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Abstract 

Objective: The purpose of this study is to show the effectiveness of EEG alpha spindles, 

defined by short narrowband bursts in the alpha band, as an objective measure for assessing 

driver fatigue under real driving conditions. 

Methods: An algorithm for the identification of alpha spindles is described. The performance 

of the algorithm is tested based on simulated data. The method is applied to real data recorded 

under real traffic conditions and compared with the performance of traditional EEG fatigue 

measures, i.e. alpha band power. As a highly valid fatigue reference, the last 20 min of 

driving from participants who aborted the drive due to heavy fatigue were used in contrast to 

the initial 20 minutes of driving. 

Results: Statistical analysis revealed significant increases of several alpha spindle parameters 

and among all traditional EEG frequency bands, only of alpha band power; with larger effect 

sizes for the alpha spindle based measures. An increased level of fatigue over the same time 

periods for drop-outs, as compared to participants who did not abort the drive, was observed 

only by means of alpha spindle parameters.  

Conclusion: EEG alpha spindle parameters increase both fatigue detection sensitivity and 

specificity as compared to EEG alpha band power. 

Significance:�It is demonstrated that alpha spindles are superior to EEG band power measures 

for assessing driver fatigue under real traffic conditions. 
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Introduction 

Extensive research has identified fatigue as a major problem in safety critical work situations 

as well as in public traffic (Dinges, 1995; Folkard, 1997). Despite the methodological 

difficulties of reliably assessing the causes for fatal traffic accidents, various studies conclude 

that 15-20 % of all fatal traffic accidents are caused by driver fatigue (Horne and Reyner, 

1999; Dawson et al., 2000; Hell and Langwieder, 2001; Connor et al., 2002; NHTSA, 2003). 

For the European Union this translates into approximately 6,000 fatigue-related traffic 

fatalities which still occur each year despite the constant decline of overall fatalities on 

European roads over the past twenty years (CARE, EU road accidents database, 2009). 

The automotive industry follows various approaches to increase traffic safety by assessing 

driver fatigue and by taking corresponding actions, e.g. informing and warning the driver 

accordingly. Based on the assumption that fatigue is accompanied by behavioral correlates 

reflected in the driver’s vehicle control, currently available in-vehicle fatigue detection 

systems are based mainly on driving performance data such as steering wheel activity, lane 

keeping performance, etc. Examples of such systems are “Attention Assist“ (Mercedes-Benz) 

and “Driver Alert Control” (Volvo). In order to develop and validate these rather indirect 

measures, an objective criterion is required to reliably measure driver fatigue. Following the 

requirements of test theory and the applicability in the driving context, an ideal fatigue 

measure should fulfill several conditions. It has to be specifically sensitive to variations of 

fatigue (specificity and sensitivity) and has to reliably and consistently assess the same state 

over various measurements (reliability). Especially the requirement of specificity is crucial 

when conducting in-car experiments under real traffic conditions, since unconstrained 

experimental conditions as well as a much higher level of noise and artifacts in comparison 

with laboratory conditions are to be expected. Furthermore, the measure has to provide an 

adequate temporal resolution that accounts for the dynamics of the fatigue process, which was 

shown to exhibit pronounced fluctuations, especially when participants experience microsleep 

episodes or fight against sleep (Harrison and Horne, 1996; Lal and Craig, 2005). In order to 

provide a maximum of ecological validity we conducted measurements under real traffic 

conditions where unobtrusiveness and therefore a minimum of interference with the fatigue 

state is a further essential condition. Finally, the measure’s objectivity, i.e. its resistance to 

intended or unintended manipulation poses an important issue, especially with regard to 

safety critical situations such as driving. 
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With respect to its causal factors, driver fatigue can be subdivided into sleep related and task 

related fatigue (May and Baldwin, 2009). Our aim is to measure any form of driver fatigue, 

regardless of the ultimate causes, since they all produce similar decrements in driving 

performance culminating in a safety critical level. Furthermore, the detection process may be 

very similar for all types of fatigue (May and Baldwin, 2009). 

Fatigue measurements mostly rely on participants’ self reports which are based on various 

single- and multi-item questionnaires and which have been developed and correlated with 

both physiological and performance measures (i.e. Stanford Sleepiness Scale “SSS”, Hoddes 

et al., 1973; Karolinska Sleepiness Scale “KSS”; Åkerstedt and Gillberg, 1990; Kaida et al., 

2006). Although of great value for studying the acceptance of a fatigue detection system, 

drivers’ subjective rating scales exhibit limited objectivity as they are vulnerable to 

manipulation, to memory effects or to insufficient self introspection skills. Furthermore, 

subjective measures embrace an irresolvable trade-off between retrieval frequency and 

interference with the fatigue process under observation. Additionally, several on-road and 

simulator studies have shown that fatigue self assessment might be inaccurate (Belz et al., 

2004; Moller et al., 2006; Schmidt et al., 2009). Alternatively, secondary task performance 

measures have been proposed to assess fatigue. There is contradictory evidence whether such 

performance measures accurately render the fatigue process. Some authors argue that instead 

of continuously following its course, it oftentimes comes to a sudden performance breakdown 

once a certain level of fatigue is reached (Riemersma et al., 1977; Belz et al., 2004). 

In contrast, neurophysiology based measures can provide an objective and direct 

characterization of the driver’s cognitive state with high temporal resolution (Lin et al., 2005; 

Trejo et al., 2007; Shen et al., 2008). Currently, advances in technology and in signal 

processing enable real-time measurements of drivers' cognitive states under real traffic 

conditions (Kohlmorgen et al., 2007; Dixon et al., 2009). 

Here we propose an electroencephalography (EEG) based fatigue measure that largely fulfills 

the requirements formulated above and outperforms traditional EEG-based fatigue measures 

with respect to sensitivity and noise susceptibility. 

 



 

 5 

Electroencephalography (EEG) 

In studies inside and outside the driving context, various frequency band power measures 

(delta, theta, alpha, beta) and combinations such as (theta + alpha)/beta showed fatigue related 

effects (i.e. Lal and Craig, 2002; Ryu et al., 2007; for reviews see Lal and Craig, 2001 and 

Oken et al., 2006). As one of the most prominent EEG-indicators thereof, alpha band power 

(7�-�13�Hz) has been shown to detect early stages of fatigue and was applied in a variety of 

real-traffic and driving simulator studies (O’Hanlon and Kelly, 1977; Lemke, 1982; 

Brookhuis and De Waard, 1993; Kecklund and Åkerstedt, 1993; Lal and Craig, 2002; 

Campagne et al., 2004; Horne and Baulk, 2004; Otmani et al., 2005). 

In addition to its significance in fatigue assessment, alpha activity is also suggested to 

represent a cortical idling rhythm involved in the perceptual process (Pfurtscheller et al., 

1996; Klimesch et al., 2007). For example, it could be shown that the detection performance 

and reaction time for visual stimuli deteriorates with an increase in parieto-occipital alpha 

activity (Hanslmayr et al., 2007; van Dijk et al., 2008). As driving is mainly a visual task 

(Lansdown, 2001) the alpha band seems best suited to assess changes in visual perception 

performance, regardless of their cause. 

EEG recordings from drivers in real traffic conditions are much more influenced by artifacts 

and noise than recordings performed in the laboratory. Artifacts may originate from biological 

and technical noise inherent to these measurement conditions and disperse their energy over a 

wide range of frequencies (Goncharova et al., 2003). Consequently, changes in alpha band 

power alone can not be unambiguously attributed to neural factors, an instance which calls for 

a more specific approach to distinguish between neural and exogenous causes. Our approach 

to tackle this problem consists in focusing on spectral microstructures within the alpha band 

which have been shown in various studies to be indicative for attention and fatigue (Kecklund 

and Åkerstedt, 1993; Petsche et al., 1997; Cantero and Atienza, 2000; Cantero et al., 2002). 

 

Alpha Spindles 

With advancing fatigue, alpha power density increases by means of short (500 ms to several 

seconds) narrowband “bursts” of alpha band activity (Caille and Bassano, 1977; Kecklund 

and Åkerstedt, 1993; Tietze and Hargutt, 2001; Cantero et al., 2002; Eoh et al., 2005; 

Papadelis et al., 2007), which we call alpha spindles (Figure 1). These spectral 
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microstructures can be characterized by a narrow frequency peak within the alpha band (7�-

�13�Hz) and a low frequency modulation envelope, which results in the typical “waxing and 

waning” of the alpha rhythm (Shaw, 2003). We hypothesize that alpha spindles represent a 

characteristic, subject specific fatigue measure described by spectral amplitude, peak 

frequency and duration which are, due to their narrowband spectral character, less noise 

susceptible than other, e.g. band power related driver fatigue measures. 

The current work focuses on two main aspects. Firstly, we will describe an approach to 

reliably detect alpha spindles and to describe their characteristics (peak frequency, amplitude, 

duration) and secondly, using data from real traffic experiments we will demonstrate the 

advantages of the proposed method as opposed to the established alpha power measure with 

regard to real traffic applicability and fatigue sensitivity. In a first step we limit our 

comparison to alpha power because it is the most widely used EEG fatigue measure in the 

driving context. 

Figure 1: Example of alpha-spindle activity. Spindles are dominant at parieto-occipital electrodes 

with decaying activity towards frontal electrodes. Clearly visible is the burst-like structure and the 

low-frequency modulation envelope of the alpha spindles. The bottom plot shows the spectrogram of 

channel Oz with the alpha band boundaries (7–13�Hz) marked�by the white lines. Each spindle has a 

constant narrow peak frequency range, which can vary between spindles. 
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Methods 

Alpha Spindle Detection 

To account for non-stationary characteristic of the EEG as well as to facilitate a 

computationally efficient implementation for real-time applications, we use the short time 

Fourier transform (STFT, Oppenheim and Schafer, 1989) in its FFT implementation (Fast 

Fourier Transformation) for the spectral decomposition of the EEG signal. 

Each EEG-channel is divided into segments of 1 s length with an overlap of 750�ms. 

Subsequently, each segment is made zero mean and multiplied with a Hamming window, the 

FFT is computed and the spectral amplitude density maximum between 3 and 40 Hz is 

identified. If this maximum lies within the alpha band (7–13�Hz), the full width at half 

maximum (FWHM) of the spectral peak is determined. If the FWHM is smaller than twice the 

bandwidth of the Hamming window (indicating a component of sufficiently narrow 

bandwidth to be considered oscillatory), the time segment undergoes further analysis.  

To account for the 1/f-like noise of EEG recordings (Pereda et al., 1998; Wagenmakers et al., 

2004), for each EEG channel an exponential curve is fitted to the mean amplitude spectrum 

obtained as the average across all single-segment amplitude spectra from the entire recording 

(Figure 2), allowing to separate between “signal” (area above fitted curve) and “noise” (area 

below fitted curve). Adaptation to varying noise levels over time is achieved by multiplying 

the exponential fit with the ratio between the integrated spectrum of the current segment and 

the integrated mean spectrum. 

We consider alpha spindles to reflect periods of amplitude modulated cortical steady state 

activity which (a) can be detected above a certain signal-to-noise ratio (SNR), (b) can be 

restricted to single electrodes, (c) have a stable peak frequency and (d) can persist for up to 

several seconds. 
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Figure 2: Amplitude spectral density of a 1�s EEG segment with an alpha spindle spectral peak at 

about 11.5�Hz and the exponential fit as a dashed line. The oscillation index is defined as the ratio of 

the total area under the peak and the area under the exponential curve. 

