedative or stimulant substances (50%), such as nicotine, caffeine, 

alcohol, drugs, or energy drinks, to prevent any impact on psychological indicators and changes in physical condition. 

Additionally, some studies (24%) required participants to maintain a regular sleep schedule of at least 7 hours per night, 

to eliminate the effects of sleep restriction on the driving task.  As fatigue is very affected by sleep deprivation, its 

quantification and alarms production will be especially relevant in that context. 

 A considerable number of studies (32%) focused on inducing driving fatigue by selecting monotonous routes and 

landscapes with low traffic volume, maintaining a constant and low driving speed, and incorporating warmer 

temperatures, ensuring that subjects engaged in a monotonous driving task and scenario. Additionally, 27% of the studies 

incorporated sleep-deprived conditions by controlling the luminosity of the environment and implementing short-term 

sleep restriction (sleep maximum 4-6h previous night). The potential impact of shift work on alertness and performance 

was investigated in 6 studies. (Huang et al., 2019) find a significant regression relationship with a mutual incentive effect 

between workload and fatigue in three shifts of working scenarios. These findings have practical implications and can 

contribute to the risk for drowsiness alarms in drivers that suffer (or suspect to suffer) from obstructive sleep apnea or 

other pathology affecting sleep quality and to promote the development of reasonable schedules to ensure operational 

safety in shift work. 

 Regarding ground truth, it was observed that 41% of the studies did not report the use of a fatigue scale reference 

for validating their methods. The ground truth for fatigue was predominantly obtained through subjective self-ratings 

(66% of those reporting a reference fatigue scale), where participants provided their own assessments of their fatigue 

levels with the use of KSS and other scales. The main drawbacks of the KSS scale are that the subjective feeling does 

not always reflect the actual sleepiness level. Ratings from trained observers who assessed fatigue levels based on video 

recordings were considered by 27% (out of the 41%). Due to the lack of ground truth data, it is challenging to precisely 

quantify the accuracy of fatigue detection methods. 

 Understanding the data sources is crucial in evaluating the reliability and generalizability of the findings presented 

in the studies. Most studies (89%) collect new dataset through real or simulated environments. This approach allows for 

a more accurate assessment of human behavior, performance, and physiological responses in a controlled yet realistic 

setting. The data collected in such environments provide valuable insights into the specific context being studied, 

enhancing the validity and applicability of the findings to real-world situations. 

 The distribution of extension setups gives insights on the varied approaches adopted by researchers and enables a 

comprehensive evaluation of the study findings. Most studies (56%) reviewed favored a simulation environment, with 

19% specifically employing a realistic driving simulator. Alternatively, 38% of the studies opted for naturalistic 

environments, reflecting a closer approximation of real-world conditions. This approach ensures that the findings are 

more applicable and generalizable to real-life situations. Nevertheless, regarding sample size, validation is clearly 

insufficient for most of the included studies, with 23%, 28%, and 1% having sample sizes below 10 subjects, more than 

30 subjects, and more than 100 subjects, respectively. The majority of the studies lack experiments involving females 

and older age groups, predominantly relying on young male participants. This can contribute to a biased participant 

sample and limit the generalizability of the results. (Zeng et al., 2020) emphasizes the significance of considering sex 

differences when examining the influence of fatigue on autonomic nervous system activity in drivers. 
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 Most of the studies (51%) in this review explore the application of various machine learning methods, highlighting 

the increasing interest in employing such approaches for the analysis and interpretation of driver-related physiological 

data. However, it is important to acknowledge that a substantial portion (more than 39%) of the studies relied solely on 

descriptive statistics and thresholding approaches, which may limit the depth of analysis and potential insights that could 

be derived from the data. 

 Although monitoring fatigue was a requirement in all the included papers, only 13 (18%) of them presented an 

estimation and/or alert system for fatigue and drowsiness. (Ebrahimian et al., 2022) introduced a 3-level and 5-level 

classification of drowsiness, achieving an accuracy rate of 91% and 67%, respectively, over 30 male subjects. Similarly, 

in (Kundinger & Riener, 2020) a 2 or 3 level classification of drowsiness was proposed, achieving high accuracies 

(>99%) and an F-measure of 0.99 for both classifications, over 30 subjects, considering 2 age groups. The study found 

that classifiers such as KNN, random forest (RF), decision tree (DT), and rule-based (PART) performed better compared 

to Bayesian (BN, NB) or function-based classifiers. Furthermore, an alerting system for fatigue detection was introduced 

in (Caceres et al., 2021), (Abbas, 2020a) and revealed an overall device effectiveness and accuracy of 80% and 93.4%, 

respectively, but data sets were two small (10 and 4 subjects) to allow strong conclusions. These results show the 

potential for high-accuracy applicability of this type of system detection, but still to be demonstrated in more complete 

validation protocols. 

 The quality assessment resulted in only 25% of the included papers scoring above 75%. This expresses mainly the 

lack of clear description of methods, data and validation and the insufficiency of the latter. 

 

 The main limitations identified in the included studies can be summarized in seven points: 

• Simulation environments used instead of real-world settings, affecting the accuracy of fatigue quantification. 

• Lack of proper validation and limited sample sizes compromising reproducibility and generalizability of the results. 

• Bias towards young male participants, neglecting older age groups and females. 

• Reliance on subjective self-reporting and video-based observer ratings as ground truth, which makes it challenging to 

precisely quantify the accuracy of fatigue detection methods. 

• Insufficiency of fatigue estimation systems and focus on detection rather than proactive alarm systems. 

• Use of intrusive instrumentalized electrocardiography (ECG) for measuring heart rate rather than non-intrusive 

measurements. 

• Unclear classification testing settings, data analysis and statistical description. 

 These limitations also reflect the low technology readiness levels (TRL) predominant with only 2 studies evidencing 

validation in relevant environments - TLR level 5 - and none above.  

 Regarding main contributions, most studies highlight the potential of continuously monitoring the driver's 

physiological status, specifically by analyzing HRV to assess the balance of ANS. This could be promising for detecting 

driver fatigue and preventing accidents. One main contribution is the introduction to advantageous hybrid approaches to 

monitor the driver's physiological signals and detect fatigue. These approaches integrate visual features, non-intrusive 

ECG signal acquisition, and vehicle-based data. Multiple studies investigate the feasibility and applicability of wrist-

worn wearable devices as a convenient and effective tool for monitoring and detecting driver fatigue. 

 Finally, certain studies demonstrate the possibility of developing a fatigue driving pre-warning system that 

effectively distinguishes fatigue and provides timely alerts to the driver. Such systems could play a crucial role in driver 

safety and mitigating the risk of accidents. 

 

5. Conclusion 

 ECG is an effective tool for assessing driver’s HR and HRV, enabling the evaluation of the autonomic balance in 

the cardiovascular system. By analyzing the LF/HF power ratio in HRV, we can gain insights into the driver's state of 

arousal and determine their fatigue and drowsiness status. ECG can be acquired non-intrusively, using wearable and in 

vehicle sensors, to accurately assess the HR of the drivers. This innovative technology represents a significant 

advancement, as it becomes more user-friendly, enhances its acceptability and practicality for users, and facilitates its 
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implementation in motor vehicle industries. Moreover, other technologies such as PPG were also used for HR estimation. 

Both HR from ECG and from other sources seem to be reliable. Nevertheless, HR by itself may not be enough to allow 

precise fatigue estimation and can generate false alarms. Further research, in particular fully validation protocols are 

needed to determine the full value of HR for fatigue quantification and drowsiness detection, by itself or combined with 

additional information. 
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Appendices 
 
 
 
Appendix 1 – Reporting guidelines (PRISMA statement- Preferred reporting 
items for systematic reviews and meta-analysis) 
 

 
 

Section/topic  # Checklist item  

Reported 
on page 
and 
paragraph/ 
table #  

TITLE   

Title  1 Identify the report as a systematic review, meta-analysis, 
or both. - MANDATÓRIO 

Page 5 

ABSTRACT   

Structured 
summary  

2 Provide a structured summary including, as applicable: 
background; objectives; data sources; study eligibility 
criteria, participants, and interventions; study appraisal 
and synthesis methods; results; limitations; conclusions 
and implications of key findings; systematic review 
registration number. – SEGUIR RECOMENDAÇÕES DA 
REVISTA 

Page 5, 
(paragraph 
1) 

INTRODUCTION   

Rationale  3 Describe the rationale for the review in the context of what 
is already known. – MANDATÓRIO 

O rationale corresponde à justificação da importância 
da revisão sistemática 

Page 6 
(paragraph 
1-2)  

Page 7 
(paragraph 
1) 

Objectives  4 Provide an explicit statement of questions being 
addressed with reference to participants, interventions, 
comparisons, outcomes, and study design (PICOS). - 
MANDATÓRIO 

Page 7 
(paragraph 
3) 

METHODS   

Protocol and 
registration  

5 Indicate if a review protocol exists, if and where it can be 
accessed (e.g., Web address), and, if available, provide 
registration information including registration number. – 
FACULTATIVO 

 

Eligibility criteria  6 Specify study characteristics (e.g., PICOS, length of 

follow-up) and report characteristics (e.g., years 

considered, language, publication status) used as criteria 
for eligibility, giving rationale. – MANDATÓRIO 

É altamente recomendado, de acordo com as boas 
práticas da Cochrane, que não sejam aplicados 
critérios de exclusão baseados na língua e/ou data de 
publicação dos estudos. 

Page 8 
(paragraph 
2) 
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Information 
sources  

7 Describe all information sources (e.g., databases with 
dates of coverage, contact with study authors to identify 
additional studies) in the search and date last searched. – 
MANDATÓRIO 

Em consonância com as boas práticas da Cochrane, é 
mandatório que se verifique pesquisa em pelo menos 
duas bases de pesquisa bibliográfica (idealmente, 
deverão ser pesquisadas duas bases generalistas e 
uma específica da área). No caso de revisões 
sistemáticas de estudos experimentais/ensaios 
clínicos aleatorizados, é altamente recomendado que 
uma das bases pesquisadas corresponda à CENTRAL 
ou a bases de ensaios clínicos como a 
ClinicalTrials.gov. 

