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Abstract
Objectives: The purpose of this study was to refine a commercial car driving simulation for occupational research. As the 
effects of ethanol on driving behavior are well established, we choose alcohol as a test compound to investigate the per-
formance of subjects during simulation. Materials and Methods: We programmed a night driving scenario consisting of 
monotonous highway and a rural road on a Foerst F10-P driving simulator. Twenty healthy men, 19–30 years, participated 
in a pilot study. Subjects were screened for simulator sickness, followed by training on the simulator one hour in total. 
Experiments were performed in the morning on a separate day. Participants were randomized into either an alcoholized 
or a control group. All subjects drove two courses consisting of highway and rural road and were sober for the first course. 
During a 1 h break the ethanol group drank an alcoholic beverage to yield 0.06% blood alcohol concentration (BAC). 
Generalized linear mixed models were used to analyze the influence of alcohol on driving performance. Among others, 
independent variables were Simulator Sickness Questionnaire scores and subjective sleepiness. Results: Subjects did not 
experience simulator sickness during the experiments. Mean BAC before the second test drive was 0.065% in the mildly 
intoxicated group. There was no clear-cut difference in the number of crashes between 2 groups. BAC of 0.1% would 
deteriorate mean braking reaction time by 237 ms (SE = 112, p < 0.05). Ethanol slightly impaired the tracking in the right-
hand curves (p = 0.058). Braking reaction time improved by 86 ms (SE = 36, p < 0.05) for the second test drive, indicating 
a learning effect. Conclusions: In sum, a clear ethanol effect was observed in the driving simulation. This simulation seems 
suitable for occupational research and produces little simulator sickness. Controlling for possible learning effects is recom-
mended in driving simulation studies.
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not necessarily meet the specific needs of the user. The 
aim of this study was to refine a commercial driving simu-
lation for research in occupational and traffic medicine. 
Using a driving scenario, methodological issues must be 
considered, too. An inherent drawback of driving simula-
tors is simulator sickness, which is more or less experienced 
by some subjects with an intact vestibular system. Simula-
tor sickness develops without true motion. Its symptoms 
overlap with those of motion sickness. Major symptoms 
of motion sickness involve gastrointestinal stress including 
burping, nausea and emesis. For simulator sickness, less 
gastrointestinal but more visual symptoms like eyestrain 
and blurred vision have been reported [13]. Kind and se-
verity of simulator sickness symptoms both depend on indi-
vidual factors and properties of the driving scenario [1,13]. 
In a number of published experiments, driving performance 
has not been controlled for simulator sickness. As simulator 
sickness may impair driving performance, precautions must 
be taken. First of all, the scenario should be constructed in 
a way that simulator sickness is not induced in the major-
ity of subjects. Furthermore, drivers must be monitored for 
possible symptoms of simulator sickness. The Simulator 
Sickness Questionnaire (SSQ) is considered to be the gold 
standard for monitoring [1,13,14]. 
This study includes two working packages. The first was to 
refine a commercial driving simulation. After completion 
of this work a pilot study was performed. Ethanol was cho-
sen to investigate driving performance because its effects 
on simulator drivers are well established [15,16]. Our in-
vestigation of performance focuses on accidents, braking 
reaction time and tracking performance. 

METHODS

Experimental design
The pilot study was performed according to a paral-
lel group design. Twenty healthy young male volun-
teers were selected and assigned randomly to either an 