 

Consequently, for each EEG channel and for each one-second time epoch, we test whether the 

total area under the peak, bounded by the FWHM, is at least twice as large as the area in the 

same frequency interval below the fitted noise line (effectively establishing a signal-to-noise-

ratio threshold). We call this ratio the oscillation index. Consecutive time segments fulfilling 

this criterion and having a peak frequency within a 10 % change to the previous segment are 

grouped to one alpha spindle. The frequency of an alpha spindle is calculated as the mean of 

the peak frequency of all contributing segments; the same applies to the spectral amplitude. 

The duration of a spindle is defined as the time span from the start of the spindle’s first time 

segment to the end of its last segment. 

Since alpha spindles are discrete events characterized by their duration, spectral amplitude 

and peak frequency, we also use the moving average of these parameters over larger time 

windows to obtain continuous measures better suited to reproduce continuous fatigue 

changes. Additionally this enables us to count the occurrence rate of alpha spindles within the 

moving window. We call this parameter the alpha spindle rate. 
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Data 

Synthetic Data 

To objectively assess the accuracy and the noise susceptibility of the proposed alpha spindle 

detection, we generated synthetic EEG data with defined spindle SNRs at a sampling rate of 

128 Hz. For the background noise we generated a random time-domain signal with a 1/f-like 

noise spectrum (Wagenmakers et al., 2004) and then added randomly scattered, non-

overlapping segments of sinusoids with uniformly distributed random frequencies (7.5–

12.5�Hz), phases (0–2�) and durations (.5–3.5 s). All parameters were varied independently of 

each other. The amplitude of each spindle was adjusted so that it had a predefined SNR 

relative to the local noise level. At the start and end of a spindle a cosine taper of 100 ms 

duration was multiplied to obtain a smooth decay towards the boundaries of the spindle.  

We simulated 50 channels independently with 400 spindles each, distributed in about 60 min 

of synthetic EEG data per channel. Simulations were performed independently for SNRs of -6 

dB, -3 dB and 0 dB. 

Real Data 

To test the applicability of the proposed method under real traffic conditions and in order to 

compare its fatigue sensitivity performance with traditional alpha band power measures, we 

applied both methods to EEG data sets recorded during two prolonged monotonous daytime 

driving studies (Schmidt et al., 2009; Schmidt et al., in preparation). These studies proved to 

successfully have induced driver fatigue and in a subset of participants even severe 

drowsiness. The experiments took place in a Mercedes-Benz S-Class (W221). To create a 

monotonous driving situation, a low traffic highway (A81) in Germany was chosen. If 

completed, the length of the drive was about 430 km for the first study and about 480 km for 

the second study. While driving, the participants completed a monotonous secondary reaction 

time task (auditory odd-ball paradigm) which is not analyzed in this study (for details see 

Schmidt et al. 2009). All driving sessions started at about 12:45 pm. For safety reasons an 

investigator accompanied the drive at all times. Participants were instructed not to exceed a 

speed of 130 km/h, not to talk to the investigator and not to use any in-car devices (radio, 

cruise control, etc.). The participants were free to abort driving at any time without any 

disadvantages. For a detailed description of the experiment please refer to the initial work of 

Schmidt et al. (2009). 
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Altogether, 10 out of 55 participants (6 male, 4 female; age: M = 27.5; range: 24-36) aborted 

their drive due to severe fatigue (average driving time: 2:23�h, standard deviation (SD): 

0:38�h, range: 0:56 – 3:15 h), which provides the most objective fatigue criterion available. 

Hence for the following analyses (unless stated differently) we only used the data from these 

ten participants (called “drop-outs” in the following). Especially for these subjects, the 

contrast in driver fatigue between sections at the beginning and at the end of the drives should 

be maximal since the study was performed at daytime with rested participants at the start of 

their drive. This is also underlined by the results of the drop-outs’ self rating on the 

Karolinska Sleepiness Scale (KSS; Åkerstedt and Gillberg, 1990), ranging from one 

(extremely alert) to nine (extremely sleepy, fighting sleep) that was assessed every 20 minutes 

throughout the drive. The average KSS value for the first 20 minutes was 4.3 (SD = 1.9) and 

increased to 8.5 (SD = .5) before break-off. We therefore used the first and the last 20 minute 

period of each drive here. 

EEG was recorded with BrainAmp hard- and software (Brain Products GmbH, Munich, 

Germany) with 128 electrodes and 1000�Hz sampling rate for study one and 64 electrodes and 

500 Hz sampling rate for study two. Electrode placement was based on the extended 

international 10-20 system. Both studies used the nose bridge as reference. For further 

analysis we used the overlapping set of 64 electrodes from both studies. Data were band-pass 

filtered from .5 Hz to 48 Hz and down-sampled to 128 Hz. In order to minimize the influence 

of muscle activity, eye blinks and technical noise, we used the extended infomax ICA 

algorithm (Lee et al., 1999), available in the EEGLab toolbox (Delorme and Makeig, 2004), 

to reject artifactual components. Data from 43 out of 62 EEG channels were used; temporal 

channels were excluded from analyses due to prolonged interference with muscle activity; 

channels Cz and FC2 had to be excluded due to technical problems with the EEG hardware. 

The proposed algorithm for alpha spindle detection was used to identify alpha spindles and to 

calculate spindle rate, average spindle amplitude, duration and frequency for both 20 minute 

driving sections. Alpha band power (7–13�Hz) was calculated using Welch’s modified 

periodogram. 
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Statistical Analysis 

Synthetic Data 

Synthetic data was analyzed by means of ROC (receiver operating characteristic) curves at 

different SNRs. The signal was segmented in overlapping time segments in the same manner 

as described for the alpha spindle detection (1 s segments, 750 ms overlap). A segment that 

overlapped to at least 50 % with a simulated spindle was assigned to the positive class. 

Otherwise it was assigned to the negative class. A segment was counted as “true positive” if a 

spindle detected by the above described algorithm overlapped by at least 50% with a positive 

class segment. A “false positive” was counted if a detected spindle overlapped by at least 50% 

with a negative class segment. The true positive rate was defined as the sum of true positives 

divided by the total number of positive class segments. The false positive rate was defined as 

the sum of false positives divided by the total number of negative class segments. The 

threshold systematically varied along the ROC curves was the oscillation index. 

Real Data 

Our main focus was on comparing the EEG parameters from the first and last 20 min driving 

sections, respectively. For each subject, spindle rate, mean spindle amplitude, duration and 

frequency as well as mean alpha-band power were obtained for each of the 20 min time 

segments and then further averaged within each of three channel groups: frontal (F: 3, 1, z, 2, 

4; FC: 3, 1, z, 4), central (C: 3, 1, 2, 4; CP: 3, 1, z, 2, 4) and parieto-occipital (P: 3, 1, z, 2, 4; 

PO: 3, z, 4; O: 1, z, 2). Thus, each parameter yielded 6 values for each subject (2 driving 

sections � 3 channel groups), which were analyzed using a 2-way repeated-measures design 

(separately for each parameter) with within-subject factors “driving section” and “channel 

group”. The repeated-measures design was implemented via a multivariate (MANOVA) 

approach in order to circumvent problems arising from violations of the sphericity assumption 

for the factor “channel group” (O’Brien and Kaiser, 1985). The test criterion reported is the 

(exact) F-statistic derived from Pillai’s trace; the level of � was set to .05 for all analyses. The 

partial �
2
 is reported as a measure of relative effect size whenever H0 had to be rejected. For 

statistically significant results of the main effect “channel group” a post-hoc analysis was 

applied in which each factor level was compared to the previous level. 
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Results 

Synthetic Data 

In order to establish a relationship between the SNR of a signal and the oscillation index of 

our proposed alpha spindle detection algorithm, we calculated the average oscillation index 

for all correctly detected spindles in the simulated data. The results are presented in Table 1. 

The average oscillation index for the real EEG data from the participants who aborted the 

drive was 3.9 (SD = .6). Therefore a SNR of -3 dB in our simulation corresponds 

approximately to the same noise level observed in the real data. 

For a SNR of -3�dB, we can achieve a sensitivity of more than 95�% while having less than 

3�% false-positive rate. 

Figure 3 shows the performance of the alpha spindle detection for different signal-to-noise 

ratios as ROC-curves. As expected, the performance increases with the SNR with converging 

improvement for increasing SNR.  

� ���� ���� ���� ���� ���� ���	 ���
 ���� ���� ���
���

����

��	

��	�

��


��
�

���

����

���

����

�

������������

�
��

��
���

���

�

�

�����
����
	���

 

Figure 3: ROC curves for the alpha spindle detection performance for simulated data. Curves for –

6�dB, -3�dB and 0�dB SNRs are shown. 
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Table 1 further compares the accuracy of alpha spindle parameter estimation for all SNRs by 

computing the Root Mean Squared Error (RMSE) for all correctly detected spindles. As the 

algorithm’s frequency detection error (cf. Table 1) is within the frequency resolution of the 

FFT, we can precisely locate the position of the synthetic alpha peaks in the frequency 

domain. The error in the estimation of the spindle duration is mainly due to the decay of the 

simulated spindles to zero at the boundaries, which makes it difficult to assess the exact 

duration. The error of the spectral amplitude is strongly influenced by the bias and variance of 

the spectral estimation methods (Oppenheim and Schafer, 1989), but still sufficiently low. 

The accuracy of parameter estimation improves with increasing signal strength, but is 

sufficient for all SNRs. 

Table 1: Accuracy of parameter estimation for alpha spindles using the algorithm’s default settings 

described in the text. Mean spindle duration was 2�s and mean spindle frequency 10 Hz. Since the 

spindle amplitude was dependent on the respective SNR, the actual mean value is given in brackets. 

Presented are the combined results for 50 channels with 400 simulated spindles each. RMSE stands for 

Root Mean Squared Error. 

 

Real Data 

The results of the repeated-measures analysis of variance on the effects of driving section and 

channel group are summarized in Table 2. Figure 4 visualizes the results by showing the 

means over all participants for each dependent measure, channel group and driving section. 

Table 2: Statistical results for the repeated-measures analysis (MANOVA) of driving section and 

channel group for alpha spindle measures and alpha band power. 
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Figure 4: Comparison of the first and last section of the drive for three channel groups. Values 

represent averages over all participants. Error bars indicate the standard errors of the means (* p < .05, 

** p < .01). 
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All measures except spindle frequency showed significant differences (p�<�.05) between the 

first and last driving epoch. Spindle rate, spindle duration and spindle amplitude showed the 

highest differences between the two driving sections as reflected in the partial �
2
-values, with 

the highest �
2
-value (.715) for spindle rate. 

Only spindle frequency showed a significant effect for the channel groups. Frontal channels 

had a lower frequency than central channels (F(1,9) = 20.55; p = .001; �
2 
= .695) and central 

channels were lower in frequency than the parieto-occipital group (F(1,9) = 19.62; p = .002; 

�
2 

= .686). Figures 4a-d indicate a tendency of increased alpha spindle activity going from 

anterior to posterior sites, reflected by a higher spindle rate and longer spindle duration.  