Estudos de revisão da literatura em que a pesquisa 
decorra numa única base de dados não serão 
classificados como revisões sistemáticas. 

Page 7 
(paragraph 
9) 

Search  8 Present full electronic search strategy for at least one 
database, including any limits used, such that it could be 
repeated. – MANDATÓRIO 

A query de pesquisa deve ser obrigatoriamente 
disponibilizada. A utilização de filtros de pesquisa da 
InterTASC é altamente recomendada 
(https://sites.google.com/a/york.ac.uk/issg-search-
filters-resource/home) 

Page 7 
(paragraph 
10)  

Page 8 
(paragraph 
1) 

Study selection  9 State the process for selecting studies (i.e., screening, 
eligibility, included in systematic review, and, if applicable, 
included in the meta-analysis). – MANDATÓRIO 

As fases de selecção dos estudos primários devem 
ser descritas. Em consonância com as boas práticas 
da Cochrane, é mandatório que o processo de 
selecção envolva duas fases (fase de rastreio, em que 
os registos são seleccionados por título e abstract, e 
fase de inclusão, na qual se procede à leitura integral 
dos full texts). Em cada uma destas fases, o processo 
de selecção deve mandatoriamente envolver dois 
investigadores actuando de forma independente. 

Page 8 
(paragraph 
3-4) 

Data collection 
process  

10 Describe method of data extraction from reports (e.g., 
piloted forms, independently, in duplicate) and any 
processes for obtaining and confirming data from 
investigators. – MANDATÓRIO 

Trata-se de descrever de que forma se procedeu à 
extracção de dados dos estudos primários. Em 
consonância com as boas práticas da Cochrane, tal 
processo deverá envolver dois investigadores de 
forma independente. 

Page 8 
(paragraph 
8) 

Data items  11 List and define all variables for which data were sought 
(e.g., PICOS, funding sources) and any assumptions and 
simplifications made. – MANDATÓRIO 

Trata-se de descrever as variáveis para as quais foi 
obtida informação. 

Page 8 
(paragraph 
8)  

Page 9 
(Table 2) 

Risk of bias in 
individual 
studies / Risk of 
bias across 
studies 

12/ 

15 

Describe methods used for assessing risk of bias of 
individual studies (including specification of whether this 
was done at the study or outcome level), and how this 
information is to be used in any data synthesis. – 
MANDATÓRIO 

Page 8 
(paragraph 
9)  
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Em todas as revisões sistemáticas, deverá existir um 
processo de avaliação da qualidade dos estudos 
primários. No caso de revisões sistemáticas de 
estudos experimentais/ensaios clínicos aleatorizados, 
a aplicação dos critérios de risco de viés (Risk of 
Bias) da Cochrane é altamente recomendada. No caso 
de revisões sistemáticas de estudos observacionais, 
poderão ser seguidos os critérios ROBINS ou os 
critérios dos National Institutes of Health 
(https://www.nhlbi.nih.gov/health-topics/study-quality-
assessment-tools). 

Page 9 
(Table 3) 

Summary 
measures  

13 State the principal summary measures (e.g., risk ratio, 
difference in means). – FACULTATIVO. APENAS 
NECESSÁRIO SE FOR FEITA META-ANÁLISE 

NA 

Synthesis of 
results  

14 Describe the methods of handling data and combining 
results of studies, if done, including measures of 

consistency (e.g., I2) for each meta-analysis. – 

FACULTATIVO. APENAS NECESSÁRIO SE FOR FEITA 
META-ANÁLISE 

NA 

Additional 
analyses  

16 Describe methods of additional analyses (e.g., sensitivity 
or subgroup analyses, meta-regression), if done, 
indicating which were pre-specified. – FACULTATIVO. 

APLICÁVEL APENAS SE FOR FEITA META-ANÁLISE 

NA 

RESULTS   

Study selection  17 Give numbers of studies screened, assessed for eligibility, 
and included in the review, with reasons for exclusions at 
each stage, ideally with a flow diagram. – MANDATÓRIO 

Page 10 
(paragraph
1) 

Study 
characteristics  

18 For each study, present characteristics for which data 
were extracted (e.g., study size, PICOS, follow-up period) 
and provide the citations. – MANDATÓRIO 

Page 10-
21  

(Figure 2-
11)  

(Table 4-8) 

Risk of bias 
within and 
across studies  

19/ 
22 

Present data on risk of bias of each study and, if available, 
any outcome level assessment (see item 12). – 
MANDATÓRIO 

Page 18 
(paragraph 
8-20)  

Page 21 
(Figure 11) 

Results of 
individual 
studies  

20 For all outcomes considered (benefits or harms), present, 
for each study: (a) simple summary data for each 
intervention group (b) effect estimates and confidence 
intervals, ideally with a forest plot. – FACULTATIVO. 
APLICÁVEL APENAS SE FOR FEITA META-ANÁLISE 

NA 

Synthesis of 
results  

21 Present results of each meta-analysis done, including 
confidence intervals and measures of consistency. – 
FACULTATIVO. MANDATÓRIO APENAS SE FOR 
FEITA META-ANÁLISE  

NA 

Additional 
analysis  

23 Give results of additional analyses, if done (e.g., 
sensitivity or subgroup analyses, meta-regression [see 
Item 16]). – FACULTATIVO. APLICÁVEL APENAS SE 
FOR FEITA META-ANÁLISE 

NA 

DISCUSSION   
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From:  Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi:10.1371/journal.pmed1000097  

 

For more information, visit: www.prisma-statement.org.  

 
 
 

 

Summary of 
evidence  

24 Summarize the main findings including the strength of 
evidence for each main outcome; consider their relevance 
to key groups (e.g., healthcare providers, users, and 
policy makers). – MANDATÓRIO 

Page 21-
24 

Limitations  25 Discuss limitations at study and outcome level (e.g., risk 
of bias), and at review-level (e.g., incomplete retrieval of 
identified research, reporting bias). – MANDATÓRIO 

Page 24 
(paragraph 
4-5) 

Conclusions  26 Provide a general interpretation of the results in the 
context of other evidence, and implications for future 
research. – MANDATÓRIO 

Page 
24/25 
(paragraph 
8) 

FUNDING   

Funding  27 Describe sources of funding for the systematic review and 
other support (e.g., supply of data); role of funders for the 
systematic review. – SEGUIR RECOMENDAÇÕES DA 
REVISTA 

Page 25 
(paragraph 
1) 
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Appendix 2- Transcription regarding each item of PRISMA 2009 checklist 
 
 
 
Item 1: Title (Page 5):  
 

“Monitoring fatigue and drowsiness in motor vehicle occupants using 
electrocardiogram and heart rate - A systematic review.” 

 
 
 

Item 2: Abstract (Page 5, paragraph 1) 
 

“Background: Fatigue is a complex state that can result in decreased 
alertness, often accompanied by drowsiness. Driving fatigue has become a 
significant contributor to traffic accidents globally, highlighting the need for 
effective monitoring techniques. Various technologies exist to enhance driver 
safety and minimize accident risks, such as fatigue detection systems that alert 
drivers as drowsiness sets in. In particular, measuring heart rate (HR) patterns 
may offer valuable insights into the occupant's physiological condition and level 
of alertness and may allow them to understand their fatigue levels. This review 
aims to establish the current state of the art of monitoring strategies for vehicle 
occupants, specifically focusing on fatigue assessed by HR and heart rate 
variability (HRV). 

Methods: We performed a systematic literature search in the databases 
of Web of Science, SCOPUS and PubMed, using the terms vehicle, driver, 
physiologic monitoring, fatigue, sleep, electrocardiogram, heart rate and heart 
rate variability. We examine articles published between the 1st of January 2018 
and the 31st of January 2023. 

Results: A total of 294 papers were identified from which 71 articles were 
included in this study. Among the included papers, 57 utilized electrocardiogram 
(ECG) as the acquired signal for HR measures, with most ECG readings 
obtained through contact sensors (n=41), followed by non-intrusive wearable 
sensors (n=11). The majority of the works rely on subjective self-reported 
fatigue ratings (n=27) and video-based observer ratings (n=11).  Regarding 
validation, 16 papers do not report validation of any kind. From the included 
papers, only 13 comprise a fatigue and drowsiness estimation system, 9 with 
reported validation. Some report acceptable performances, but reduced sample 
size limits the reach of any conclusions. 

Conclusions: This review highlights the potential of HR analysis and non-
intrusive instrumentation for continuous monitoring of driver's status and 
detecting sleepiness. One major issue is the lack of sufficient validation and 
estimation methods for fatigue, contributing to insufficient methods in providing 
proactive alarm systems. This area shows great promise but is still far from 
being reliably implemented.” 
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Item 3: Introduction: Rationale (Page 6, paragraph 1-2; Page 7, paragraph 1) 
 

Throughout the introduction it was explained the rationale of this study. 
More specifically, we focused on describing the fatigue state which can be stated 
in page 2 (paragraph 1): “Fatigue is a complex state that can result in decreased 
mental and physical performance and reduced alertness, often accompanied by 
drowsiness (K.L. Lal & Craig, 2001) which is feeling the need to sleep.” And in 
page 2 (paragraph 2): “Fatigue can cause a driver’s attention to decrease, leading 
to distraction and potentially dangerous driving behaviors, such as speeding, 
running a red light, and getting out of track (Utomo et al., 2019).”. Then, we 
approached the importance of detection methods for fatigue in driving context, 
which can be stated in page 2 (paragraph 2): “(…) Therefore, it is crucial to 
investigate fatigue detection methods to prevent accidents and promote safe 
driving practices. This could be particularly important for workers with  irregular shift 
schedules (such as health workers and professional drivers) or anyone who drives on  
monotonous routes, and for long periods, which may even lead to drowsiness 
(Harma et al., 2002).”. Then, we approached the role of heart rate and heart rate 
variability in estimation systems for fatigue and drowsiness, which can be stated 
in page 3 (paragraph 1): “The HR, is the number of heartbeats in a minute, and 
the heart rate variability (HRV), consists on the sequence of the time difference 
between consecutive heartbeats (R to R Intervals, RRI), physiologically regulated 
by the sympathetic nervous system (ANS) and the parasympathetic nervous 
system (PNS) from the autonomic nervous system (ANS) (Jiao et al., 2022) 
(Garcia-Perez et al., 2023). The HRV features are commonly used for drowsiness 
and fatigue detection as ANS balance changes during stress, extreme fatigue, 
and drowsiness episodes (Vicente et al., 2016). (…) An important parameter to 
analyze in HRV is the LF/HF power ratio, which provides insights into the 
sympathovagal balance and offers a comprehensive assessment of driving 
fatigue (Patel et al., 2011).  Measuring HR from drivers is essential in 
understanding their fatigue levels.”  