INTRODUCTION

Driving simulators can be used in occupational medicine 
for research, education and rehabilitation [1], as they pro-
vide a safe alternative to on-road testing. Driver sleepiness 
is one matter of interest. It is suggested to be the primary 
cause of about 25% of fatal accidents on the German au-
tobahn (highway) [2]. The results of international studies 
are in the same order of magnitude [3–6]. Subjects suffer-
ing from obstructive sleep apnea syndrome are at an in-
creased risk for a motor vehicle accident due to sleepiness 
[7]. Treatment with continuous positive airway pressure 
(CPAP) reduces that risk [8,9]. A meta-analysis suggests 
that driving simulation is a suitable method to evaluate the 
therapeutic effects of continuous positive airway pressure 
in subjects with obstructive sleep apnea syndrome [9].
Occupational exposure to organic solvents can be high at dif-
ferent workplaces, especially in small companies and in craft 
enterprises. Depending on the respective biological half-lifes, 
solvent effects on the central nervous system may persist be-
yond the end of shift. Impairment of psychomotor functions 
is one important acute solvent effect among others and can 
be relevant to drivers. In a large study the association be-
tween exposure to gasoline vapors and commuting accidents 
after shift was investigated [10]. A reduction of occupational 
solvent exposure was related to a decrease of commuting in-
juries on journeys back home for gasoline workers. Results 
from an epidemiological study may provide an association, 
but no proof of causal relationship. A standardized experi-
ment including driving simulation might support a toxico-
logical argument for the validity of the observed statistical 
association. Apart from volatile organic solvents, ethanol and 
many medications may also impair driving ability [11,12].
These examples highlight some relevant applications of 
driving simulators in occupational and clinical medicine. 
Normally, clinicians and researchers are not able to con-
struct a driving simulator themselves, but rely on commer-
cial systems. Commercial simulators are constructed for 
special purposes, e.g. education. Their configuration does 
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the lab. Additionally, a urine drug screening (MAHSAN 
Kombi/DOA 10®, Mahsan Diagnostika, Germany) was 
performed at the beginning of each day. Tests did not show 
any signs of drug intake. Subjects were also instructed to 
abstain from caffeinated beverages. Analysis of caffeine 
in saliva specimens (analytical method derived from [19]) 
confirmed that subjects had not drunken any caffeinated 
beverages before the experiments. Moderate smoking was 
no exclusion criteria if the subjects were able to abstain 
from smoking during the experiments without any with-
drawal symptoms. Two smokers were in each subgroup. 
One subject was replaced because he did not pass the 
screening course on simulator sickness. The study was ap-
proved by the local ethics committee and it was performed 
according to the Declaration of Helsinki and its latest 
amendments. Subjects gave written informed consent and 
were paid for participation.

Driving simulation
Driving simulator and scenarios
The driving simulator used in this study is a fixed-base 
Foerst model F10-P (Dr.-Ing. Reiner Foerst GmbH, Wiehl, 
Germany). The vehicle controls are similar to an actual 
car (Ford Fiesta) with an automatic gearbox. A sound sys-
tem generates noises related to speed and collisions. The 
system generates a realistic roadway scenery which is pro-
jected on a screen (1.80 m by 1.39 m). The manufacturer 
provided different driving scenarios. However, they were 
not suitable for our research purpose as a long lasting mo-
notonous scenario was missing. Preliminary tests indicated 
that some graphic elements were liable to induce simula-
tor sickness in average sensitive subjects. The manufac-
turer provided a programming tool enabling the combi-
nation of predefined road segments, including surround-
ings, resulting in new driving scenarios. We constructed 
different scenarios for the screening of simulator sickness, 
familiarization with the simulator, training, and for two 
experimental sessions simulating night. Programming 

alcoholized or a sober control group. On the first day 
after a medical screening, training sessions were con-
ducted on the driving simulator. The experiment itself 
took place some days later. All subjects drove a course 
consisting of a 32 min highway (German autobahn) and 
a 32 min rural drive in a state of soberness. During 1 h 
rest they either drank diluted vodka or pure orange juice. 
Target concentration of blood alcohol level was 0.06%. 
Then subjects drove an analog course. Subjective sleepi-
ness, possible symptoms of simulator sickness and driv-
ing behavior were monitored.