For none of the dependent measures a significant interaction of driving section and channel 

group was observed, indicating similar changes in parameter values with increasing fatigue 

for all channel groups. 

Considering the relative increase of the fatigue measures from the first to the last driving 

section, spindle rate (Figure 4a) showed the highest dynamic with 90% increase for all 

channels as compared to only 32% increase for alpha power (Figure. 4e). 

 

Drop-Outs / Non Drop-Outs Comparison 

 

In the following “drop-outs” refers to participants who aborted the drive due to excessive 

fatigue and “non drop-outs” to those who completed the whole driving course. 

For all participants the devolvement of fatigue was confounded with the factor time-on-task. 

To disambiguate the influence of the two factors fatigue and time, we compared the data of 

non drop-outs and drop-outs from the same experiments. 31 valid non drop-out data sets were 

available. For those we limited the driving duration to a randomly assigned driving duration 

sampled from a normal distribution with mean 2:23h and standard deviation 0:38 h (same 

distribution of driving duration as for the drop-outs). 

We only considered parameters that had significant effects in the preceding analysis (all 

measures except the spindle frequency). We entered the mean of each parameter in the first 

and last 20 min of driving averaged over all channels into a 2-way repeated-measures analysis 

for within-subject (“driving section”) and between-subjects (“drop-out”) comparisons (again 
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implemented using a MANOVA approach). Averaging over channels was reasonable since no 

significant interaction between driving segment and electrode group was found. The results 

are presented in Table 3 and Figure 5. 

 

Table 3: Statistical results for the comparison of drop-outs vs. non drop-outs using a repeated-

measures analysis with within-subject factor “driving section” and between-subjects factor “drop-out”. 

A multivariate approach (MANOVA) was used. 

 

 

We observed significant within-subject effects of driving section for all dependent measures 

reflecting an increase from the first to the last 20 minutes of driving. Further, there were 

significant interactions between driving section and subject group for the dependent measures 

spindle rate, spindle amplitude and spindle duration indicating a larger increase of the 

dependent measures from early to late sections for the drop-outs as compared to the non-drop-

outs. There were also significant between-subject effects for spindle rate and spindle duration 

with higher levels for drop-outs. 
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Figure 5: Mean parameter values for the comparison of drop-outs and non drop-outs. Error bars 

indicate the standard errors of the means (* p < .05, ** p < .01). 

 

Temporal Resolution 

 

So far, only mean values of the 20 min sections from the beginning and the end of a drive 

have been reported. To address a higher temporal resolution of the fatigue measures, mean 

values of windows of 1 to 10 min length within the 20 min sections were computed and the 

discriminative power was analyzed. Only alpha spindle rate was considered, since this has 

proven to be the most discriminative parameter in the previous analysis. A ROC analysis of 

the first (awake) vs. the last 20 minutes (fatigued) of driving was conducted. This ROC 

analysis is different to the one conducted for the simulated spindles. It investigates how 

accurately an alpha spindle rate value, measured on different time scales, can predict the 

fatigue state of a driver. The true positive rate is the number of true positives divided by the 
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total number of windows from the last 20 min. The false positive rate is the number of false 

positives divided by the total number of windows from the first 20 min.  

The alpha spindle rate was computed for every channel in overlapping time windows of 1 to 

10 min duration with a 10 s step width for the first and last 20 min of driving. In order to pool 

the spindle rate of all drop-outs, the data had to be normalized, since the participants had 

different offsets and variances in their respective spindle rates. Normalization is done by 

firstly subtracting the mean of a time window computed over all channels from each channel 

and secondly, by dividing each channel by the standard deviation computed over all channels. 

This way the ratios between the channels were preserved. Since no significant differences 

between the channel groups were observed for spindle rate (see Table 2), we averaged the 

value of each time window over all channels. Next the data of all drop-outs were pooled. 

ROC curves were generated by varying a threshold for spindle rate deciding whether a time 

window was considered awake or fatigued. 

Figure 6 shows the ROC curves for window lengths of 1, 3, 5, 7 and 10 min and the 

corresponding area under curve (AUC, Fawcett, 2006). All temporal resolutions show a clear 

ability to distinguish between the two fatigue states, but with varying quality. As one would 

expect, performance improves with increasing window length at the expense of temporal 

resolution. Especially from 1 min to 3 min there is a clear performance improvement. 
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Figure 6: ROC analysis of the spindle rate computed in different window lengths for the first and last 

20 min of driving. Discrimination between the two sections was performed. The table shows the area 

under curve (AUC) for each window length. 
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Discussion 

Based on simulated data we were able to show that the FFT-based detection delivers very 

good results with regard to detection performance and accuracy of alpha spindle parameter 

estimation. By approximating the noise level with an exponential fit, we estimated the 

oscillation index in our experimental data to an average value of 3.9 (SD = .6) which 

corresponds to a SNR of -3 dB. We further showed on the basis of real EEG data from a real 

traffic study that the proposed method is better suited to measure driver fatigue under real 

driving conditions than traditional EEG band power measures. 

Statistical analysis of real driving data revealed significant increases between the first (awake) 

and the last (drowsy) 20 minutes of the drive for all alpha spindle parameters except spindle 

frequency. For the same alpha spindle parameters effect sizes were higher than for alpha band 

power (see Table 2). This confirms our hypothesis that alpha spindles are a more sensitive 

indicator of driver fatigue for real-traffic experiments than alpha power. On group level, we 

found a significant increase of fatigue-related parameters in general, without being prominent 

at a particular site. This is in contradiction with studies which showed prominent increase of 

alpha power over central and parietal sites, but not frontal sites (for reviews see Lal and Craig, 

2001 and Oken et al., 2006).�However, one possible explanation is the different definition of 

frequency band boundaries. For example, fatigue related effects at frontal sites were reported 

for the theta band with an upper boundary of 8 Hz (Lal and Craig, 2002; Strijkstra et al., 

2003), which overlaps by 1 Hz with our alpha band starting at 7 Hz. Another reason could be 

the individual site with prominent alpha spindle activity ranging from parieto-occipital to 

frontal-midline (see Figure 7). Cortical sites with significant differences that vary individually 

may result in reduced effects at all sites on group level. One decisive difference between the 

above mentioned articles and our studies is represented by the fact that our measurements 

were performed under real driving and real traffic conditions as compared to measurements 

performed in driving simulators and often under sleep deprivation. 
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Figure 7: Alpha spindle rate for all drop-out participants from the first and last 20 min of driving. The 

cortical site with prominent alpha spindle activity varies between subjects.  

 

The comparison of drop-outs and non drop-outs confirmed the adequacy of the alpha spindle 

parameters as measures for critical fatigue. Since a significant effect of the factor “driving 

section” (time-on-task) had to be expected as it is confounded with emerging fatigue, the 

interaction between driving section and subject group revealed a more pronounced parameter 

increase for spindle rate and spindle duration for participants who aborted the drive (see 

Figure 5). Consequently, both parameters allow discriminating between mere time-on-task 

effects and critical fatigue. 

Additionally, testing for the simple main effect (two-sample t-test) of the between-subjects 

factor within the first 20 minutes revealed that spindle rate (T(39) = 3.41; p = .002) as well as 
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spindle duration (T(39) = 2.93, p = .006) allow to distinguish between drop-outs and non 

drop-outs already within the first 20 minutes, which is not possible based on the alpha power 

measure. A similar study was performed by Otmani et al. (2005), where sleep-deprived and 

non sleep-deprived participants could not be discriminated at the start of a drive based on 

theta and alpha band power. This further demonstrates the higher sensitivity of the alpha 

spindle measures to critical fatigue. 

The ROC-analysis of the alpha spindle rate’s temporal resolution revealed a trade-off between 

performance and resolution (Figure 6). The performance improvement for longer time 

windows is a result of a smaller variance of the data as compared to short time windows. This 

is caused by two factors. Firstly, longer moving average windows smooth the signal and result 

in a reduced variance. Secondly, short-time fatigue variations detectable with an accordingly 

high temporal resolution are not taken into account by the two 20 min sections “awake “ and 

“fatigued” which postulate a constant state over the entire duration. We conclude that for our 

application domain, a window length of three to five minutes results in an acceptable trade-off 

between performance and temporal resolution. 

In the present study we only aimed at separating two clearly defined distinct states: awake vs. 

fatigued. Figure 8 demonstrates the alpha spindle rate’s ability to reproduce the devolution 

between these two states in comparison with alpha power. It shows the average of both 

parameters for the drop-outs in every driving duration quintile of each individual drive. 

Whereas the spindle rate shows a strictly monotonic, almost linear increase with low standard 

deviations, the alpha band power shows a much lower increase over time and a reduced 

consistency across subjects represented in higher standard deviations. This supports our 

hypothesis that alpha spindles are fatigue indicators with both higher specificity and higher 

sensitivity than traditional alpha band power measures. 
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Figure 8: Time evolution of spindle rate and absolute alpha band power. Due to the unequal driving 

durations, driving time was divided into 5 segments (quintiles) and segments 2 to 5 were referenced to 

the first segment. The average over all channels was used to calculate the mean and standard deviation 

over all subjects indicated by error bars. 

 

In our analysis we limited the comparison of alpha spindle parameters to alpha power only 

because it is the most widely used EEG fatigue indicator in the driving context. For the sake 

of completeness we also report the results for delta, theta and beta power and also the 

frequently used ratio (alpha + theta)/beta (power). The same analysis approach as described in 

the chapter Statistical Analysis was used. Results are shown in Table 4. None of these band 

power measures shows a significant effect of driving section. This confirms previous findings 

according to which alpha band based measures are better suited for real traffic experiments 

than other frequency bands (Caille and Bassano, 1977; O’Hanlon and Kelly, 1977; Kecklund 

and Åkerstedt, 1993; Lin et al., 2005).  
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Table 4: Statistical results for EEG band power measures. The same repeated-measures design as 

described in chapter Statistical Analysis was used. 
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a b s t r a c t

To investigate the effects of monotonous daytime driving on vigilance state and particularly the ability to

judge this state, a real road driving study was conducted. To objectively assess vigilance state, performance

(auditory reaction time) and physiological measures (EEG: alpha spindle rate, P3 amplitude; ECG: heart

rate) were recorded continuously. Drivers judged sleepiness, attention to the driving task and monotony

retrospectively every 20 min. Results showed that prolonged daytime driving under monotonous con-

ditions leads to a continuous reduction in vigilance. Towards the end of the drive, drivers reported a

subjectively improved vigilance state, which was contrary to the continued decrease in vigilance as indi-

cated by all performance and physiological measures. These findings indicate a lack of self-assessment

abilities after approximately 3 h of continuous monotonous daytime driving.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Following Mackworth (1957), who defined vigilance as “the

state of readiness to detect and respond to certain specified small

changes occurring at random time intervals in the environment,”

driving can be classified as a vigilance task, especially when it is

performed in a monotonous environment with little task demand.

This also follows Parasuraman’s (1998) somewhat broader defini-

tion of vigilance as “the ability to sustain attention to a task for a

period of time”. Fluctuations in vigilance in general and a vigilance

decrement in particular constitute a serious risk to traffic safety.