 
 
 
Item 4: Introduction: Objectives (Page 7, paragraph 3) 
 

“This review targets motor vehicle occupants (P-population) on a journey, 
or simulated journey, in a vehicle or simulator while collecting ECG and or HR (I 
– Intervention or exposure), aiming fatigue monitoring (O – Outcome). 
Comparisons, namely as validation facing a fatigue reference values, are 
desirable, but not mandatory, as no golden standard exists. All study designs 
are admitted.”  

 
 
 
 
 



40  

Item 5: Methods: Protocols and Registration 
 
Protocol with the registration number PROSPERO 2023 CRD42023400655. Web 
address:https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD4202
3400655 
  
 
 
Item 6: Methods: Eligibility criteria (Page 8, paragraph 2) 
 

“Only studies written in English were considered. Considering both 
screening and full-text analysis phases, documents were included if they (1) 
monitor physiological signals during a journey or simulated journey in a vehicle 
or simulator; (2) monitor fatigue (or equivalently drowsiness or sleepiness) using 
ECG, HR, HRV or derived indexes; (3) and published between 2018-2023. 
Exclusion criteria include non-English publications, articles with no abstract 
available, letters, editorials, comments, abstract only publications, and reviews. 
An additional exclusion criterion was considered in the full-text analysis: no full 
text available and studies without implementation (idea only).” 

 
 
Item 7: Methods: Information Sources (Page 7, paragraph 9) 
 

“We performed a literature search in the databases of Web of Science, 
SCOPUS, and PubMed until 03rd of February. We examine articles published 
between 1st of January 2018 and 31st of January 2023, in order to investigate 
the state of the art of vehicle occupants monitoring strategies regarding fatigue 
(or equivalently drowsiness or sleepiness), using ECG, HR and HRV readings.”  

 
 
Item 8: Methods: Search (Page 7, paragraph 10; Page 8, paragraph 1) 
 

“To improve query relevance, the search queries were formulated 
considering the terms in titles, abstracts, keywords, author-keywords, and 
keywords plus. Queries fundamentally included terms to identify the intended 
system, referencing vehicle, driver, and physiologic monitoring, among other 
relevant reference words to find articles of interest and adding terms to specify 
the search, fatigue, sleep, electrocardiogram, heart rate and heart rate 
variability.” And “After refining the query and performing sensitivity analysis, the 
final queries are reported in Table 1. The queries needed to be adjusted based 
on the specific database being used. For instance, PubMed is the only 
database that provides the option of using MeSH terms.” 

 
 

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023400655
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023400655
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Item 9: Methods: Study selection (Page 8, paragraph 3-4) 
 

“Screening analysis phase, which involved reviewing titles and abstracts, 
was performed by two independent reviewers, with the help of a software 
system, Rayyan, for recording decisions. The two reviewers screened records 
independently with Blind On. Disagreements were resolved through consensus 
between the two reviewers.  

Full-text analysis phase was performed by four independent reviewers, 
forming all six possible combinations of pairs, following the strategy:  

• the list of retrieved publications was divided into six batches with an 
equivalent number of publications;  

• each batch was assessed by two different reviewers, that performed the 
data extraction; 

• final data were reviewed in a consensus meeting.” 

 
 
Item 10: Methods: Data collection process (Page 8, paragraph 8) 
 

“Data extraction was part of the full-text analysis phase. The two 
researchers’ extraction occurred independently, followed by the consensus 
meeting.” 
 
 
 
Item 11: Methods: Data items (Page 8, paragraphs 8; Page 9, Table 2) 
 

“The information structure extracted from publications is reported in 
Table 2.”. And “Table 2. List of variables considered for data extraction.” 

 
 
Item 12/15: Methods: Risk of bias in individual studies / Risk of bias across 
studies (Page 8, paragraph 9; Page 9, Table 3) 
 

“This review focuses on a health-related problem that requires software 
engineering development and studies. Usual quality instruments and assessment 
checklists for medical studies are inadequate. Alternative quality assessment 
instruments specific to software engineering studies have been proposed. The 
most frequently adopted for systematic reviews, according to (L. Yang et al., 
2021), is the 11 criteria checklist by Dybå and Dingsøyr’s (Dybå & Dingsøyr, 
2008). Each criteria is evaluated as 1- “yes” or 0 - “no”).  These criteria are 
presented in Table 3. To better adapt to the current review, the criteria 6, was 
enlarged also to consider comparison with reference, as listed in PRISMA. Those 
were considered in this review as part of eligibility criteria, information extraction 
or specific quality analysis by two reviewers. Attending for subjectivity, for each 
included study, the mean of the two independent scores normalized by the 
maximum of the scale is considered as a quality assessment.”. And “Table 3. 
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Quality assessment criteria, Changes with respect to Dybå and Dingsøyr 
marked as Italic.”” 
 
 
 
Item 13: Methods: Summary measures (NA) 
 

Non-Applicable, since no meta-analysis was performed. 
 
 
 
Item 14: Methods: Synthesis of Results (NA) 
 

Non-Applicable, since no meta-analysis was performed. 
 
 
 
Item 16: Methods: Additional analysis (NA) 
 

Non-Applicable, since no meta-analysis was performed. 
 
 
 
Item 17: Results: Study selection (Page 10, paragraph 1) 
 

“The PRISMA flow diagram model demonstrates the detailed study 
selection process, as shown in Figure 1. After applying the final query to the 
three databases, a total of 371 documents were retrieved, which was reduced 
to 294 publications after eliminating the duplicates found (n=77 duplicates). In 
the title and abstract screening phase, a total of 194 studies did not meet our 
inclusion criteria and were excluded. A total of 71 articles were finally included 
and analyzed.” 

 
 
Item 18: Results: Study characteristics (Page 10-21, Figure 2-11, Table 4-8) 
 

Results from the extracted data are presented through the result section, as 
follows: 

Additional Domains - [Page 10, paragraph 4; Page 12, Figure 3] “Regarding 
the domains, in addition to fatigue, 42 out of the 71 studies refer explicitly to 
Drowsiness/Sleep, while 15 included one or more additional domains, as 
represented in Figure 3.” 

Sensors and Devices for ECG and HR/HRV - [Page 10, paragraph 5-7; Page 
12, paragraph 1; Page 13, Figure 4] “(…) Regarding the assessment of the 
primary physiological parameter, HR/HRV, four different signal acquired 
measurements were reported. Most of the publications (n=57) utilized ECG as 
the acquired signal, followed by photoplethysmography (PPG) (n=20). Some 
publications (n=7) used both ECG and PPG to obtain HR. Another way to assess 
HR was through radar-based signal acquisition (n=1), a non-contacting detection 
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of heartbeat signals. Similarly to the auscultation method, one paper used an 
acoustic pulse signal (n=1) to obtain HR.”. “(…) Figure 4 summarizes the type of 
sensor used per signal acquired measurements for HR/HRV access across the 
included publications.”. “For ECG readings, most studies utilized instrumentalized 
sensors with electrodes positioned in the body (n=41). Some of the studies 
utilized non-intrusive methods of acquiring ECG signals, such as wearable 
sensors (n=11) and vehicle sensors (n=6). Among the wearable ECG sensors, 
the chest belt type sensors were the most utilized across multiple studies. (…) 
Additionally, one study (Yuda et al., 2021) employed a Biometric Smart Shirt (…) 
while other study (Huang et al., 2019) used an ECG vest. Amid vehicle ECG 
sensors, 4 studies (…) employed ECG sensors attached to the steering wheel, 
while 2 (…) utilized ECG sensors installed on the car seat.”. “The wearable type 
of sensor is predominantly utilized for PPG readings (n=17). Among these, 14 
studies utilized wristwatch-type sensors (…) For acoustic pulse signal acquisition, 
1 study (Salvati et al., 2021) employed a microsensor inserted into the seat 
vehicle, and for radar-based signal acquisition, 1 study (Dong et al., 2021) utilized 
a millimeter wave radar embedded in the vehicle.” 

Additional Physiological Parameters - [Page 12, paragraph 1; Page 13, Table 
4] “Additional physiological parameters were collected by 23 studies, namely 
brain activity, respiratory rate, Peripheral Capillary Oxygen Saturation (SpO2) 
and Skin Conductivity. Table 4 summarizes the acquired signals by the different 
studies for each targeted biomedical parameter.” 

Additional Activities - [Page 14, paragraph 1-3 ; Page 14 Figure 5, Table 5; 
Page 15, Table 6] “Additional data monitored were collected by 44 studies, 
namely driver’s behavioral-based data and vehicle operational performance-
based data, as shown in figure 5. Regarding driver’s behavioral-based data, 
studies have focused on facial expressions parameters and body posture (…) 
For recording these data several sensors were used, specifically a camera with 
a video recording of driver’s face, eye tracker technology, electrooculography 
(EOG), electromyography (EMG) and body position sensor. Table 5 summarizes 
the sensor variant employed for capturing behavioral-based data. Regarding 
vehicle operational performance-based parameters, Table 6 represents the 
different variables extracted from the papers that describe the motion and 
behavior of a vehicle.” 

Health Status and Lifestyle factors - [Page 15, paragraph 1; Page 16, Figure 
6] “Regarding health status and lifestyle factors (…) Most studies (n=40) reported 
that eligible participants were required to have good overall health, without any 
diseases, and maintain high sleep quality. Concerning subject’s lifestyle factors, 
multiple studies implemented a range of criteria, such as have a valid driver's 
license (n=37), refrain from sedative or stimulant substances (n=36), maintain a 
regular sleep schedule (n=17), and not take chronic medication (n=6). Figure 6 
summarizes the health status and lifestyle conditions across the included 
papers.” 