Study subjects
Twenty healthy male subjects (age: 19–30 years, mean: 25) 
were recruited by advertisements at the university. Medi-
cal examinations included tests like visual acuity and color 
vision ability according to the German Guidelines for 
Occupational Medical Examinations (Guideline 25 Dri-
ving, Controlling and Monitoring Work) [17]. The sub-
jects were in possession of a driver’s license for at least 
one year and had at least 5000 km of driving experience. 
All subjects were social drinkers. Exclusion criteria were 
alcohol abstinence, alcohol abuse, kinetosis, simulator 
sickness, liver disease, diseases and intake of medications 
which might affect driving ability, capacity of reaction, 
and the effects of ethanol. Sleep disorders and daytime 
sleepiness were exclusion criteria, too. Scores on the Ep-
worth Sleepiness Scale were not elevated (i.e. ≤ 9 [18]). 
Participants rated their subjective alcohol tolerance us-
ing a 100 mm visual analog scale (VAS) with a left anchor 
labeled “absolutely nothing” and a right anchor labeled 
“a lot of alcohol”. Mean tolerance of the ethanol group 
was 61.3 mm (SD = 10.3), the respective value of the con-
trol group 52.5 mm (SD = 16.1). Subjects were required to 
abstain from alcohol consumption for the respective days 
before training and measurements. Breath alcohol con-
centrations (Draeger Alcotest 6510®, Draeger Safety AG, 
Germany) were below the detection limit upon arrival at 
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a bush before starting, was fixed depending on preliminary 
experiments with fit, rested young drivers. The distances 
were set in such a way that attentive test drivers were able 
to avoid a collision. The distance was 80 m for the ani-
mals. Ninety meters were necessary for the object “man” 
to avoid a crash because he was faster than the animals. 
The deer’s contrast to the surroundings was stronger than 
that of the donkey. The man’s shirt was bright and thus 
the contrast was the highest. Measurement of braking re-
action time started when the center of the respective ob-
ject was visible and was finished when the test subject hit 
the brakes. Whenever a collision occurred, the scenario 
stopped and the driver was alerted by the noise of the 
crash. Subsequently, the car was placed back in the middle 
of the right traffic lane. The subject had to restart the car 
and the test continued.
Each of the two training sessions consisted of a 3 min 
monotonous highway drive and a 20 min rural drive. Six 
dangerous situations (2 deers, 2 donkeys, and 2 men) 
were simulated to measure braking reaction time in each 
rural road course. The experimental driving contained 
a monotonous 32 min highway course and a 32 min rural 
course. At the end of the highway drive, subjects had to 

was performed according to the manufacturer’s manual. 
Subjects were instructed to obey all traffic rules, including 
line markings. Driving behavior was monitored by means 
of a video system (Videoworkstation, Dr.-Ing. D. Som-
mer, Schmalkalden, Germany). The simulator was in an 
air-conditioned and quiet room (temperature: 20.8±1.4°C 
(SD), humidity: 37.5±7.1%).
To screen for simulator sickness, ten full braking ma-
neuvers on the rural road were used because they result 
in more intense visual-vestibular conflicts than average 
driving. 
The environmental conditions in the training and the ex-
perimental sessions were identical. Night scenarios were 
chosen to reduce the risk of simulator sickness. Drivers 
had a clear view of the road and the traffic. The lanes were 
dry. Each training and experimental session started with 
a highway course. The highway had two lanes in each di-
rection and was straight. We had to spare curves, because 
all curves contained poorly designed bridges. As the car 
had a little tendency to deviate rightwards, the drivers 
were forced to steer. Speed limit was 130 km/h, indicated 
by road signs every 2 km. At the end of the highway drive, 
subjects had to stop because of traffic congestion. 
After passing the congestion, subjects took the next exit 
and continued the test drive on a rural road. It consisted 
of straight sections and slightly curved bends to the left 
and right. The roads had white lane markings and reflec-
tors at the roadsides. Speed limit was 100 km/h. Subjects 
were instructed to drive 100 km/h on the straight sections. 
Three different dangerous situations were simulated to 
measure braking reaction time. Braking reaction time was 
measured only in straight sections in order to reduce the 
risk of simulator sickness. Single deers, donkeys, and men 
(joggers) ran onto the road (Figure 1). 
Then, subjects had to hit the brakes to avoid a collision 
and keep the lane. Objects were inserted at predefined 
positions of the rural road when the car approached. The 
distance from the car to each object, which was covered by 

The subject has to hit the brakes and maintain within lane  
to avoid an accident.

Fig. 1. A deer crosses the road
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symptoms of possible simulator sickness, they were asked 
for a detailed verbal description. Subjects rated their per-
ceived degree of impairment after drinking using a VAS. 
The scale consisted of a 100-mm line with two opposing 
end points, i.e. none and most intense (drunken).