As approximately 15–20% of the fatal accidents can be ascribed

to sleepiness and fatigue (Hell and Langwieder, 2001; CARE, EU

road accidents database, 2009), Europe was faced with at least

6000 vigilance-related fatalities in 2007, the most common and

severe cause of these accidents being the driver falling asleep while

∗ Corresponding author at: Daimler AG, Research and Development, HPC H602,

Leibnizstr. 2, 71032 Böblingen, Germany. Tel.: +49 7031 90 60555;

fax: +49 711 3052 178179.

E-mail addresses: eike andreas.schmidt@daimler.com,

eikeandreas.schmidt@uni-duesseldorf.de (E.A. Schmidt),

michael.schrauf@daimler.com (M. Schrauf), michael.m.simon@daimler.com

(M. Simon), martin.fritzsche@daimler.com (M. Fritzsche),

axel.buchner@uni-duesseldorf.de (A. Buchner), wilhelm.kincses@daimler.com

(W.E. Kincses).

driving. Typically carried out in driving simulators, at night and

oftentimes with sleep-deprived participants, a fair amount of driv-

ing studies investigated the occurrence of microsleeps (Boyle et al.,

2008; Moller et al., 2006; Papadelis et al., 2007). However, there

is evidence from accident data (Folkard, 1997) as well as from

experimental studies (Thiffault and Bergeron, 2003) that vigilance

fluctuations have a significant negative impact on driving safety

also during daytime driving and especially under monotonous

conditions (Dinges, 1995). Unfortunately, there are only few day-

time driving studies investigating drivers’ vigilance states under

monotonous conditions, and only a subset of those studies were

conducted in a real road situation (Brookhuis and De Waard, 1993;

Tejero and Choliz, 2002). Based on the finding that fatigue develops

differently in a simulator as compared to real road driving condi-

tions (Belz et al., 2004; Philip et al., 2005) we decided to conduct a

road driving study in real traffic in order to maximize the ecological

validity of the results. Given the debate on how well people are able

to judge their own vigilance state (see Section 1.2) it seemed appro-

priate to put a distinct focus on a possible dissociation between the

drivers’ self-assessment on one side and performance as well as

physiological indicators of vigilance on the other.

1.1. Factors affecting vigilance in driving

Thiffault and Bergeron (2003) pointed out that factors affecting

vigilance can be divided into exogenous and endogenous factors

0001-4575/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.

doi:10.1016/j.aap.2009.06.007
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depending on whether they stem from within the organism or

whether they are caused by characteristics of the task performed.

Vigilance can be influenced by monotony which may itself serve

as a cause or a multiplier of fatigue or sleepiness (Dinges, 1995;

Thiffault and Bergeron, 2003). Monotony of the road environment is

therefore classified as an exogenous factor. It constitutes the central

factor imposed in our experimental design. In terms of Wertheim’s

(1991) definition, monotony in driving is not only caused by a lack of

alerting stimulation but also by a high predictability of the situation.

Fatigue is exogenously influenced as it follows sustained

activity and can be overcome by rest (Philip et al., 2005).

Desmond and Hancock (2001) further differentiated between active

fatigue following a task that requires continuous and prolonged

perceptual-motor adjustments and passive fatigue which devel-

ops in a monitoring task with only rare perceptual-motor response

requirements. As the task of monotonous driving integrates both

sorts of fatigue we prefer the term task-related fatigue here.

Sleepiness can be defined as the difficulty in remaining awake

(Philip et al., 2005). It is influenced by circadian and homeo-

static variables. It is thus endogenously based and can be reduced

after sleep. In our experiment we did not directly manipulate par-

ticipants’ sleepiness (e.g., by sleep deprivation) but focused on

introducing a vigilance decrement by task characteristics.

Independent of whether monotony, fatigue or sleepiness (or any

combination thereof) reduces drivers’ vigilance, the best method to

improve a reduced vigilance state is to stop the car and take a break,

ideally including a short nap (Horne and Reyner, 1999). Therefore,

the drivers’ ability to correctly judge their vigilance state is of great

importance for traffic safety.

1.2. Self-assessment of vigilance

Research on the reliability of the self-assessment of vigilance

state has led to contradicting results. Several studies showed that

self-ratings are not sufficiently accurate to serve as reliable and valid

indicators of reaction times, driving performance or sleep propen-

sity (Belz et al., 2004; Lenné et al., 1997; Moller et al., 2006; Philip

et al., 1997, 2005). For instance, Philip et al. (2003) reported that

self-assessment of subsequent performance in a reaction time task

was rather poor under prolonged daytime driving conditions.

Data obtained in other studies, most of which were conducted

under conditions of sleep deprivation or at night-time, suggested

that people are generally capable of judging possible performance

impairments in tasks such as in driving (Baranski, 2007; Horne and

Baulk, 2004; Lisper et al., 1986; Nordbakke and Sagberg, 2007).

Therefore one could argue that people are well aware of their dete-

riorating vigilance, but that early warning signs are often ignored

or misinterpreted. Another explanation for these disputed results

might have been the use of different vigilance measures across

the different studies. In order to gain a more complete picture of

the drivers’ self-assessment ability, we decided to study a set of

objective and subjective measures in a single study.

1.3. Objective measures and their use in studies on monotonous

driving

1.3.1. Performance measures

Given that a reduction in vigilance is actually defined by a per-

formance decrement (Mackworth, 1957), performance measures

have high face validity for the evaluation of vigilance states. From

a safety perspective we had to avoid a state where ongoing driving

performance would be too seriously degraded. Nevertheless it was

our objective to detect even minor changes in vigilance state that

might lead to a reduced ability to respond to unforeseen events. We

therefore decided to implement a simple secondary auditory task

that most likely would not interfere with the motor requirements

of the driving task, assuming that even minor reductions in vigi-

lance should first be reflected in secondary task performance. To

ensure that the auditory task would be performed as a secondary

task in accordance with the subsidiary task paradigm (O’Donnell

and Eggemeier, 1986), participants were explicitly instructed to pri-

oritize the primary task of driving. In addition, it was to be expected

that the potentially high costs of errors would also cause partici-

pants to give the highest possible priority to the driving task.

In the context of a real driving situation, Laurell and Lisper (1978)

demonstrated that a secondary task was sensitive to changes in vig-

ilance and predictive of brake reaction time. Other studies showed

that slow reactions (as opposed to fast ones) are particularly sen-

sitive indicators of states of reduced vigilance (Graw et al., 2004;

Williams et al., 1959).

1.3.2. Physiological measures

As the primary physiological method we used electroen-

cephalography (EEG) to measure the driver’s brain activity

continuously. From the various measures that can be derived from

the EEG we decided to use the spontaneous alpha spindle rate that

is a feature derived from the alpha-band (6–13 Hz) which has been

shown to correlate with changes in vigilance in the driving context

(Kecklund and Akerstedt, 1993; Papadelis et al., 2007; Tietze and

Hargutt, 2001). Based on these earlier findings we implemented

an automated algorithm that extracts the alpha spindle rate from

the continuous EEG. The main reasons for preferring this measure

to the classic power measures are its robustness against external

noise and artifacts as well as its superior specificity to changes in

vigilance. We also assessed the amplitude of the stimulus-induced

P3 event related potential (ERP, for a review see Polich, 2007) that

has also been shown to be sensitive to changes in vigilance (Koelega

et al., 1992). The P3 amplitude can be interpreted as a measure of

the processing depth of the auditory stimulus. Additionally, the par-

ticipant’s heart rate was recorded as an indicator of the physical

activation level which has also shown to be sensitive to vigilance

changes (O’Hanlon and Kelly, 1977). For a thorough review of objec-

tive driver state measures we refer to Tejero Gimeno et al. (2006).

1.4. Hypothesis

We hypothesized that all objective measures would indicate a

monotonous reduction in vigilance state as a function of the dis-

tance driven (i.e. an increase of the mean of the slow reaction

times; an increase of the alpha spindle rate; a decrease of the P3

amplitude and heart rate). Following the controversy concerning

the drivers’ self-assessment ability we refrained from formulating a

specific hypothesis about the effect of driving distance on subjective

measures of vigilance.

2. Methods

2.1. Participants

Twenty-nine right-handed participants (20 males, 9 females;

age: M = 29.2; range: 23–49) with extensive driving experi-

ence (mean driving distance of approximately 20,500 km, i.e.

12,000 miles per year) were recruited on a voluntary basis for

an “in-car EEG-study on attentional processes”. Participants were

screened for a variety of exclusion criteria (handedness, auditory

and visual disabilities, and various illnesses), instructed to sleep

regularly the night before the experiment, and to refrain from con-

suming caffeine in the morning on the day of the experiment. For

their participation they received compensation in form of a gift

worth approximately D 25.

The size of the sample available for data analysis was reduced

due to technical problems leading to insufficient EEG data quality
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Table 1
Subjective measures.

Concerning the time period since the last prompting. . .

KSS . . .how would you describe your predominant state?

Extremely

alert

Alert Neither alert nor

sleepy

Sleepy, but no difficulty

remaining awake

Extremely sleepy,

fighting sleep

1 2 3 4 5 6 7 8 9

ATT . . .how attentively have you been driving?

Extremely

attentively

Attentively Neither

attentively nor

inattentively

Inattentively Extremely

inattentively

1 2 3 4 5 6 7 8 9

MON . . .how did you perceive the drive?

Extremely

varied

Varied Neither varied

nor monotonous

Monotonous Extremely

monotonous

1 2 3 4 5 6 7 8 9

(six participants), lack of compliance (two participants) and fatigue-

related break-offs (three participants). As a result, 19 (14 males, 5

females; age: M = 29.4, range: 23–49) complete data sets containing

all measures were available for statistical analysis.

2.2. Materials and procedures

On the test day the participants arrived at the lab at 10:30 am and

signed an informed consent form. While the physiological record-

ing equipment was applied, the participants completed German

versions of the morningness–eveningness–questionnaire (D-MEQ;

Griefahn et al., 2001) and the Edinburgh handedness inventory

(Oldfield, 1971). To control for possible circadian (Folkard, 1997;

Lenné et al., 1997) and nutritional effects (Smith and Miles, 1986)

all participants had lunch at 11:30 am before a 30-min EEG-baseline

containing typical body movements and resting-EEG was recorded

in the car. The baseline was recorded in order to allow for research

on advanced EEG-artifact processing; these data are not presented

here.

Following the German legal maximum driving duration for

commercial drivers (4.5 h) the length of the drive was set to approx-

imately 4 h, resulting in an experimental course of 428 km (about

267 miles) on the A 81 Autobahn (between exits Ehningen and

Gottmadingen). This route was subdivided into four sections of

107 km length, each section thus corresponding to about an hour

of driving time. In an attempt to ensure as much monotony as pos-

sible, the participants drove on this low-traffic highway off rush

hour times. For practical reasons we started and ended the experi-

ment close to an urban area, which implies that the initial and final

sections comprised several kilometres on an interurban Autobahn.

According to statistics of the German Federal Highway Research

Institute (Fitschen et al., 2007) this resulted in a significantly higher

average traffic density for sections 1 and 4 as compared to sections

2 and 3 (Fig. 1).

Participants started the drive at 12:45 pm and returned, on aver-

age, after about 3:45 h of driving, except for cases in which the

experiment was terminated early by the participants. Three pre-

defined turns were necessary and interrupted the continuous run

at about 1:00, 1:40, and 2:20 h cumulated driving duration.