Special Physiological Framework / Experiment Environment - [Page 15, 
paragraph 2; Page 16, Table 7] “Several studies included in the review utilized a 
specialized physiological framework (…) Within these frameworks, 23 studies 
focused on inducing driving fatigue, 19 studies incorporated sleep-deprived 
conditions, 6 studies examined the effects of shift work and 1 study induced 
distraction. (…) Table 7 summarizes the controlled environment in which the 
studies with special physiologic frameworks were conducted.” 
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Source of Data - [Page 16, paragraph 1;  Page 17, Figure 7] “The data source 
of the included papers is presented in Figure 7. Most studies (n=63) collect new 
datasets through real or simulated environments. Some studies utilized data from 
an existing dataset experiment on real or simulated environments (n=4), public 
databases on real or simulated environments (n=3), and other databases not 
from real or simulated environments (n=3). There were 3 studies that did not 
provide clear information about the data source.” 

Extension and Type of Validation; Sample Size; Participants Age and Gender 
- [Page 17, paragraph 1-2; Page 17, Figure 8] “The extension setup across the 
included papers is presented in Figure 8. Most studies (56%) employed a 
simulation environment, either in a realistic driving simulator (19%) or in a driving 
simulator room (28%). Real-world/naturalist environment was employed by 38% 
of the studies, and 6% had a setup experiment unclear. Validation is missing, 
referred but not reported or only illustrative (sample size below 10 subjects) for 
16 (23%) of the included studies. A sample of more than 30 subjects was 
considered by 20 studies (28%), and only one study included more than 100 
subjects (Y. Jiao et al., 2022). Across all studies data from 1075 males and 351 
females was reported, with 15 studies not reporting gender. The ages of subjects 
are mainly reported using range (33 studies) or mean (20 studies), with 12 not 
reporting the age of the subjects. The maximum mean value reported is 45 years 
old, while reported age only included subjects over 50 years old in 17 studies. 
Differences between age groups are analyzed in 5 studies, all with small 
samples.”  

Data Processin, Golden Standard; Performance for fatigue detection; TLR of 
the Technology - [Page 18, paragraph 1-5; Page 19, Figure 9; Page 20, Table 8; 
Page 21, Figure 10] “The summary of the data processing methods is presented 
in Figure 9. The majority of the studies (51%) explored one or more machine 
learning methods (…). Nevertheless, more than 39% only employed descriptive 
statistics and thresholding approaches. Monitoring fatigue was an eligibility 
criteria, thus found in all included papers. Nevertheless, only 13 presented an 
estimation and/or alert system for fatigue and drowsiness, as described in Table 
8. For 29 studies, no fatigue scale reference to validate the methods was 
reported. The ground truth for fatigue is summarized in Figure 10 and it was 
mainly obtained from subjective self-ratings (27 studies) or video-based trained 
observer ratings (11 studies). Only 52 (73%) of the studies reported any kind of 
performance of the proposal, with 13 (18%) comparing two or more 
methods/models/approaches. Regarding the 13 studies that proposed fatigue 
and/or drowsiness estimation, only 10 reported validation (Table 8). Regarding 
technology readiness levels (TRL), 61 studies were considered to describe 
effective research and development, with ongoing or to be done laboratory 
validation, corresponding to TLR levels of 3 - Experimental proof of concept 
(Project Plan) - or TLR 4 - Technology validated in a lab (development). For 7 
studies, there was no proof of concept, following in TLR level 2- Technology 
concept formulated, while 2 studies evidence validation in a relevant environment 
- TLR level 5.”  
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Item 19/22: Results: Risk of bias within and across studies (Page 18, paragraph 
8-10; 12; Page 21,Figure 11) 

“One major issue is the lack of sufficient validation. Very few articles have 
proper validation, and some do not report validation. The limited sample size of 
many studies compromises the results' reproducibility and generalization. It also 
restricts the potential benefits of personalization in fatigue detection systems. 
Additionally, most study participants were young males, neglecting older age 
groups and females. This leads to biased participant samples and limits the 
generalization of the results. In some articles, gender and age are not even 
considered. Regarding ground truth, the majority rely on subjective self-reported 
fatigue ratings (e.g., KSS scale) or video-based observer ratings. The main 
drawbacks of the KSS scale are that the subjective feeling does not always reflect 
the actual sleepiness level. Due to the lack of ground truth data, it is challenging 
to quantify the accuracy of fatigue detection methods precisely. (…) Additional 
limitations found in the studies include limited knowledge of participants’ health 
status and personal habits; absence of a non-exposed control group; insufficient 
description of the physiological states classification (e.g., transition states not 
evaluated); poor statistics description; and unclear data and testing setting.” As 
explained in section 2, from the 11-point quality assessment a mean score 
normalized by 11 (maximum possible) was obtained. The minimum- maximum 
scores were, respectively, 18,2% and 90,0%, with mean (standard deviation) of 
64,8% (17,6%). In Figure 11 is presented the distribution of the quality 
assessment score.”  
 
 
Item 20: Results: Results of individual studies (NA) 
  

Non-Applicable, since no meta-analysis was performed.  
 
 
 
Item 21: Results: Synthesis of results (NA)  
 

Non-Applicable, since no meta-analysis was performed.  
 
 
 
Item 23: Results: Additional analysis (NA) 
  

Non-Applicable, since no meta-analysis was performed. 
 
 
 
Item 24: Discussion: Summary of evidence (Page 21-24) 
 
This item is fulfilled throughout the discussion sections. Here are some examples: 
“The most direct method to measure HR is through ECG. ECG signals are widely 
recognized as the most reliable and stable for real-time HR measurements (Hu 
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et al., 2009). (…) As expected, most of the studies (80%) utilized ECG as the 
acquired signal. From these, 20% of the studies acquired the ECG signal through 
wearable technology (…) PPG acquired by wearable wristwatch-type sensors, as 
considered by 70% of those (…) These devices have been reported to be able to 
correctly estimate HR (Schuurmans et al., 2020).” 

 “(…) Several studies included in this review employed EEG readings to aid in 
predicting the fatigue state of drivers. Besides brain activity, some studies 
evaluate the breathing patterns and respiratory variability to observe the impact 
of fatigue on respiratory function. In the studies (Jing et al., 2020) and (Murugan 
et al., 2020), oxygen saturation levels (Sp02) were considered as an additional 
physiological parameter for fatigue detection. In some studies, researchers 
utilized electrodermal activity (EDA) as a measure to gain insights into changes 
in sympathetic arousal and infer about the cardiovascular balance. Additional 
biomedical monitoring represents extra costs and burdens for the monitoring, with 
a risk of lower user acceptance. However, it may allow a better fatigue estimation 
and modelling give rise to a more timed alarm for drowsiness. In this revision, it 
was not possible to find strong evidence of that, possibly due to the poor 
validation of most proposals.” 

” Driver’s behavioral-based data and vehicle operational performance-based data 
were collected by 62% of the studies with most of them (56%) focused on 
evaluating the driver’s facial expressions through eye movement and yawning 
episodes detection. To record these data, the studies employed non-intrusive 
sensors, such as camera sensors with eye tracker technology embedded in the 
vehicle. Eye trackers require eyes to be visible, open, and unobstructed with 
glasses, hair or any other object. As other systems based on facial landmarks 
struggle to differentiate between changes in eye position and head movements 
relative to the camera (Vijayalaxmi et al., 2020)” 

“Understanding the data sources is crucial in evaluating the reliability and 
generalizability of the findings presented in the studies. Most studies (89%) 
collect new dataset through real or simulated environments. This approach allows 
for a more accurate assessment of human behavior, performance, and 
physiological responses in a controlled yet realistic setting. The data collected in 
such environments provide valuable insights into the specific context being 
studied, enhancing the validity and applicability of the findings to real-world 
situations.” 

“Although monitoring fatigue was a requirement in all the included papers, only 
13 (18%) of them presented an estimation and/or alert system for fatigue and 
drowsiness. (Ebrahimian et al., 2022) introduced a 3-level and 5-level 
classification of drowsiness, achieving an accuracy rate of 91% and 67%, 
respectively, over 30 male subjects. Similarly, in (Kundinger & Riener, 2020) a 2 
or 3 level classification of drowsiness was proposed, achieving high accuracies 
(>99%) and an F-measure of 0.99 for both classifications, over 30 subjects, 
considering 2 age groups. (…) Furthermore, an alerting system for fatigue 
detection was introduced in (Caceres et al., 2021), (Abbas, 2020a) and revealed 
an overall device effectiveness and accuracy of 80% and 93.4%, respectively, 
but data sets were two small (10 and 4 subjects) to allow strong conclusions. 
These results show the potential for high-accuracy applicability of this type of 
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system detection, but still to be demonstrated in more complete validation 
protocols.”  

“The quality assessment resulted in only 25% of the included papers scoring 
above 75%. This expresses mainly the lack of clear description of methods, data 
and validation and the insufficiency of the latter.” 
 
 
 
Item 25: Discussion: Limitations (Page 24, paragraph 4-5) 

“The main limitations identified in the included studies can be 
summarized in seven points: 

• Simulation environments used instead of real-world settings, affecting 
the accuracy of fatigue quantification. 

• Lack of proper validation and limited sample sizes compromising 
reproducibility and generalizability of the results. 

• Bias towards young male participants, neglecting older age groups and 
females. 

• Reliance on subjective self-reporting and video-based observer ratings 
as ground truth, which makes it challenging to precisely quantify the 
accuracy of fatigue detection methods. 

• Insufficiency of fatigue estimation systems and focus on detection rather 
than proactive alarm systems. 

• Use of intrusive instrumentalized electrocardiography (ECG) for 
measuring heart rate rather than non-intrusive measurements. 

• Unclear classification testing settings, data analysis and statistical 
description. 