Ethanol administration  
and control of blood alcohol concentration
Previous research has revealed a considerable interindi-
vidual variation in the effects of ethanol [16]. The ratio-
nale for the target concentration of 0.06% alcohol is as 
follows: On the one hand, a sufficient concentration is 
necessary to assure the effects of ethanol on driving be-
havior. On the other hand, subjects should not become 
inebriated. This may be the case even at 0.08%, if sub-
jects are used to ingesting only little doses of ethanol. 
Therefore, participants received an amount of ethanol to 
approximate a peak level of 0.06%. The amount adminis-
tered was calculated according to the Widmark equation 
[25]. Vodka was diluted with orange juice. The beverage 
was consumed within 40 min. Twenty min later breath al-
cohol concentration was tested by a breath analyzer (Al-
cotest 6510, Dräger, Lübeck, Germany). If the estimated 
BAC was too low, subjects drank another aliquot. In this 
case, BAC was controlled again after 30 min by breath 
analyzer. Control subjects drank pure orange juice. Af-
ter the driving session, breath alcohol concentration was 
measured again and a venous blood sample was taken to 
determine BAC by gas chromatography.

Experimental procedure
Subjects arrived at 8 a.m. after a night of regular sleep at 
each day. The first day for screening and training started 
with a medical check-up. Before driving, subjects removed 
their watches and turned off their mobile phones. Then 
subjects were familiarized with the driving simulator and 
had to pass a screening course checking for simulator sick-
ness. Driving in a virtual environment needs some time 

stop because of traffic congestion. Two similar 32 min ru-
ral road courses were programmed for the first and second 
experiment. Twelve dangerous situations were simulated 
to measure the braking reaction time in each rural road 
course. It was intended to insert four objects of each kind 
(deer, donkey, and men, respectively) in each rural road 
course. Due to a programming error, which was recog-
nized after starting the experiments, 5 deers, 4 donkeys 
and 3 men were inserted in the second course. 

Performance measures
Crashes and reaction time were registered. Lane keeping 
behavior was assessed by the standard deviation in lane 
position (Sdlat). Sdlat is a well-established method to as-
sess tracking performance, e.g. Arnedt et al., Boyle et al., 
and Risser et al. [20–22]. Basically, Sdlat represents the 
standard deviation of the car’s lateral position in the lane 
in relation to its mean lateral position. It is possible to ei-
ther calculate the mean lane position and subsequently Sd-
lat over the whole test or individually over segments [23]. 
The first approach leads to a raised probability of false-
positive impairment detection due to stable and intended 
shifts of the mean lane position by the driver [23]. Addi-
tionally, since the scenario is constructed by concatenat-
ing pre-defined road segments, the second approach was 
utilized. No additional segmentation was applied. Since 
subjects had been instructed to keep on the right lane of 
the highway course, lane changes biasing Sdlat need not to 
be interpreted.

Assessment of subjective symptoms 
Sleepiness was assessed by the Karolinska Sleepiness 
Scale (KSS) [24]. This ordinal scale ranges from 1 (very 
alert) to 9 (very sleepy, fighting sleep, an effort to keep 
awake). Possible symptoms of simulator sickness were 
assessed by the Simulator Sickness Questionnaire (SSQ) 
[14]. The questionnaire comprises 16 items which have to 
be rated on a 4-level Likert-type scale. If subjects reported 
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further analyses. Length of the respective rural road seg-
ments was 200 m, 380 m, and 410 m. Segments including 
reaction time tasks and the ones following up were omit-
ted. A straight segment of the highway comprised 480 m. 
The resulting set of Sdlat measurements could not be fed 
into the multiple linear mixed models for a repeated mea-
surement design with two successive test drives. Instead, 
we had to compute one scalar score for Sdlat as a mea-
sure of tracking ability for each test drive and type of road 
segment. 
First, the 90th percentiles of all Sdlats of highway segments 
were calculated for each subject. This percentile was cho-
sen since greater deviations of the lane position are more 
relevant to accident risk than minor ones. Afterwards the 
fraction of segments whose Sdlat scores exceeded this per-
centile was calculated, yielding an individual score. These 
scores were fed into a multiple linear mixed model. The 
same procedure was performed for the straight sections, 
and the right- and left-hand bends of the rural road. Addi-
tionally, calculations were performed with scores derived 
from the 50th and 75th percentiles. Due to a manufactur-
er’s programming error, Sdlat on the rural road could only 
be evaluated for 17 subjects.
The other variables were independent (Table 1). Experi-
mental sessions were categorical variables with the 1st 
session as reference. The triggers for a braking reaction 
(deer, donkey, and man) were also categorical variables 
with the deer as reference. The numbers of the three ob-
jects in the two sessions have been considered in the sta-
tistical model with reaction time as dependent variable. 
The other variables were continuous. Random intercept 
models were used to account for heterogeneity between 
individuals and within individual correlations. Appropri-
ate t-tests/F-tests of the fixed effects were performed; p-
values are two-sided. All analyses are explorative; p-values 
are presented only for descriptive purposes and were not 
adjusted for multiple testing. Statistical calculations were 
performed using SPSS package (release 17).