Participants had to be sufficiently rested upon arrival. They

knew that they could stop driving at any time without any mon-

etary or other penalties. This occurred in three cases. For additional

safety reasons, an investigator accompanied the participant in the

car, continuously monitoring the driver and ready to intervene

whenever necessary. The test car was a Mercedes-Benz S-Class

(W221). The participants’ task was to drive at a speed not exceeding

130 km/h (approximately 80 mph; recommended maximum speed

on German highways) and to comply with the traffic rules at all

times. They were instructed to use automatic shift and to refrain

from turning on the radio or using other in-car devices. Further,

participants were asked not to talk to the investigator and to avoid

unnecessary movements in order to reduce artifacts in the EEG

recording.

2.3. Subjective measures

As a compromise between a high temporal resolution and a low

amount of intrusion we decided to prompt the drivers every 20 min

for their retrospective vigilance assessment. As vigilance indica-

tors we used a well-established single-item indicator of sleepiness

(Karolinska Sleepiness Scale, KSS; Åkerstedt and Gillberg, 1990) and

two similarly constructed items assessing inattention (ATT) and

monotony (MON, for an overview see Table 1). The investigator

verbally prompted the driver to judge sleepiness, inattention and

monotony with regard to the previous 20 min of driving time.

2.4. Performance measures

The participants were instructed that the auditory oddball reac-

tion time task was only to be completed if they felt that it was safe

to do so in a given driving situation. The participants had to respond

to infrequent target tones (500 Hz, 20% probability) that were pre-

sented in a random sequence mixed with frequent distractor tones

(400 Hz, 80%) by pressing a button fitted to their right thumb. The

inter-stimulus interval varied randomly between 4 s and 6 s. The

Fig. 1. Average 24 h traffic density.
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constant pitch of the stimuli reduced their alerting potential to a

minimum. Only button presses that fell into a response window of

200–4000 ms following stimulus presentation were analyzed. For

every route section of 107 km, and separately for each participant,

the mean of all reaction times above the 80%-percentile was calcu-

lated as a measure of the participants’ slow reactions, and the mean

of all reaction times below the 20%-percentile was calculated as a

measure of participants’ fast reactions. Consistent with Williams

et al. (1959) we decided to focus on the mean of the slowest reac-

tions as these are known to be particularly sensitive to changes in

vigilance state.

2.5. Physiological measures

EEG and electrocardiogram (ECG) were recorded from 128 elec-

trodes (1000 Hz sampling rate, low cut-off: 0.016 Hz; high cut-off:

250 Hz) using BrainAmp recording hardware (Brainproducts GmbH,

Munich). The EEG signal was down-sampled to 250 Hz and band-

pass filtered (0.5–50 Hz); artifactual channels were excluded from

further analysis. In order to minimize ocular and muscular artifacts,

independent component analysis (Jung et al., 2000) was applied.

Only those components carrying a temporal and spatial pattern

resembling that of neural sources were accepted.

We used an automated algorithm to extract sharp spectral peaks

within the alpha band (6–13 Hz), which we call alpha spindles,

and to determine amplitude, peak frequency and duration of these

peaks. In this paper we focus on the alpha spindle rate, which is the

occurrence rate of alpha spindles within each of the four sections

of the drive. As the alpha rhythm is most prominent over parieto-

occipital sites we analyzed the signal of electrode Pz. To account for

inter-individual differences an alpha spindle index was derived by

dividing each section by the reference value of the first section.

To extract the P3 amplitudes the pre-processed EEG signal of

electrode CPz was averaged time locked to the presentation of the

oddball stimulus. A baseline-correction (relative to −200 ms to 0 ms

pre-stimulus time window) was applied. The P3 amplitude then

was defined as the maximum value of the signal in a time window

from 300 ms to 600 ms post-stimulus minus the minimum value in

a time window from 0 ms to 300 ms post-stimulus.

R-peaks were identified from the ECG using an automated algo-

rithm in Matlab and the average heart rate was calculated for every

experimental block.

2.6. Data reduction

In order to assess the subjective, performance and physiolog-

ical correlates of monotonous driving, data epochs which clearly

lacked monotonous driving (i.e. communication between driver

and investigator, turning points, workload-inducing driving situ-

ations, traffic jams and short stops) were discarded from the data

analysis. For that purpose, all situations which were noticeably non-

monotonous were logged by the investigator accompanying the

participant. This resulted in an average loss of 11.9% of the data

(SD = 2.9). For all measures the mean over each section of 107 km

length was calculated.

2.7. Experimental design

The only independent variable in our experimental design was

the distance driven (four sections of 107 km each). Dependent vari-

ables were (a) subjective measures of vigilance (sleepiness [KSS],

inattention [ATT] and monotony [MON]), (b) performance measures

(slow and fast reactions) and (c) physiological measures of vigilance

(alpha spindle rate (ASR), P3 amplitude (P3A) and heart rate (HR)).

An a priori statistical power analysis using G*Power 3 (Faul et

al., 2007) showed that in order to detect effects of f = .50 assum-

ing a population correlation among the levels of the repeated

measures variable of � = .50 (estimated from pilot data) and given

˛ = ˇ = .05, N = 13 participants were needed. A sensitivity power

analysis showed that given a final sample of N = 19, effects of size

f = .39 could be detected under otherwise identical conditions. A

multivariate approach (MANOVA) was used for all within-subject

comparisons to identify the effect of the driving distance variable

for each dependent measure. All multivariate test criteria corre-

spond to the same (exact) F-statistic, which is reported. The level of

˛ was set to .05 for all analysis. Whenever H0 had to be rejected, the

partial �2 is reported as a measure of relative effect size. Statistically

significant results were subjected to post hoc trend-analyses using

polynomial contrasts. Only significant linear and quadratic trends

are reported.

3. Results

It was confirmed that all participants were right-handers (all

handedness-indices >0). The D-MEQ results showed that the large

majority of participants (15) fell into the neutral chronotype group.

Considering the small variability in chronotype and the small sam-

ple size, we refrained from entering chronotype as a further factor

into the analysis.

The results of the MANOVAs testing the effect of the driving

distance variable (sections 1–4) on the dependent variables are

summarized in Table 2. Significant quadratic trends for KSS and

ATT indicate a relatively better subjective state at the beginning

and at the end of the drive compared to the two middle sections

(Fig. 2). The same pattern of results was found for the measure MON

although the main effect barely failed to reach significance (Fig. 2).

Table 2
Statistical results.

Main effect Trend analysis

F(3,15) p �2 Type F(1,17) p �2

Subjective

MON 3.23 .053 .392 Quadratic 9.19 .008 .351

KSS 8.49 .002 .629 Quadratic 9.99 .006 .370

ATT 4.47 .020 .472 Quadratic 10.06 .006 .372

Performance

Fast reactions 1.74 n.s.

Slow reactions 6.38 .005 .561 Linear 13.36 .002 .440

Physiology

ASR 5.05 .013 .503 Linear 9.77 .006 .365

P3A 3.74 .035 .428 Linear 10.25 .005 .376

Heart rate 11.86 <.001 .703 Linear 17.83 .001 .512

Fig. 2. Subjective measures (rating: 1–9). Error bars represent the standard errors

of the means.
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Fig. 3. Reaction times. Error bars represent the standard errors of the means.

Fig. 4. Alpha spindle rate at electrode Pz (relative to first section). Error bars repre-

sent the standard errors of the means.

As expected, the mean of the fast reactions did not differ signif-

icantly among the four sections. In contrast, the mean of the slow

reactions showed a significant effect in terms of a linear increase

from section 1 to 4 (Fig. 3).

The same pattern of results was observed for the physiologi-

cal measures (alpha spindle rate, P3 amplitude and heart rate, see

Figs. 4–6). There was a linear increase in the alpha spindle rate and

a linear decrease in the P3 amplitude and as well as the heart rate.

Fig. 5. P3 amplitude at electrode CPz. Error bars represent the standard errors of the

means.

Fig. 6. Heart rate. Error bars represent the standard errors of the means.

4. Discussion

The participants’ subjective evaluation of their vigilance level

indicates that the induction of monotony was successful. It is also

obvious that the quasi-experimental variation in traffic density led

to a reduction of monotony at the beginning and at the end of the

drive. Most interestingly, drivers reported a subjective improve-

ment of their vigilance (as indicated by their assessments of their

sleepiness and attention for the driving task) towards the end of

the drive. However, this subjective improvement contradicted all

objective measures of vigilance. Reaction times, EEG alpha spindle

rate, P3 amplitude and heart rate consistently indicated a continu-

ous reduction in vigilance even for the fourth and final section of

the drive. This leads us to conclude that drivers in a reduced state of

vigilance following prolonged and monotonous driving are vulner-

able to a misjudgement of their objective vigilance state in terms

of performance and physiological parameters.

4.1. Reason for misconception

It is not possible to clearly identify whether the subjective

increase in vigilance in the final section of the drive was due to

effects of circadian phase, increased traffic density, the (joyful)

expectation that the drive would soon be over, or any combination

of these variables. All these variables were confounded in the final

section of the drive. This state of affairs does not reduce the prac-

tical relevance of the finding that self-assessment of vigilance may

dissociate from objective measures of vigilance. Further research is

needed to shed light on the interrelations of the variables that may

cause this potentially fatal dissociation.

4.2. Reaction times

The increase in the slow reactions as compared to the fast

reactions points to the validity of the separate analysis of the long

reaction times. A possible problem is that the increase in traffic

density in the fourth section of the drive may have resulted in

a shift of attentional capacity away from the reaction time task

towards the driving task. If so, then the observed increase in the

long reaction times could be the result of an increased workload

rather than a decrease in vigilance. However, this alternative expla-

nation seems very unlikely, because a shift of attention towards

the visual modality would have to be accompanied by a reduction

in alpha spindle rate. This was clearly not the case. Conversely, if

one wanted to interpret the EEG in light of an attentional shift, the

observed increase in alpha spindle rate would imply a switch of

attention towards the auditory task (Gladwin and de Jong, 2005).

Further an increase in workload in the last section of the drive
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would have to be accompanied by an increase in heart rate. This

was not observed either. Finally, given that the traffic density in

sections 1 and 4 was nearly identical, reaction times also should

have been nearly identical in these two sections if the speed

of responding simply reflected traffic density related workload

differences. Obviously, this was not the case.

While we cannot conclude with certainty from our data that

the deterioration of reaction time performance in our auditory

secondary task goes along with a reduced driving ability in terms of

a reduced speed in responding to unforeseen events, it is possible

to point to earlier research showing a positive correlation between

auditory reaction times (Laurell and Lisper, 1978). In our case,

travelling at a speed of 130 km/h the observed increase in slow

reaction times of 200 ms in average corresponds to a potential

increase in stopping distance of approximately 7 m. This significant

increase underscores the safety relevance of our findings.