 These limitations also reflect the low technology readiness levels (TRL) 
predominant with only 2 studies evidencing validation in relevant environments - 
TLR level 5 - and none above.” 

 
 
Item 26: Discussion: Conclusions (Page 24/25, paragraph 8) 
 
“ECG is an effective tool for assessing driver’s HR and HRV, enabling the 
evaluation of the autonomic balance in the cardiovascular system. By analyzing 
the LF/HF power ratio in HRV, we can gain insights into the driver's state of 
arousal and determine their fatigue and drowsiness status. ECG can be acquired 
non-intrusively, using wearable and in vehicle sensors, to accurately assess the 
HR of the drivers. This innovative technology represents a significant 
advancement, as it becomes more user-friendly, enhances its acceptability and 
practicality for users, and facilitates its implementation in motor vehicle industries. 
Moreover, other technologies such as PPG were also used for HR estimation. 
Both HR from ECG and from other sources seem to be reliable. Nevertheless, 
HR by itself may not be enough to allow precise fatigue estimation and can 
generate false alarms. Further research, in particular fully validation protocols are 
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needed to determine the full value of HR for fatigue quantification and drowsiness 
detection, by itself or combined with additional information.” 
 
 
 
Item 27: Funding (Page 25, paragraph 1) 
  

This work was supported by the Project BBAI- Brain Behavior analysis 
using the most advanced Artificial Intelligence and Computer Vision (ref:
 NORTE-01-0247-FEDER-069809) , Agência Nacional de Inovação S.A., 
P2020 | COMPETE - Projetos em Copromoção 
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GUIDE FOR AUTHORS 
. 

 

 

 
Your Paper Your Way 

We now differentiate between the requirements for new and revised submissions. 
You may choose to submit your manuscript as a single Word or PDF file to be 
used in the refereeing process. Only when your paper is at the revision stage, will 
you be requested to put your paper in to a 'correct format' for acceptance and 
provide the items required for the publication of your article. 
To find out more, please visit the Preparation section below. 

INTRODUCTION 

Safety Science serves as an international medium for research in the science and 
technology of human safety. It extends from safety of people at work to other 
spheres, such as transport, leisure and home, as well as every other field of man's 
hazardous activities. 

 
Safety Science is multidisciplinary. Its contributors and its audience range from 
psychologists to chemical engineers. The journal covers the physics and 
engineering of safety; its social, policy and organisational aspects; the 
management of risks; the effectiveness of control techniques for safety; 
standardization, legislation, inspection, insurance, costing aspects, human 
behaviour and safety and the like. 
 
Safety Science will enable academic researchers, engineers and decision 
makers in companies, government agencies and international bodies, to augment 
their information level on the latest trends in the field, from policy makers and 
management scientists to transport engineers. 

 
The journal focuses primarily on original research papers across its whole 
scope, but also welcomes state-of-the-art review papers and first hand case 
histories on accidents and disasters of special significance. The emphasis is on 
safety risks, as distinct from health risks, but may include both. 

 
The editors would like to draw the attention of potential authors to a paper by 
Shannon, Robson & Guastello,"Methodological criteria for evaluating 
occupational safety intervention" [Safety Science, Volume 31, Issue 2, March 
1999, Pages 161-179]. This gives some very useful indications of the sort of 
criteria which the journal uses to judge papers presented for publication. The 
paper is partly based on the experiences of reviewers in the past, and the 
shortcomings they have found in manuscripts sent to them for assessment. We 
hope that you find the paper useful in planning research and in writing it up in a 
suitable form for publication. 
 
Because of Safety Science's international character, jargon should be avoided 
and terms rigorously defined. Contributors should take particular care to define 
all terms used in statistical analyses and, where relevant, apprise readers of their 
country's legislative background to their subject. This applies particularly to the 
use of the term accident, the reportability of which differs from country to country. 

Types of Paper 

Research Paper; Paper with newly collected or analysed data, experimental or 
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survey results, or a proposed new theory or model supported by analysis and 
arguments. 
 
Review Paper; Paper with a comprehensive review of the literature on a 
specified topic, which updates previously published reviews, or proposes new 
interpretations of the current state of the art on the topic. 
 

Case Study of accident or incident; Description and analysis of a single 
accident or incident, or a small number of these, providing some depth of 
understanding about causes and/or consequences. 
 

Letter to the Editor; Letter raising issues for debate in the area of safety science. 

 
Book Review; Review of a recently published book, report or monograph 
(available for purchase or downloading), either solicited by the editor, or offered 
by a reviewer. 

Submission checklist 

You can use this list to carry out a final check of your submission before you send 
it to the journal for review. Please check the relevant section in this Guide for 
Authors for more details. 

 

Ensure that the following items are present: 

 
One author has been designated as the corresponding author with contact details: 
• E-mail address 
• Full postal address 

 
All necessary files have been uploaded: 
Manuscript: 
• Include keywords 
• All figures (include relevant captions) 
• All tables (including titles, description, footnotes) 
• Ensure all figure and table citations in the text match the files provided 
• Indicate clearly if color should be used for 
any figures in print Graphical Abstracts / 
Highlights files (where applicable) 
Supplemental files (where applicable) 

 
Further considerations 
• Manuscript has been 'spell checked' and 'grammar checked' 
• All references mentioned in the Reference List are cited in the text, and vice 

versa 
• Permission has been obtained for use of copyrighted material from other 
sources (including the Internet) 
• A competing interests statement is provided, even if the authors have no 
competing interests to declare 
• Journal policies detailed in this guide have been reviewed 
• Referee suggestions and contact details provided, based on journal 

requirements 
 
For further information, visit our Support Center. 
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BEFORE YOU BEGIN 

Ethics in publishing 
Please see our information on Ethics in publishing. 

Declaration of interest 

All authors must disclose any financial and personal relationships with other 
people or organizations that could inappropriately influence (bias) their work. 
Examples of potential competing interests include employment, consultancies, 
stock ownership, honoraria, paid expert testimony, patent 
applications/registrations, and grants or other funding. Authors must disclose 
any interests in two places: 1. A summary declaration of interest statement in the 
title page file (if double anonymized) or the manuscript file (if single anonymized). 
If there are no interests to declare then please state this: 'Declarations of interest: 
none'. 2. Detailed disclosures as part of a separate Declaration of Interest form, 
which forms part of the journal's official records. It is important for potential 
interests to be declared in both places and that the information matches. More 
information. 

Declaration of generative AI in scientific writing 

The below guidance only refers to the writing process, and not to the use of AI 
tools to analyse and draw insights from data as part of the research process. 

 
Where authors use generative artificial intelligence (AI) and AI-assisted 
technologies in the writing process, authors should only use these technologies to 
improve readability and language. Applying the technology should be done with 
human oversight and control, and authors should carefully review and edit the 
result, as AI can generate authoritative-sounding output that can be incorrect, 
incomplete or biased. AI and AI-assisted technologies should not be listed as an 
author or co-author, or be cited as an author. Authorship implies responsibilities 
and tasks that can only be attributed to and performed by humans, as outlined in 
Elsevier’s AI policy for authors. 
 
Authors should disclose in their manuscript the use of AI and AI-assisted 
technologies in the writing process by following the instructions below. A 
statement will appear in the published work. Please note that authors are 
ultimately responsible and accountable for the contents of the work. 
 
Disclosure instructions 

Authors must disclose the use of generative AI and AI-assisted technologies in 
the writing process by adding a statement at the end of their manuscript in the 
core manuscript file, before the References list. The statement should be placed 
in a new section entitled ‘Declaration of Generative AI and AI- assisted 
technologies in the writing process’. 
 

Statement: During the preparation of this work the author(s) used [NAME TOOL 
/ SERVICE] in order to [REASON]. After using this tool/service, the author(s) 
reviewed and edited the content as needed and take(s) full responsibility for the 
content of the publication. 

 
This declaration does not apply to the use of basic tools for checking grammar, 
spelling, references etc. If there is nothing to disclose, there is no need to add a 

statement. 
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Submission declaration and verification 
Submission of an article implies that the work described has not been published 
previously (except in the form of an abstract, a published lecture or academic 
thesis, see 'Multiple, redundant or concurrent publication' for more information), 
that it is not under consideration for publication elsewhere, that its publication is 
approved by all authors and tacitly or explicitly by the responsible authorities 
where the work was carried out, and that, if accepted, it will not be published 
elsewhere in the same form, in English or in any other language, including 
electronically without the written consent of the copyright- holder. To verify 
compliance, your article may be checked by Crossref Similarity Check and other 
originality or duplicate checking software. 

Preprint posting on SSRN 
In support of Open Science, this journal offers its authors a free preprint posting 
service. Preprints provide early registration and dissemination of your research, 
which facilitates early citations and collaboration. 

 
During submission to Editorial Manager, you can choose to release your 
manuscript publicly as a preprint on the preprint server SSRN once it enters peer-
review with the journal. Your choice will have no effect on the editorial process or 
outcome with the journal. Please note that the corresponding author is expected 
to seek approval from all co-authors before agreeing to release the manuscript 
publicly on SSRN. 
 
You will be notified via email when your preprint is posted online and a Digital 
Object Identifier (DOI) is assigned. Your preprint will remain globally available 
free to read whether the journal accepts or rejects your manuscript. 
 
For more information about posting to SSRN, please consult the SSRN Terms of 
Use and FAQs. 

Use of inclusive language 
Inclusive language acknowledges diversity, conveys respect to all people, is 
sensitive to differences, and promotes equal opportunities. Content should 
make no assumptions about the beliefs or commitments of any reader; contain 
nothing which might imply that one individual is superior to another on the 
grounds of age, gender, race, ethnicity, culture, sexual orientation, disability or 
health condition; and use inclusive language throughout. Authors should ensure 
that writing is free from bias, stereotypes, slang, reference to dominant culture 
and/or cultural assumptions. We advise to seek gender neutrality by using plural 
nouns ("clinicians, patients/clients") as default/wherever possible to avoid using 
"he, she," or "he/she." We recommend avoiding the use of descriptors that 
refer to personal attributes such as age, gender, race, ethnicity, culture, sexual 
orientation, disability or health condition unless they are relevant and valid. When 
coding terminology is used, we recommend to avoid offensive or exclusionary 
terms such as "master", "slave", "blacklist" and "whitelist". We suggest using 
alternatives that are more appropriate and (self-) explanatory such as "primary", 
"secondary", "blocklist" and "allowlist". These guidelines are meant as a point of 
reference to help identify appropriate language but are by no means exhaustive 
or definitive. 