for adaptation. In this study, training consisted of a dem-
onstration course with different reaction tests including 
intended crashes. Then subjects drove two training cours-
es. On each rural road drive subjects performed a total 
of 6 reaction tests. Including the demonstration course, 
subjects carried out 16 reaction tests with full braking. 
The second, experimental day started with a medical check 
at 8 a.m. After that, subjects completed the KSS and SSQ 
questionnaires and drove a 32 min highway course and 
a 32 min rural road course. KSS and SSQ questionnaires 
were filled out after every highway and rural road drive. 
Subjects also reported the maximum of perceived sleepi-
ness during the respective previous test drive. During the 
following break, subjects drank orange juice with or with-
out vodka. After controlling breath alcohol concentration, 
subjects filled out KSS and SSQ questionnaires again and 
rated their perceived degree of impairment after drinking 
on a VAS (100 mm, sober – impaired). Additionally, the 
self-rated roadworthiness was also assessed using a VAS 
(100 mm, no fit to drive – fully fit to drive). Then the sec-
ond experimental course was performed analogous to 
the first. 

Statistics
Firstly, the variables: blood alcohol concentration, subjec-
tive driving ability, simulator sickness, the number of acci-
dents, braking reaction time, Sdlat, and subjective sleepi-
ness were analyzed descriptively. In addition, the control 
group’s sleepiness scores during and after the highway 
drives and the respective scores obtained during and after 
the rural road drives were compared by using sign tests. 
To analyze the influence of alcohol on driving performance, 
multiple linear mixed models were used. The errors are 
assumed uncorrelated over time with homogeneous vari-
ance. Dependent variables were mean individual braking 
reaction time and Sdlat. As lateral control is different in 
straight sections and bends [20], the rural road was sepa-
rated into straight sections, right- and left-hand bends for 
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r = 0.977, p < 0.001). Median degree of general impair-
ment due to ethanol consumption was 64 (range: 37–71 
(VAS 0–100 mm)). At that time, alcoholized subjects rated 
their median driving ability 20 (range: 1–59). Values of the 
control group were 90 (76–100), respectively.

Subjective sleepiness
KSS scores were highest during highway drives in both 
groups, especially during the second test drive (Table 2). 
With respect to a possible impact of sleepiness on the 

RESULTS

Blood alcohol concentration and perceived effects
Mean estimated BAC, determined by a breath ana-
lyzer, was 0.065% (SD = 0.005%, minimum: 0.057%, 
maximum: 0.073%) before the second test drive. The 
respective values after the second drive were 0.047% 
(SD = 0.007%, minimum: 0.037%, maximum: 0.059%). 
Real mean BAC was 0.048% (SD = 0.007%, mini-
mum: 0.040%, maximum: 0.060%) at this point of time. 
Real and estimated BAC were highly correlated (Pearson 

Table 1. Effects of ethanol on braking reaction time on the rural road (linear mixed model, N = 20)

Parameter
Effects of ethanol 

on braking reaction time p
estimate (s) SE (s)