4.3. Future research

The present study was designed to investigate one driving course

performed at a fixed time of day. Future studies should be aimed at

uncovering how well the pattern of results observed here general-

izes to other road environments and to different times of day and

night. Future research is also needed to identify and evaluate poten-

tial countermeasures that, on one hand, decrease driver’s proneness

to the effects of monotonous driving and, on the other hand, sup-

port the driver’s ability to judge his or her own state correctly. The

present data show that this judgement ability is vulnerable under

certain conditions. Research is thus needed on the acceptance of

modern driver monitoring systems. Such systems might correctly

judge the driver’s state as inattentive while the driver feels alert

enough to continue his drive. Educative actions communicating

the shortcomings of human self-monitoring might be a promis-

ing approach here. Finally, performance and physiological measures

might be suited to objectively identify particularly monotonous and

therefore dangerous road environments that lead to an accelerated

vigilance decrement, but this assumption, too, needs to be validated

experimentally.

5. Conclusion

In conclusion, the data presented here show a good correspon-

dence between subjective measures and reaction times as well as

physiological measures for the first three of four sections of driv-

ing a long distance. All measures indicated a decrease in vigilance.

However, in the fourth and final section of the drive a clear disso-

ciation was observed between subjective and objective measures

of vigilance. Given that all objective measures consistently point to

a further decrease in vigilance in the fourth section, we must con-

clude that participants misjudged their subjective states at the end

of the drive. Factors such as a less monotonous driving situation in

the last section, the expectancy that the trip will be over soon or

circadian phase might all have contributed to this misjudgement.

The present findings further support the potential benefit of

driver assistance systems that constantly monitor the driver’s state.

This is especially true for systems that are sensitive to the early

levels of inattentive driving. Given appropriate acceptance, these

systems supply drivers with an objective evaluation of their ability

to drive, they can keep drivers from continuing to drive following

a misjudgement of their own state, and therefore they can reduce

the probability of vigilance-related accidents.
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Abstract 

To investigate the effects of verbal assessment of subjective driver state on objective 

indicators of vigilance state during a monotonous daytime drive, a real road driving study was 

conducted. During a four-hour drive participants’ subjective state (sleepiness, inattention, 

monotony) was assessed every 20 minutes by an investigator accompanying the drive. The 

assessment procedure consisted of roughly one minute of verbal interaction. Physiological 

indicators (EEG alpha spindle rate, blink duration, heart rate) revealed a significant 

improvement of vigilance state during the communication episode as compared to a pre-

assessment baseline. The activation persisted for up to two minutes following the end of the 

verbal interaction. Reaction times supported these findings by indicating a significant 

decrease after the communication. The P3 amplitude of the auditory event related potential 

did not show any consistent results. It can be concluded that a short verbal assessment has 

positive effects on drivers’ vigilance state. However, these effects persist only for a very 

limited time. The implications of these findings for the frequency of verbal assessment during 

experimental studies and for the use of verbal communication as a fatigue countermeasure are 

discussed. 

 

Keywords: Vigilance; Fatigue; Monotony; Driving; Self assessment; Fatigue countermeasures
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1. Introduction 

The negative effects of prolonged monotonous night- and daytime driving on driver vigilance 

have been repeatedly investigated (e.g., Brookhuis & De Waard, 1993; Horne & Reyner, 

1999; O’Hanlon & Kelly, 1978; Philip, Sagaspe, Taillard, Valtat, Moore, Åkerstedt et al., 

2005; Schmidt, Schrauf, Simon, Fritzsche, Buchner, & Kincses, 2009; Thiffault & Bergeron, 

2003). In an attempt to reduce the number of fatigue-related accidents, numerous researchers 

have been working on the task of reliably detecting vigilance-related deficits in drivers (for 

reviews see Kecklund, Åkerstedt, Sandberg, Wahde, Dukic, Anund et al., 2006; Wright, 

Stone, Horberry, & Reed, 2007). The general absence of a single valid measure for every 

individual (Kecklund et al., 2006) makes it necessary to acquire a wide variety of vigilance 

indicators including subjective self-assessment measures of driver state. Subjective measures, 

often assessed verbally, bear the potential of influencing the state being under investigation 

(Kaida, Åkerstedt, Kecklund, Nilsson, & Axelsson, 2007) and by their nature cannot be 

recorded continuously. The objective of this study was to evaluate the magnitude and 

especially the duration of the potential influence of verbal assessment on driver state in real 

traffic. This should indicate how often a subjective assessment is feasible without 

significantly influencing the state under investigation. As the verbal assessment resembles a 

short communication between driver and passenger, the presented findings also allow 

inferring its potential as a countermeasure to a vigilance decrement under monotonous 

daytime driving conditions. 

 

1.1 Terminology: Fatigue and Sleepiness 

Sleepiness and fatigue are often used synonymously. For clarification May and Baldwin 

(2009) introduced their model of fatigue, distinguishing between task-related active as well as 

passive fatigue and sleep-related fatigue, which most authors refer to as sleepiness or the 

difficulty in remaining awake (Philip et al., 2005). May and Baldwin state that the 
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performance decrement - and therefore the task of detecting it - might be similar for all types 

of fatigue whereas countermeasures might only work for one or the other. Given that we 

investigated monotonous daytime driving with well-rested drivers, our focus is on task-related 

passive fatigue, although strictly speaking a minor influence of sleep-related fatigue could not 

be ruled out because our participants partly drove during their circadian afternoon dip. 

 

1.2. Subjective Assessment of Driver State 

Various single- and multi-item questionnaire measures of sleepiness have been developed and 

have been validated against both physiological as well as performance measures (e.g., 

Stanford Sleepiness Scale “SSS”: Hoddes, Zarcone, Smythe, Phillips, & Dement, 1973; 

Karolinska Sleepiness Scale “KSS”: Åkerstedt & Gillberg, 1990; Kaida, Takahashi, 

Åkerstedt, Nakata, Otsuka, Haratani et al., 2006). Apart from their limited objectivity, 

subjective questionnaire measures of sleepiness imply a tradeoff between the number of 

measurements in a given time period and the possibility of interfering with the process under 

investigation because answering questions may have activating effects and may thus reduce 

sleepiness. According to Kecklund et al. (2006) the measurement frequency of the KSS varies 

from once every three to five minutes down to just a few assessments per hour. Kaida et al. 

(2007) found that indeed the repeated rating of sleepiness reduced subjective post-test 

sleepiness, reduced EEG-alpha power, and improved the subjective perception of 

performance. Interestingly, task performance did not improve. This led the authors to 

conclude that the effects of sleepiness were underestimated in the sleepiness ratings. Kaida et 

al. were interested in the long-term effects of sleepiness ratings for an entire experimental 

session. Therefore, conclusions about the immediate influence of the verbal sleepiness 

assessments were not obtained.  
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1.2.1 Indications from Studies on Countermeasures 

Although little is known about the short-term effects of a subjective state assessment in a 

monotonous situation, related research on fatigue countermeasures might shed a light on this 

issue. A variety of experimental studies systematically evaluating the effects of potential 

countermeasures on sleep-related fatigue have been conducted by Reyner and Horne (e.g., 

1997; 1998). They concluded that the most effective and enduring countermeasure to 

sleepiness was a combination of caffeine intake and a short nap. In comparison, any positive 

effects of exposure to cold air and turning on the radio lasted only for about 15 minutes. 

However, questionnaire-based studies showed that in retrospective assessments between 25% 

and 35% of the drivers considered the engaging in a conversation with a passenger to be 

useful (Anund, Kecklund, Peters, & Åkerstedt, 2008; Maycock, 1997; Nordbakke & Sagberg, 

2007). Therefore, at least some positive effects of investigator-participant communications are 

to be expected, if only for a brief post-communication interval. 

 

1.2.2 Effect of Conversations 

To our knowledge the potentially activating effects of a verbal communication under 

monotonous driving conditions have been investigated in simulator studies only (Chan & 

Atchley, 2009; Drory, 1985; Gershon, Ronen, Oron-Gilad, & Shinar, 2009; Oron-Gilad, 

Ronen, & Shinar, 2008). Drory reported that long-haul truck drivers’ performance improved 

during a monotonous simulator drive when they were engaged in a short verbal task from 

time to time. Oron-Gilad et al. and Gershon et al. showed that a trivia game, carrying a verbal 

component, prevented deterioration of simulator driving performance and improved alertness 

assessed by physiological measures. This effect occurred immediately when engaged in the 

task but did not last longer than the task itself. 

Despite this, studies on the distracting effects of cell phone and passenger conversations 

(Caird, Willness, Steel, & Scialfa, 2008; Drews, Pasupathi, & Strayer, 2008; Horrey & 
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Wickens, 2006) have suggested that distraction might outweigh any positive effect of these 

types of conversations on driving performance. It is beyond the scope of this paper to 

disentangle these effects. We mainly focus on the effect following the communication. 

 

1.3 Assessing Drivers’ Vigilance State 

The vigilance measures applied in the research reported here can be classified as follows: 

- Continuous physiological measures with high temporal resolution and the possibility 

to take measurements both during and after the investigator-driver communication.  

- Discrete event-related measures elicited by an auditory stimulus (providing reaction 

times at the psychophysical, and event-related brain potentials at the 

neurophysiological side) that (a) need a sufficient number of stimuli for a reliable 

assessment and (b) cannot reasonably be recorded during the communication 

sequence. 

 

1.3.1 Continuous Measures 

In accordance with our previous research we used the alpha spindle rate, a feature derived 

from the EEG alpha-band (7 - 13 Hz), as a sensitive EEG-based measure of a vigilance 

decrement induced by a monotonous driving situation (Schmidt et al., 2009; see also 

Kecklund & Åkerstedt, 1993; Papadelis, Chen, Kourtidou-Papadeli, Bamidis, Chouvarda, 

Bekiaris et al., 2007; Tietze & Hargutt, 2001). Apart from its high specificity to changes in 

vigilance, the main reason for preferring this measure to the classic EEG power measures is 

its robustness against external and internal noise and artifacts. 

We also measured eye-blink duration because several authors reported blink duration to be 

their most informative occulomotoric parameter when measuring fatigue (Caffier, Erdmann, 

& Ullsperger, 2003; Ingre, Åkerstedt, Peters, Anund, & Kecklund, 2006). In a large sample 
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study Schleicher, Galley, Briest, and Galley (2008) observed a gradual increase in blink 

duration with decreasing alertness.  

Finally participants’ heart rate was recorded as an indicator of the physical activation level, 

which has shown to be a sensitive indicator of vigilance changes in the driving context 

(O’Hanlon & Kelly, 1977). 

 

1.3.2 Discrete Event-Related Measures 

In the context of a real driving situation, Laurell and Lisper (1978) demonstrated that an 

auditory secondary reaction time task was sensitive to changes in vigilance, and that it 

predicted brake reaction times. Slow reactions (as opposed to fast ones) seem to be 

particularly sensitive indicators of reduced vigilance (Graw, Kräuchi, Knoblauch, Wirz-

Justice, & Cajochen, 2004; Williams, Lubin, & Goodnow, 1959) even in the driving context 

(Schmidt et al., 2009). Accordingly we implemented a simple secondary auditory task that 

most likely would not interfere with the motor requirements of the driving task, assuming that 

even minor reductions in vigilance should first be reflected in secondary task performance 

(subsidiary task paradigm: O’Donnell & Eggemeier, 1986). Participants were explicitly 

instructed to prioritize the primary task of driving and it was to be expected that the 

potentially high costs of major driving errors would also cause participants to give the highest 

possible priority to the driving task. 