Reporting sex- and gender-based analyses 
Reporting guidance 
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For research involving or pertaining to humans, animals or eukaryotic cells, 
investigators should integrate sex and gender-based analyses (SGBA) into their 
research design according to funder/ sponsor requirements and best practices 
within a field. Authors should address the sex and/or gender dimensions of their 
research in their article. In cases where they cannot, they should discuss this 
as a limitation to their research's generalizability. Importantly, authors should 
explicitly state what definitions of sex and/or gender they are applying to enhance 
the precision, rigor and reproducibility of their research and to avoid ambiguity 
or conflation of terms and the constructs to which they refer (see Definitions 
section below). Authors can refer to the Sex and Gender Equity in Research 
(SAGER) guidelines and the SAGER guidelines checklist. These offer systematic 
approaches to the use and editorial review of sex and gender information in study 
design, data analysis, outcome reporting and research interpretation - however, 
please note there is no single, universally agreed-upon set of guidelines for 
defining sex and gender. 
 
Definitions 
Sex generally refers to a set of biological attributes that are associated with 
physical and physiological features (e.g., chromosomal genotype, hormonal 
levels, internal and external anatomy). A binary sex categorization (male/female) 
is usually designated at birth ("sex assigned at birth"), most often based solely on 
the visible external anatomy of a newborn. Gender generally refers to socially 
constructed roles, behaviors, and identities of women, men and gender-diverse 
people that occur in a historical and cultural context and may vary across 
societies and over time. Gender influences how people view themselves and each 
other, how they behave and interact and how power is distributed in society. Sex 
and gender are often incorrectly portrayed as binary (female/male or 
woman/man) and unchanging whereas these constructs actually exist along a 
spectrum and include additional sex categorizations and gender identities such 
as people who are intersex/have differences of sex development (DSD) or identify 
as non-binary. Moreover, the terms "sex" and "gender" can be ambiguous—thus it 
is important for authors to define the manner in which they are used. In addition 
to this definition guidance and the SAGER guidelines, the resources on this page 
offer further insight around sex and gender in research studies. 

Author contributions 
For transparency, we encourage authors to submit an author statement file 
outlining their individual contributions to the paper using the relevant CRediT 
roles: Conceptualization; Data curation; Formal analysis; Funding acquisition; 
Investigation; Methodology; Project administration; Resources; Software; 
Supervision; Validation; Visualization; Roles/Writing - original draft; Writing - 
review & editing. Authorship statements should be formatted with the names of 
authors first and CRediT role(s) following. More details and an example. 

Changes to authorship 
Authors are expected to consider carefully the list and order of authors before 
submitting their manuscript and provide the definitive list of authors at the time 
of the original submission. Any addition, deletion or rearrangement of author 
names in the authorship list should be made only before the manuscript has 
been accepted and only if approved by the journal Editor. To request such a 
change, the Editor must receive the following from the corresponding author: 
(a) the reason for the change in author list and (b) written confirmation (e-mail, 
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letter) from all authors that they agree with the addition, removal or 
rearrangement. In the case of addition or removal of authors, this includes 
confirmation from the author being added or removed. 
Only in exceptional circumstances will the Editor consider the addition, deletion 
or rearrangement of authors after the manuscript has been accepted. While the 
Editor considers the request, publication of the manuscript will be suspended. If 
the manuscript has already been published in an online issue, any requests 
approved by the Editor will result in a corrigendum. 

Article transfer service 
This journal uses the Elsevier Article Transfer Service to find the best home for 
your manuscript. This means that if an editor feels your manuscript is more 
suitable for an alternative journal, you might be asked to consider transferring 
the manuscript to such a journal. The recommendation might be provided by a 
Journal Editor, a dedicated Scientific Managing Editor, a tool assisted 
recommendation, or a combination. If you agree, your manuscript will be 
transferred, though you will have the opportunity to make changes to the 
manuscript before the submission is complete. Please note that your manuscript 
will be independently reviewed by the new journal. More information. 

Copyright 
Upon acceptance of an article, authors will be asked to complete a 'Journal 
Publishing Agreement' (see more information on this). An e-mail will be sent to 
the corresponding author confirming receipt of the manuscript together with a 
'Journal Publishing Agreement' form or a link to the online version of this 
agreement. 

Subscribers may reproduce tables of contents or prepare lists of articles including 
abstracts for internal circulation within their institutions. Permission of the 
Publisher is required for resale or distribution outside the institution and for all 
other derivative works, including compilations and translations. If excerpts from 
other copyrighted works are included, the author(s) must obtain written 
permission from the copyright owners and credit the source(s) in the article. 
Elsevier has preprinted forms for use by authors in these cases. 
 
For gold open access articles: Upon acceptance of an article, authors will be 
asked to complete a 'License Agreement' (more information). Permitted third 
party reuse of gold open access articles is determined by the author's choice of 
user license. 
 
Author rights 
As an author you (or your employer or institution) have certain rights to reuse 
your work. More information. 

Elsevier supports responsible sharing 
Find out how you can share your research published in Elsevier journals. 

Role of the funding source 
You are requested to identify who provided financial support for the conduct of 
the research and/or preparation of the article and to briefly describe the role of 
the sponsor(s), if any, in study design; in the collection, analysis and interpretation 
of data; in the writing of the report; and in the decision to submit the article for 
publication. If the funding source(s) had no such involvement, it is recommended 
to state this. 
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Open access 
Please visit our Open Access page for more information. 

Elsevier Researcher Academy 
Researcher Academy is a free e-learning platform designed to support early and 
mid-career researchers throughout their research journey. The "Learn" 
environment at Researcher Academy offers several interactive modules, 
webinars, downloadable guides and resources to guide you through the process of 
writing for research and going through peer review. Feel free to use these free 
resources to improve your submission and navigate the publication process with 
ease. 

Language (usage and editing services) 
Please write your text in good English (American or British usage is accepted, 
but not a mixture of these). Authors who feel their English language manuscript 
may require editing to eliminate possible grammatical or spelling errors and to 
conform to correct scientific English may wish to use the English Language Editing 
service available from Elsevier's Author Services. 

Submission 
Our online submission system guides you stepwise through the process of 
entering your article details and uploading your files. The system converts your 
article files to a single PDF file used in the peer-review process. Editable files 
(e.g., Word, LaTeX) are required to typeset your article for final publication. All 
correspondence, including notification of the Editor's decision and requests for 
revision, is sent by e-mail. 

Submission Site for Safety Science 
To submit your paper please click here 
https://www.editorialmanager.com/safety/default.aspx 

 

PREPARATION 

Queries 
For questions about the editorial process (including the status of manuscripts 

under review) or for technical support on submissions, please visit our Support 
Center. 

NEW SUBMISSIONS 
Submission to this journal proceeds totally online and you will be guided stepwise 
through the creation and uploading of your files. The system automatically 
converts your files to a single PDF file, which is used in the peer-review process. 
As part of the Your Paper Your Way service, you may choose to submit your 
manuscript as a single file to be used in the refereeing process. This can be a PDF 
file or a Word document, in any format or lay- out that can be used by referees to 
evaluate your manuscript. It should contain high enough quality figures for 
refereeing. If you prefer to do so, you may still provide all or some of the source 
files at the initial submission. Please note that individual figure files larger than 
10 MB must be uploaded separately. 

References 
There are no strict requirements on reference formatting at submission. 
References can be in any style or format as long as the style is consistent. Where 
applicable, author(s) name(s), journal title/ book title, chapter title/article title, year 
of publication, volume number/book chapter and the article number or pagination 
must be present. Use of DOI is highly encouraged. The reference style used by 
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the journal will be applied to the accepted article by Elsevier at the proof stage. 
Note that missing data will be highlighted at proof stage for the author to correct. 

Formatting requirements 
There are no strict formatting requirements but all manuscripts must contain the 
essential elements needed to convey your manuscript, for example Abstract, 
Keywords, Introduction, Materials and Methods, Results, Conclusions, Artwork 
and Tables with Captions. 
If your article includes any Videos and/or other Supplementary material, this 
should be included in your initial submission for peer review purposes. 
Divide the article into clearly defined sections. 

Authors are required to recommend at least 3 international reviewers from a 
mixture of countries and institutions. These recommended reviewers must be 
published in the research area, with no conflicts. Authors must provide institutions, 
institution email addresses, and reasons for recommending. 

Figures and tables embedded in text 
Please ensure the figures and the tables included in the single file are placed next 
to the relevant text in the manuscript, rather than at the bottom or the top of the 
file. The corresponding caption should be placed directly below the figure or 
table. 

Peer review 
This journal operates a double anonymized review process. All contributions will 
be initially assessed by the editor for suitability for the journal. Papers deemed 
suitable are then typically sent to a minimum of one independent expert reviewer 
to assess the scientific quality of the paper. The Editor is responsible for the final 
decision regarding acceptance or rejection of articles. The Editor's decision is 
final. Editors are not involved in decisions about papers which they have written 
themselves or have been written by family members or colleagues or which relate 
to products or services in which the editor has an interest. Any such submission 
is subject to all of the journal's usual procedures, with peer review handled 
independently of the relevant editor and their research groups. More information 
on types of peer review. 

Double anonymized review 
This journal uses double anonymized review, which means the identities of the 
authors are concealed from the reviewers, and vice versa. More information is 
available on our website. To facilitate this, please include the following 
separately: 
Title page (with author details): This should include the title, authors' names, 
affiliations, acknowledgements and any Declaration of Interest statement, and a 
complete address for the corresponding author including an e-mail address. 
Anonymized manuscript (no author details): The main body of the paper 
(including the references, figures, tables and any acknowledgements) should 
not include any identifying information, such as the authors' names or affiliations. 

REVISED SUBMISSIONS 
Use of word processing software 
Regardless of the file format of the original submission, at revision you must 
provide us with an editable file of the entire article. Keep the layout of the text as 
simple as possible. Most formatting codes will be removed and replaced on 
processing the article. The electronic text should be prepared in a way very 
similar to that of conventional manuscripts (see also the Guide to Publishing with 
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Elsevier). See also the section on Electronic artwork. 
To avoid unnecessary errors you are strongly advised to use the 'spell-check' 
and 'grammar-check' functions of your word processor. 

Article structure 

Subdivision - numbered sections 
Divide your article into clearly defined and numbered sections. Subsections 
should be numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not 
included in section numbering). Use this numbering also for internal cross-
referencing: do not just refer to 'the text'. Any subsection may be given a brief 
heading. Each heading should appear on its own separate line. 

Introduction 
State the objectives of the work and provide an adequate background, avoiding a 
detailed literature survey or a summary of the results. 

Material and methods 
Provide sufficient details to allow the work to be reproduced by an independent 
researcher. Methods that are already published should be summarized, and 
indicated by a reference. If quoting directly from a previously published method, 
use quotation marks and also cite the source. Any modifications to existing 
methods should also be described. 

Theory/calculation 
A Theory section should extend, not repeat, the background to the article already 
dealt with in the Introduction and lay the foundation for further work. In contrast, 
a Calculation section represents a practical development from a theoretical 
basis. 

Results 
Results should be clear and concise. 

Discussion 
This should explore the significance of the results of the work, not repeat them. 
A combined Results and Discussion section is often appropriate. Avoid extensive 
citations and discussion of published literature. 

Conclusions 
The main conclusions of the study may be presented in a short Conclusions 
section, which may stand alone or form a subsection of a Discussion or Results 
and Discussion section. 

Appendices 
If there is more than one appendix, they should be identified as A, B, etc. 
Formulae and equations in appendices should be given separate numbering: Eq. 
(A.1), Eq. (A.2), etc.; in a subsequent appendix, Eq. (B.1) and so on. Similarly for 
tables and figures: Table A.1; Fig. A.1, etc. 
 

Essential title page information 
• Title. Concise and informative. Titles are often used in information-retrieval 
systems. Avoid abbreviations and formulae where possible. 
• Author names and affiliations. Please clearly indicate the given 
name(s) and family name(s) of each author and check that all names are 
accurately spelled. You can add your name between parentheses in your own 
script behind the English transliteration. Present the authors' affiliation 
addresses (where the actual work was done) below the names. Indicate all 
affiliations with a lower- case superscript letter immediately after the author's 
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name and in front of the appropriate address. Provide the full postal address of 
each affiliation, including the country name and, if available, the e-mail address 
of each author. 
• Corresponding author. Clearly indicate who will handle correspondence at 
all stages of refereeing and publication, also post-publication. This responsibility 
includes answering any future queries about Methodology and Materials. 
Ensure that the e-mail address is given and that contact details are 
kept up to date by the corresponding author. 
• Present/permanent address. If an author has moved since the work 
described in the article was done, or was visiting at the time, a 'Present address' 
(or 'Permanent address') may be indicated as a footnote to that author's name. 
The address at which the author actually did the work must be retained as the 
main, affiliation address. Superscript Arabic numerals are used for such 
footnotes. 

Highlights 
Highlights are mandatory for this journal as they help increase the discoverability 
of your article via search engines. They consist of a short collection of bullet 
points that capture the novel results of your research as well as new methods 
that were used during the study (if any). Please have a look at the examples 
here: example Highlights. 

Highlights should be submitted in a separate editable file in the online 
submission system. Please use 'Highlights' in the file name and include 3 to 5 
bullet points (maximum 85 characters, including spaces, per bullet point). 

Abstract 
A concise and factual abstract is required. The abstract should state briefly the 
purpose of the research, the principal results and major conclusions. An abstract 
is often presented separately from the article, so it must be able to stand alone. 
For this reason, References should be avoided, but if essential, then cite the 
author(s) and year(s). Also, non-standard or uncommon abbreviations should be 
avoided, but if essential they must be defined at their first mention in the abstract 
itself. 

Graphical abstract 
Although a graphical abstract is optional, its use is encouraged as it draws more 
attention to the online article. The graphical abstract should summarize the 
contents of the article in a concise, pictorial form designed to capture the attention 
of a wide readership. Graphical abstracts should be submitted as a separate file 
in the online submission system. Image size: Please provide an image with a 
minimum of 531 × 1328 pixels (h × w) or proportionally more. The image should 
be readable at a size of 5 × 13 cm using a regular screen resolution of 96 dpi. 
Preferred file types: TIFF, EPS, PDF or MS Office files. You can view Example 
Graphical Abstracts on our information site. 

Keywords 
Immediately after the abstract, provide a maximum of 6 keywords, using 
American spelling and avoiding general and plural terms and multiple concepts 
(avoid, for example, 'and', 'of'). Be sparing with abbreviations: only abbreviations 
firmly established in the field may be eligible. These keywords will be used for 
indexing purposes. 

Acknowledgements 
Collate acknowledgements in a separate section at the end of the article before 
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the references and do not, therefore, include them on the title page, as a footnote 
to the title or otherwise. List here those individuals who provided help during the 
research (e.g., providing language help, writing assistance or proof reading the 
article, etc.). 

Formatting of funding sources 
List funding sources in this standard way to facilitate compliance to funder's 
requirements: 
 
Funding: This work was supported by the National Institutes of Health [grant 
numbers xxxx, yyyy]; the Bill & Melinda Gates Foundation, Seattle, WA [grant 
number zzzz]; and the United States Institutes of Peace [grant number aaaa]. 
 
It is not necessary to include detailed descriptions on the program or type of grants 
and awards. When funding is from a block grant or other resources available to 
a university, college, or other research institution, submit the name of the institute 
or organization that provided the funding. 
 
If no funding has been provided for the research, it is recommended to include the 
following sentence: 

 
This research did not receive any specific grant from funding agencies in the 
public, commercial, or not-for-profit sectors. 

Math formulae 
Please submit math equations as editable text and not as images. Present 
simple formulae in line with normal text where possible and use the solidus (/) 
instead of a horizontal line for small fractional terms, e.g., X/Y. In principle, 
variables are to be presented in italics. Powers of e are often more conveniently 
denoted by exp. Number consecutively any equations that have to be displayed 
separately from the text (if referred to explicitly in the text). 

Footnotes 
Footnotes should be used sparingly. Number them consecutively throughout the 
article. Many word processors build footnotes into the text, and this feature may 
be used. Should this not be the case, indicate the position of footnotes in the 
text and present the footnotes themselves separately at the end of the article. 

 

Artwork 
Electronic artwork 
General points 

• Make sure you use uniform lettering and sizing of your original artwork. 
• Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, 

Courier. 
• Number the illustrations according to their sequence in the text. 
• Use a logical naming convention for your artwork files. 
• Indicate per figure if it is a single, 1.5 or 2-column fitting image. 
• For Word submissions only, you may still provide figures and their captions, 
and tables within a single file at the revision stage. 
• Please note that individual figure files larger than 10 MB must be provided in 

separate source files. 
 
A detailed guide on electronic artwork is available. 
You are urged to visit this site; some excerpts from the detailed 
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information are given here. 
Formats 
Regardless of the application used, when your electronic artwork is finalized, 
please 'save as' or convert the images to one of the following formats (note the 
resolution requirements for line drawings, halftones, and line/halftone 
combinations given below): 
EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'. 
TIFF (or JPG): Color or grayscale photographs (halftones): always use a 
minimum of 300 dpi. TIFF (or JPG): Bitmapped line drawings: use a 
minimum of 1000 dpi. 
TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a 
minimum of 500 dpi is required. 
Please do not: 
• Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the 

resolution is too low. 
• Supply files that are too low in resolution. 
• Submit graphics that are disproportionately large for the content. 

Color artwork 
Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), 
EPS (or PDF), or MS Office files) and with the correct resolution. If, together with 
your accepted article, you submit usable color figures then Elsevier will ensure, 
at no additional charge, that these figures will appear in color online (e.g., 
ScienceDirect and other sites) regardless of whether or not these illustrations 
are reproduced in color in the printed version. For color reproduction in print, 
you will receive information regarding the costs from Elsevier after receipt 
of your accepted article. Please indicate your preference for color: in print or 
online only. Further information on the preparation of electronic artwork. 

Figure captions 
Ensure that each illustration has a caption. A caption should comprise a brief title 
(not on the figure itself) and a description of the illustration. Keep text in the 
illustrations themselves to a minimum but explain all symbols and abbreviations 
used. 

Tables 
Please submit tables as editable text and not as images. Tables can be placed 
either next to the relevant text in the article, or on separate page(s) at the end. 
Number tables consecutively in accordance with their appearance in the text 
and place any table notes below the table body. Be sparing in the use of tables 
and ensure that the data presented in them do not duplicate results described 
elsewhere in the article. Please avoid using vertical rules and shading in table 
cells. 

References 
Citation in text 
Please ensure that every reference cited in the text is also present in the 
reference list (and vice versa). Any references cited in the abstract must be given 
in full. Unpublished results and personal communications are not recommended 
in the reference list, but may be mentioned in the text. If these references are 
included in the reference list they should follow the standard reference style of 
the journal and should include a substitution of the publication date with either 
'Unpublished results' or 'Personal communication'. Citation of a reference as 'in 
press' implies that the item has been accepted for publication. 
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Reference links 
Increased discoverability of research and high quality peer review are ensured 
by online links to the sources cited. In order to allow us to create links to abstracting 
and indexing services, such as Scopus, Crossref and PubMed, please ensure that 
data provided in the references are correct. Please note that incorrect surnames, 
journal/book titles, publication year and pagination may prevent link creation. 
When copying references, please be careful as they may already contain errors. 
Use of the DOI is highly encouraged. 
A DOI is guaranteed never to change, so you can use it as a permanent link to 
any electronic article. An example of a citation using DOI for an article not yet in 
an issue is: VanDecar J.C., Russo R.M., James D.E., Ambeh W.B., Franke M. 
(2003). Aseismic continuation of the Lesser Antilles slab beneath northeastern 
Venezuela. Journal of Geophysical Research, 
https://doi.org/10.1029/2001JB000884. Please note the format of such citations 
should be in the same style as all other references in the paper. 