We further assessed the amplitude of the stimulus-induced P3 event-related potential (ERP, 

for a review see Polich, 2007) that has also been shown to be sensitive to changes in vigilance 

(Koelega, Verbaten, van Leeuwen, Kenemans, Kemner, & Sjouw, 1992; Schmidt et al., 2009) 

and can be interpreted as a measure of the processing depth of the auditory stimulus.  
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1.4. Hypothesis 

We hypothesized that (1) the drivers’ vigilance state should decrease with driving distance 

(main-effect of distance); (2) the verbal assessment of drivers’ state by the investigator should 

improve drivers’ vigilance state (main-effect of communication). 

 

 

2. Methods 

2.1 Participants 

Twenty-six right-handed participants (20 male, 6 female; age: M = 26.6, range: 21-40) with 

extensive driving experience (mean annual driving distance of approximately 20,500 km, i.e. 

12,800 miles per year) were recruited on a voluntary basis for an “in-car EEG driving study”. 

Participants were screened for a variety of exclusion criteria (handedness, auditory and visual 

disabilities, various illnesses), instructed to sleep regularly the night before the experiment, 

and to refrain from consuming caffeine in the morning on the day of the experiment. For their 

participation they received a monetary compensation of � 100. 

The size of the sample available for data analysis was reduced by three subjects who aborted 

the drive due to heavy fatigue after less than 2:30 h driving duration which would have 

resulted in too few data points for a reliable analysis. As a result, 23 (18 male, 5 female; age: 

M = 26.7, range: 21-40) data sets containing all measures were available for statistical 

analysis. 

 

2.2 Materials and Procedure 

Participants arrived at 9:00 am and signed an informed consent form. While the physiological 

recording equipment was applied, the participants completed the German versions of the 

morningness-eveningness-questionnaire (D-MEQ: Griefhahn, Künemund, Bröde, & Mehnert, 

2001) and the Edinburgh handedness inventory (Oldfield, 1971). Prior to the test-drive in real 
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traffic the participants completed a monotonous simulated driving session of approximately 

1.5 h duration starting at 10:00 am in a low-level fixed base simulator (Lane Change Task: 

Mattes, 2003). The results of the simulator study will be published elsewhere and are not 

subject of the present paper. To control for possible circadian (Folkard, 1997; Lenné, Triggs, 

& Redman, 1997) and nutritional effects (Smith & Miles, 1986) all participants had lunch at 

11:30 am before a 30-minutes in-car EEG-baseline was recorded containing typical body 

movements (i.e. look over shoulder) and resting-EEG to gain experience on typical artifacts. 

Following the German legal maximum uninterrupted driving duration for commercial drivers 

(4.5 h) the length of the drive was set to approximately four hours and fifteen minutes. To 

ensure as much monotony as possible, the participants drove on a low-traffic highway off 

rush hour times (A 81 Autobahn, south of Stuttgart, Germany). To minimize the systematic 

influence of route-specific factors, we decided to vary the exits where the participants were to 

change direction during the drive. This resulted in two different experimental courses of 

475 km (about 297 miles; tuning points at 118, 190, 261 and 342 km) and 481 km (301 miles; 

tuning points at 176, 248, 303 and 358 km). 

Participants started at 12:45 pm and returned, on average, after 4:08 h of driving, except for 

cases in which the experiment was terminated earlier by the participants or the investigator. 

The final sample included 19 subjects that completed the whole drive and four subjects that 

dropped out earlier but still supplied enough data for a reliable analysis (average break-off 

after 3:04 h of driving). 

Participants had to be sufficiently rested upon arrival. They were informed that they could 

stop driving at any time without any monetary or other penalties. An investigator 

accompanied the participant in the car, continuously monitoring the driver and ready to 

intervene whenever necessary. The test car was a Mercedes Benz S-Class (W221). The 

participants’ task was to drive at a speed not exceeding 130 km/h (approximately 80 mph; 

recommended maximum speed on German highways) and to comply with the traffic rules at 
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all times. They were instructed to use automatic shift and to refrain from turning on the radio 

or using other in-car devices. Further, participants were asked not to talk to the investigator 

outside the communication episodes except for the case of expressing the wish to abort the 

driving. Participants were also instructed to avoid unnecessary movements in order to reduce 

artifacts in the EEG recording. The participants knew that they would be prompted for their 

subjective state frequently throughout the drive. They were not informed about when and how 

often they were to be asked by the investigator nor did they know about the researchers’ 

particular interest in the effect of the communication episodes. 

 

2.3 Communication Episodes and Subjective Measures 

In a prior research setting (Schmidt et al., 2009) the retrospective vigilance assessment 

occurred every 20 minutes. Despite this drivers experienced high levels of monotony and 

showed a pronounced vigilance decrement over time. We therefore decided to assess 

vigilance every 20 minutes. As subjective indicators we used the KSS (Åkerstedt & Gillberg, 

1990) as a well-established single-item indicator of sleepiness and three similarly constructed 

items assessing inattention to the driving task, inattention to the auditory tones, and 

experienced monotony. The investigator verbally prompted the driver to judge his or her state 

concerning the four items on a nine point Likert-scale with regard to the previous 20 minutes 

of driving time. The typical sequence of the dialogue containing the four subjective 

dimensions is displayed in Table 1. 
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Table 1: Typical communication sequence 

Investigator Participant 

 

“The next state assessment is up.”  

 “O.K.” 

“Concerning the time period since the last prompting, how would 

you describe your predominant state on a scale from 1 -extremely 

alert- to 9 -extremely sleepy, fighting sleep-?”  

 “5” 

“…how attentively have you been driving on a scale from 1 -

extremely attentively- to 9 -extremely inattentively-?”  

 “4” 

“…how attentively have you been reacting to the tones on a scale 

from 1 -extremely attentively- to 9 -extremely inattentively-?”  

 “4” 

“…and how did you perceive the drive on a scale from 1 -

extremely varied- to 9 -extremely monotonous-?”  

 “6” 

 

 

2.4. Sections of Analysis 

In order to define a baseline for each participant that should reflect alert driving, we analyzed 

the first twenty minutes, that is, the section before the first communication. This baseline is 

descriptively reported in the figures for all measures and in case of the alpha spindle rate was 

used to derive an individual index. Of all communication episodes only those that were not 

corrupted by any turning point entered the analysis because performing a turn might have had 

an activating influence. The remaining episodes were divided by half into early and late 

communications. To keep the amount of data entering the analysis for the early and late 

conditions constant within each participant, in case of an odd number of episodes the middle 

episode did not enter the final analysis. In order to define a stable state prior to the 

communications for all measures an interval from t = -5:30 min to t = -0:30 min was 

evaluated relative to the start of the communication episode. Although very unlikely, we left a 
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gap of 30 s prior to the communication episode to rule out any possible anticipation of the 

communication by the participants that could have affected their state prior to the 

communication. For the continuous measures the communication interval per se was 

analyzed. Finally, an interval of five minutes directly following the communication was 

analyzed. For the continuous measures this interval was further divided into five sections of 

one-minute length each. For every dependent measure and every interval the mean over all 

available episodes was calculated. 

 

2.5 Performance Measures 

The participants were instructed that the auditory oddball reaction time task was only to be 

completed if they felt that it was safe to do so in a given driving situation. Infrequent 

(oddball-) tones (500 Hz, 20% probability) were presented in a random sequence mixed with 

frequent tones of a lower pitch (400 Hz, 80%). The inter-stimulus interval varied randomly 

between four and six seconds. The constantly low pitch of the stimuli reduced their alerting 

potential to a minimum. In a 2-AFC paradigm the participants had to respond to the tones by 

pressing buttons fitted to their right or their left thumbs. They were informed about their 

initial assignment of tone and response hand right before the start of the experiment (lower-

pitched tone: left thumb, higher-pitched tone: right hand; or vice versa). This assignment was 

reversed half way through the drive for each participant. The initial assignment was selected 

randomly with the goal that, at the end of the experiment, the two types of assignment would 

have occurred equally frequently. Responses faster than 200 ms and slower than 4000 ms 

were not analyzed. For every analysis epoch, and separately for each participant, the mean of 

all reaction times above the 80th-percentile was calculated as a measure of the participants’ 

slow reactions, and the mean of all reaction times below the 20th-percentile as participants’ 

fast reactions. 

 



 13 

2.6 Physiological Measures 

Electroencephalogram (EEG), electrooculogram (EOG), and electrocardiogram (ECG) were 

recorded from 64 electrodes (500 Hz sampling rate, low cut-off: 0.016 Hz; high cut-off: 

250 Hz) using BrainAmp recording hard- and software (Brainproducts GmbH, Munich, 

Germany). Data were down-sampled to 128�Hz and low-pass filtered at 48�Hz. Artefactual 

channels were excluded from further analysis. In order to minimize the influence of muscle 

activity, eye blinks and technical noise, we de-noised the data using the extended infomax 

ICA algorithm (Lee, Girolami, & Sejnowski, 1999), available in the EEGLab toolbox 

(Delorme & Makeig, 2004). We used an automated algorithm to extract monochromatic 

bursts of activity within the alpha band (7 - 13 Hz), which we call alpha spindles, and 

determined the amplitude, frequency, and duration of these activity bursts. In this paper we 

focus on the alpha spindle rate, defined as the number of alpha spindles per minute within 

each analysis epoch. Since the alpha rhythm is most prominent over parieto-occipital sites, we 

analyzed the signal of electrode Pz. To account for inter-individual differences an alpha 

spindle index was derived by dividing each section by the reference value of the first twenty 

minutes of driving. 

To extract the P3 amplitudes the pre-processed EEG signal of electrode CPz was averaged 

time-locked to the presentation of the oddball stimulus. A baseline-correction (relative to -100 

to 0 ms pre-stimulus time window) was applied. The P3 amplitude then was defined as the 

maximum value of the signal in a time window from 300 to 600 ms post-stimulus minus the 

average value of the baseline-epoch. The procedure was in accordance with the guidelines 

issued by Duncan, Barry, Connolly, Fischer, Michie, Näätänen et al. (2009). 

In order to assess the duration of each eye blink in the vertical EOG, we identified its closing 

and reopening times in accordance with thresholds defined by Caffier et al. (2003) using an 

algorithm implemented in Matlab. Only blinks with durations between 50 and 500 ms and 
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amplitudes larger than 100 μV entered the analysis. The mean duration over all blinks falling 

into the respective interval was calculated and entered into the statistical analysis. 

R-peaks were identified from the ECG using an automated algorithm in Matlab. The average 

heart rate (beats per minute) was calculated for every interval.  

 

2.7 Experimental Design 

The independent variables in our experimental design were the occurrence of the 

communication episodes during the drive (driving segment: early vs. late) and the time 

relative to the communication (communication: two sections for the event-related measures   

[-5:30 to -0:30 and +0:00 to +5:00 min]; seven sections for the continuous measures [-5:30 to 

-0:30 min, during communication, and 5 sections of 1 minute length each following the 

communication]). Dependent variables were alpha spindle rate, heart rate, blink duration, 

slow and fast reactions, and P3 amplitude. 