 

Web references 
As a minimum, the full URL should be given and the date when the reference was 
last accessed. Any further information, if known (DOI, author names, dates, 
reference to a source publication, etc.), should also be given. Web references 
can be listed separately (e.g., after the reference list) under a different heading if 
desired, or can be included in the reference list. 

 

Data references 
This journal encourages you to cite underlying or relevant datasets in your 
manuscript by citing them in your text and including a data reference in your 
Reference List. Data references should include the following elements: author 
name(s), dataset title, data repository, version (where available), year, and 
global persistent identifier. Add [dataset] immediately before the reference so 
we can properly identify it as a data reference. The [dataset] identifier will not 
appear in your published article. 

 

Preprint references 
Where a preprint has subsequently become available as a peer-reviewed 
publication, the formal publication should be used as the reference. If there are 
preprints that are central to your work or that cover crucial developments in the 
topic, but are not yet formally published, these may be referenced. Preprints 
should be clearly marked as such, for example by including the word preprint, or 
the name of the preprint server, as part of the reference. The preprint DOI should 
also be provided. 

Reference management software 
Most Elsevier journals have their reference template available in many of the 
most popular reference management software products. These include all 
products that support Citation Style Language styles, such as Mendeley. Using 
citation plug-ins from these products, authors only need to select the appropriate 
journal template when preparing their article, after which citations and 
bibliographies will be automatically formatted in the journal's style. If no template 
is yet available for this journal, please follow the format of the sample references 
and citations as shown in this Guide. If you use reference management software, 
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please ensure that you remove all field codes before submitting the electronic 
manuscript. More information on how to remove field codes from different 
reference management software. 

Reference formatting 
There are no strict requirements on reference formatting at submission. 
References can be in any style or format as long as the style is consistent. Where 
applicable, author(s) name(s), journal title/ book title, chapter title/article title, year 
of publication, volume number/book chapter and the article number or pagination 
must be present. Use of DOI is highly encouraged. The reference style used by 
the journal will be applied to the accepted article by Elsevier at the proof stage. 
Note that missing data will be highlighted at proof stage for the author to correct. 
If you do wish to format the references yourself they should be arranged 
according to the following examples: 

Reference Style 
Text: All citations in the text should refer to: 
1. Single author: the author's name (without initials, unless there is ambiguity) 
and the year of publication; 
2. Two authors: both authors' names and the year of publication; 
3. Three or more authors: first author's name followed by 'et al.' and the year of 
publication. Citations may be made directly (or parenthetically). Groups of 
references should be listed first alphabetically, then chronologically. 

 
List: References should be arranged first alphabetically and then further sorted 
chronologically if necessary. More than one reference from the same author(s) 
in the same year must be identified by the letters "a", "b", "c", etc., placed after 
the year of publication. 
 

Examples: 

 
Chhokar, J.S., Wallin, J.A., 1984. Improving safety through applied behavior 
analysis. Journal of Safety Research 15, 141-151. 

 
Cook, T.D., Campbell, D.T., Peracchio L., 1990. Quasi experimentation. In: 
Dunnette, J.D., Hough, L.M. (Eds.), Handbook of Industrial and Organizational 
Psychology, pp. 491-576. Consulting Psychologists Press, Palo Alto, CA. 

 
Hale A.R., Hovden J., 1998. Management and culture: the third age of safety. A 
review of approaches to organizational aspects of safety health and environment. 
In: Williamson, A., Feyer, A.-M. (Eds.), Occupational Injury: Risk, Prevention and 
Injury. Taylor & Francis. 

 
Harborview Medical Center Injury Prevention and Research Center, 1997. 
Systematic Reviews of Childhood Injury Prevention Interventions. 
http://weber.u.washington.edu/_hiprc/index_left.html (Oct. 22, 1997). 
 
Lipsey, M.W., 1990. Design Sensitivity. Sage Publications, Newbury Park, CA. 
 
Journal abbreviations source 
Journal names should be abbreviated according to the List of Title Word 
Abbreviations. 
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Video 
Elsevier accepts video material and animation sequences to support and 
enhance your scientific research. Authors who have video or animation files that 
they wish to submit with their article are strongly encouraged to include links to 
these within the body of the article. This can be done in the same way as a figure 
or table by referring to the video or animation content and noting in the body text 
where it should be placed. All submitted files should be properly labeled so that 
they directly relate to the video file's content. In order to ensure that your video 
or animation material is directly usable, please provide the file in one of our 
recommended file formats with a preferred maximum size of 150 MB per file, 1 
GB in total. Video and animation files supplied will be published online in the 
electronic version of your article in Elsevier Web products, including 
ScienceDirect. Please supply 'stills' with your files: you can choose any frame 
from the video or animation or make a separate image. These will be used instead 
of standard icons and will personalize the link to your video data. For more detailed 
instructions please visit our video instruction pages. Note: since video and 
animation cannot be embedded in the print version of the journal, please provide 
text for both the electronic and the print version for the portions of the article that 
refer to this content. 

Data visualization 
Include interactive data visualizations in your publication and let your readers 
interact and engage more closely with your research. Follow the instructions 
here to find out about available data visualization options and how to include 
them with your article. 

Supplementary material 
Supplementary material such as applications, images and sound clips, can be 
published with your article to enhance it. Submitted supplementary items are 
published exactly as they are received (Excel or PowerPoint files will appear as 
such online). Please submit your material together with the article and supply a 
concise, descriptive caption for each supplementary file. If you wish to make 
changes to supplementary material during any stage of the process, please make 
sure to provide an updated file. Do not annotate any corrections on a previous 
version. Please switch off the 'Track Changes' option in Microsoft Office files as 
these will appear in the published version. 

Research data 
This journal encourages and enables you to share data that supports your 
research publication where appropriate, and enables you to interlink the data with 
your published articles. Research data refers to the results of observations or 
experimentation that validate research findings, which may also include 
software, code, models, algorithms, protocols, methods and other useful 
materials related to the project. Below are a number of ways in which you can 
associate data with your article or make a statement about the availability of your 
data when submitting your manuscript. If you are sharing data in one of these 
ways, you are encouraged to cite the data in your manuscript and reference list. 
Please refer to the "References" section for more information about data citation. 
For more information on depositing, sharing and using research data and other 
relevant research materials, visit the research data page. 

Data linking 
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If you have made your research data available in a data repository, you can link 
your article directly to the dataset. Elsevier collaborates with a number of 
repositories to link articles on ScienceDirect with relevant repositories, giving 
readers access to underlying data that gives them a better understanding of the 
research described. 

 
There are different ways to link your datasets to your article. When available, 
you can directly link your dataset to your article by providing the relevant 
information in the submission system. For more information, visit the database 
linking page. 

 
For supported data repositories a repository banner will automatically appear 
next to your published article on ScienceDirect. 

 
In addition, you can link to relevant data or entities through identifiers within the 
text of your manuscript, using the following format: Database: xxxx (e.g., TAIR: 
AT1G01020; CCDC: 734053; PDB: 1XFN). 

Research Elements 
This journal enables you to publish research objects related to your original 
research – such as data, methods, protocols, software and hardware – as an 
additional paper in a Research Elements journal. 

 
Research Elements is a suite of peer-reviewed, open access journals which make 
your research objects findable, accessible and reusable. Articles place research 
objects into context by providing detailed descriptions of objects and their 
application, and linking to the associated original research articles. Research 
Elements articles can be prepared by you, or by one of your collaborators. 
 
During submission, you will be alerted to the opportunity to prepare and submit a 
manuscript to one of the Research Elements journals. 
 
More information can be found on the Research Elements page. 

Data statement 
To foster transparency, we encourage you to state the availability of your data 
in your submission. This may be a requirement of your funding body or 
institution. If your data is unavailable to access or unsuitable to post, you will 
have the opportunity to indicate why during the submission process, for example 
by stating that the research data is confidential. The statement will appear with 
your published article on ScienceDirect. For more information, visit the Data 
Statement page. 

AFTER ACCEPTANCE 

Online proof correction 
To ensure a fast publication process of the article, we kindly ask authors to provide 
us with their proof corrections within two days. Corresponding authors will receive 
an e-mail with a link to our online proofing system, allowing annotation and 
correction of proofs online. The environment is similar to MS Word: in addition 
to editing text, you can also comment on figures/tables and answer questions 
from the Copy Editor. Web-based proofing provides a faster and less error-prone 
process by allowing you to directly type your corrections, eliminating the potential 
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introduction of errors. 
If preferred, you can still choose to annotate and upload your edits on the PDF 
version. All instructions for proofing will be given in the e-mail we send to authors, 
including alternative methods to the online version and PDF. 
We will do everything possible to get your article published quickly and 
accurately. Please use this proof only for checking the typesetting, editing, 
completeness and correctness of the text, tables and figures. Significant changes 
to the article as accepted for publication will only be considered at this stage 
with permission from the Editor. It is important to ensure that all corrections 
are sent back to us in one communication. Please check carefully before 
replying, as inclusion of any subsequent corrections cannot be guaranteed. 
Proofreading is solely your responsibility. 

Offprints 
The corresponding author will, at no cost, receive a customized Share Link 
providing 50 days free access to the final published version of the article on 
ScienceDirect. The Share Link can be used for sharing the article via any 
communication channel, including email and social media. For an extra charge, 
paper offprints can be ordered via the offprint order form which is sent once the 
article is accepted for publication. Corresponding authors who have published 
their article gold open access do not receive a Share Link as their final published 
version of the article is available open access on ScienceDirect and can be 
shared through the article DOI link. 

AUTHOR INQUIRIES 

Visit the Elsevier Support Center to find the answers you need. Here you will 
find everything from Frequently Asked Questions to ways to get in touch. 
You can also check the status of your submitted article or find out when your 
accepted article will be published. 
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