An a priori statistical power analysis using G*Power 3 (Faul, Erdfelder, Lang, & Buchner, 

2007) showed that in order to detect effects of f = .50 of the communication within-subject 

variable assuming a population correlation among the levels of this variable of � = .50 

(estimated from pilot data) and given � = � = .05, between N = 14 and N = 16 participants 

were needed (depending on the number of levels of the communication variable; see previous 

paragraph). A sensitivity power analysis showed that given a final sample of N = 23, effects 

of size f = .30 to f = .39 could be detected under otherwise identical conditions. A multivariate 

approach (MANOVA) was used for all within-subject comparisons to identify the effects of 

the driving segment and communication factors for each dependent measure. All multivariate 

test criteria correspond to the same (exact) F-statistic, which is reported. The level of � was 

set to .05 for all analysis. Partial �
2
 is reported as a measure of relative effect size. Statistically 

significant results of the continuous measures were subjected to post-hoc contrast analysis 

using the PRE-section as the fixed reference. In these cases the level of � was Bonferroni-
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Holm corrected (Holm, 1979) so as to avoid alpha error accumulation. For clarity of 

presentation only significant contrasts are reported. 

 

 

3. Results 

It was confirmed that all participants were right-handed (all handedness-indices > 0). The D-

MEQ results showed that there were no participants falling into any of the extreme 

chronotype groups (moderate evening-type: 7; neutral type: 13; moderate morning-type: 3). 

On average about eight communication episodes entered the analysis for each participant 

(range: 4 to 12). The mean starting time of the early episodes was two hours before the mean 

starting time of the late ones. Comparison of early and late communication episodes revealed 

that the late episodes were significantly shorter (62 s (early) vs. 50 s (late); paired sample t-

test: t(22) = 5.19; p < .001; �
2
 = .550). For the subjective measures participants reported 

significantly higher judgments of all measures of vigilance for late as compared to early 

communication episodes (Figure 1; sleepiness: t(22) = 4.20; p < .001; �
2
 = .445; inattention to 

driving: t(22) = 4.37; p < .001; �
2
 = .465; auditory inattention: t(22) = 3.78; p = .001; 

� = .394; monotony: t(22) = 3.86; p = .001; �
2
 = .404). 

 

 

Figure 1: Subjective measures for early vs. late communication episodes. 
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3.1. Continuous Physiological Measures 

The results of the MANOVAs testing the effects of driving segment and communication on 

the continuous physiological measures are summarized in Table 2. Both variables exerted a 

significant influence on alpha spindle rate and heart rate. Alpha spindle rate (Figure 2) was 

significantly higher around late as compared to early episodes. Relative to the pre-

communication baseline, a significant reduction of alpha-spindle rate was observed during the 

communication episodes (F(1,22) = 24.59; p < .001; �
2
 = .528). The reduction persisted for 

the subsequent minute (F(1,22) = 18.24; p < .001; �
2
 = .453). The effect of driving segment 

on blink duration (Figure 3) just fell short of the preset criterion of statistical significance 

(F(1,22) = 4.07; p = .056). The average blink duration was significantly reduced during the 

communication (F(1,22) = 17.99; p < .001; �
2
 = .450) relative to the pre-communication 

baseline. This effect persisted for two post-communication minutes (first minute: 

F(1,22) = 17.46; p < .001; �
2
 = .442; second minute: F(1,22) = 12.85; p = .002; �

2
 = .369). 

Heart rate (Figure 4) was significantly reduced around late as compared to early episodes. 

Relative to the pre-communication baseline, heart rate increased significantly during the 

communication (F(1,22) = 44.86; p < .001; �
2
 = .671), but returned to the pre-communication 

level during the first post-communication minute. In the second post-communication minute, 

heart rate fell below the pre-communication level (F(1,22) = 8.88; p = .007; �
2
 = .287). 

 

Table 2: Statistical results for continuous physiological measures 

 Driving Segment  Communication  Driv. Segm. x Communication 

 F(1,22) p �
2
  F(6,17) p �

2
  F(6,17) p �

2
 

Alpha Spindle Rate 15.84 <.001 .419  7.07 <.001 .714  1.02 .447 n.s. 

Blink Duration 4.07 .056 n.s.  6.14 .001 .684  .71 .684 n.s. 

Heart Rate 20.80 <.001 .486  10.68 <.001 .790  1.25 .329 n.s. 
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Figure 2: Alpha spindle rate prior to (PRE), during (COM), and in the minutes following the 

communication episode (1 to 5) for early and late driving segments. Error bars represent the standard 

errors of the means. The grey horizontal line represents the baseline level during the first twenty 

minutes of driving. 

 

 

 

Figure 3: Blink duration prior to (PRE), during (COM), and in the minutes following the 

communication episode (1 to 5) for early and late driving segments. Error bars represent the standard 

errors of the means. The grey horizontal line represents the baseline level during the first twenty 

minutes of driving. 
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Figure 4: Heart rate prior to (PRE), during (COM), and in the minutes following the communication 

episode (1 to 5) for early and late driving segments. Error bars represent the standard errors of the 

means. The grey horizontal line represents the baseline level during the first twenty minutes of 

driving. 

 

 

3.2. Discrete Event-Related Measures 

The results of the MANOVAs testing the effects of driving segment and communication on 

the discrete stimulus based measures are summarized in Table 3. As expected, we observed 

neither an effect of driving segment nor an interaction of driving segment and communication 

on the mean of the fast reaction times (Figure 5a). There was, however, a significant effect of 

the communication variable reflected in a decrease in the mean of the fast reaction times 

following the communication. In contrast, for the mean of the slow reaction times (Figure 5b) 

we observed significant main effects for both driving segment and communication with an 

increase in slow reaction times in later sections of the drive and a decrease in slow reaction 

times following a communication episode. There were no significant effects on the P3 

amplitude (Figure 6). 
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Table 3: Statistical results for discrete event-related measures 

 Driving Segment  Communication  Driv. Segm. x Communication 

 F(1,22) p �
2
  F(1,22) p �

2
  F(1,22) p �

2
 

Fast Reactions 3.03 .096 n.s.  10.16 <.001 .316  .39 .541 n.s. 

Slow Reactions 15.27 <.001 .410  5.65 .027 .204  .53 .473 n.s. 

P3 Amplitude .00 .975 n.s.  .99 .330 n.s.  3.29 .084 n.s. 

 

 

 

 

 

Figure 5: Means of fast (a) and slow (b) reaction times prior to (PRE) and following (POST) the 

communication episode for early and late driving segments. Error bars represent the standard errors of 

the means. The grey horizontal lines represent the baseline levels during the first twenty minutes of 

driving. 

 

a) 

b) 
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Figure 6: P3 amplitude prior to (PRE) and following (POST) the communication episode for early 

and late driving segments. Error bars represent the standard errors of the means. The grey horizontal 

line represents the baseline level during the first twenty minutes of driving. 

 

 

4. Discussion 

The indices of subjective driver state as well as the objective vigilance measures - that is, 

alpha spindle rate, heart rate, and slow reaction times - all showed a significant effect of 

driving segment. This pattern replicates findings from an earlier study (Schmidt et al., 2009). 

Blink duration also showed a tendency towards an increased average duration with increasing 

distance driven. It may therefore be concluded that monotonous driving resulted in a vigilance 

decrement in the present study. We suspect the absence of this effect for the P3 amplitude 

(which was a sensitive measure of fatigue in the Schmidt et al. 2009 study) to be based on an 

insufficient number of trials entering the averaging procedure for each condition resulting in a 

poor signal-to-noise ratio.  

During the communication episode all continuous measures indicated a clear improvement of 

vigilance in terms of a decrease in alpha spindle rate and blink duration and an increase in 

heart rate. This pattern suggests that a significant activation of the participants was induced by 

the communication. As mentioned in the introduction, it is not possible to infer, from the 

present data, the net effect of communication-induced driver activation on the positive side 
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and distraction on the negative side. A reasonable assessment of this issue will likely require 

extended simulator studies in which critical variables such as brake reaction times can be 

studied in sufficient detail. 

Concerning the duration of the effect elicited by the communication following the interaction, 

the continuous physiological measures lead to consistent results. Both alpha spindle rate and 

blink duration indicated an activating effect persisting after the end of the communication 

episode which, however, was limited to just one minute (alpha spindle rate) or two minutes 

(blink duration). Heart rate, in contrast, did not show any persisting effect and even moved 

below the pre-communication level after the communication. Thus, we conclude that the 

positive effects of verbal assessments on drivers’ vigilance states may last beyond the 

communication episodes, but they do so only for a very short period of time. 

Given this, we further conclude that an assessment interval of five minutes - the lower 

boundary recommended by Kecklund et al. (2006) - seems very reasonable if the goal is not 

to affect driving-induced fatigue. Strictly speaking, however, we cannot draw firm 

conclusions about possible cumulative effects of the repeated assessment (Kaida et al., 2007). 

This would have required running a control condition without any verbal assessments. 

Unfortunately due to its event-related nature the reaction time data did not allow us to reliably 

estimate the duration of the effect at a sufficient temporal resolution. Still, it is clear from the 

data that following the communication the means of slow as well as fast reactions decreased 

significantly. The effect for the fast reactions was rather surprising, because prior research 

had shown fast reactions to be insensitive to changes in vigilance (e.g., Schmidt et al., 2009). 

It may be that the interaction with the investigator induces self-awareness and as such draws 

the driver’s attention to the fact that there is a reaction time task to be accomplished while 

driving. As a result, greater priority may be given to the secondary task, as a result of which 

even the fast reactions become faster. 
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A methodological issue inherent in the present study lies in the fact that, trivially, the post-

communication epochs followed the pre-communication epochs. Therefore driving segment 

and communication were to some extent confounded, which could have resulted in a small 

underestimation of the activating effect of the communication episodes because vigilance 

decreased as a function of the distance driven. However, we believe that the amount by which 

the short-term activation was reduced by the underlying long-term fatigue is negligible. 

Due to the fact that the communication process comprises various stages of cognitive and 

motor actions, future research is needed in order to analyze in more detail the factors that 

cause the activating effect. Candidates are the social interaction with another human being, 

the self-awareness induced by the requirement to think about ones own state, or the mere 

effect of talking or listening. Also, the degree to which the present results generalize to an 

everyday conversation while driving remains unresolved. For instance, on the one hand our 

participants only answered fairly routine questions, which may not be too activating per se. 

On the other hand, answering these questions may have been particularly activating due to 

their generating a certain degree of self-awareness. In real-world situations, the topics of the 

conversation may be much more variable (and likely more interesting) while at the same time 

being less self-referential. Finally, it is probably fair to say that considering in-car 

communications only in terms of the risks they imply without considering their positive 

effects - especially under conditions of monotonous driving conditions - is not appropriate, 

although the positive effects seem to be rather limited. 

 

5. Conclusion 

Verbal assessment of driver state causes a direct improvement of driver vigilance state as 

indicated by alpha-spindle rate, blink duration, and heart rate. The post-conversation temporal 

extension of this positive effect seems to be rather limited, as is indicated by the fact that the 

physiological vigilance measures returned to their pre-communication levels after two 
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minutes at the latest. From these findings we conclude (a) that verbal assessments of fatigue 

are feasible even at a rate of one every five minutes, and (b) that there are clear positive 

effects of a verbal communication as a countermeasure for fatigue during the communication 

per se, but these positive effects can no longer be measured two minutes after the 

communication. 
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