Intercept 1.216 0.193 < 0.001
Session 1 –** – –
Session 2 –0.086 0.036 0.018
Deer* –** – –
Donkey* 0.398 0.025 < 0.001
Man* 0.601 0.025 < 0.001
Blood alcohol level (%) 2.369 1.122 0.037
Alcohol tolerance (ordinal scale 0–100) –0.003 0.002 0.146
Karolinska Sleepiness Scale score

at arrival –0.300 0.039 0.458
before the 1st test drive –0.017 0.020 0.393
maximum on highway –0.034 0.029 0.238
at the end of highway 0.047 0.028 0.102
maximum on rural road 0.073 0.025 0.005
after rural road –0.102 0.035 0.005

Simulator Sickness Questionnaire score
at arrival –0.021 0.025 0.411
before the 1st test drive –0.005 0.005 0.295
at the end of highway 0.000 0.003 0.997
after rural road 0.004 0.004 0.314

* Objects to react to.
** Reference.
SE – standard error.
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and “difficulty concentrating” were omitted from the cal-
culation of the sum scores of sober subjects, the resulting 
sum scores would not be higher on the highway on the first 
course (Figure 2a). A slight difference remained with re-
spect to the sum scores obtained from the second course 
(Figure 2a).

Performance of subjects
Accidents
No accidents with crash barriers on the highway or on-
coming traffic on the rural road were observed. Crashes 
with reflector posts on the rural road could not be cor-
rectly counted due to a manufacturer’s programming er-
ror. Table 3 gives an overview of the crashes during reac-
tion tasks. In the ethanol group, the total number of ac-
cidents went up slightly from 25 in the first test drive to 28 
in the second one, whereas the control group displayed 
a decrease from 29 to 20. Most of the low-contrast donkey 
events resulted in accidents (Table 3).

SSQ scores, the corresponding KSS scores of the control 
group’s second test drives on the highway and rural road 
were compared. Median scores of the maximum perceived 
sleepiness on the highway and rural road were 6.5 and 4.5 
(p = 0.070 sign test, N = 10). Respective scores after the 
highway and rural road drives were 6 and 3 (p = 0.125, 
sign test, N = 10).

Simulator sickness 
No subject had to terminate the experiment due to symp-
toms of possible simulator sickness, not even after ethanol 
ingestion (Figure 2). Obviously, SSQ scores of the control 
group were higher after the second highway drive than af-
ter the following rural road drive (Figure 2a). Since the 
highest sleepiness scores were associated with the highway 
drives (Table 2), we additionally calculated a sum score 
without the item “fatigue”. The difference between the 
sum scores on the highway and rural road disappeared only 
partially (data not shown). If both the scores of “fatigue” 

Table 2. Subjective sleepiness scores, measured by the Karolinska Sleepiness Scale (KSS)

Time

Ethanol group Control group
Me  

(1st and 3rd quartile)
(N = 10)

Me 
(1st and 3rd quartile)

(N = 10)
At arrival (all subjects were sober) 3 (2.75, 3) 3 (2, 3.25)
Before the 1st test drive 3 (2.75, 3) 3 (2, 3.25)
Maximum on highway 4.5 (3.75, 7) 5 (3.75, 6)
At the end of highway 4 (3, 6.25) 4 (3.75, 6)
Maximum on rural road 4.5 (3, 5.5) 4 (3, 5.25)
After rural road 3.5 (3, 5.5) 4 (3, 5)
Break (subjects drank ethanol or pure juice) – –
Before the 2nd test drive 3 (3, 4.25) 3.5 (2.75, 4.25)
Maximum on highway 5.5 (4, 8) 6.5 (3.75, 8)
At the end of highway 4.5 (3.75, 7.25) 6 (3, 7)
Maximum on rural road 3.5 (3, 6.25) 4.5 (3, 5.5)
After rural road 3 (3, 5.25) 3 (3, 6)

KSS – ordinal scale from 1 to 9. 
Me – median.
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the reaction time for the donkey was 398 ms longer than 
for the deer. The longest reaction time was measured 
for the man; it was 601 ms longer compared to that for 
the deer.

Braking reaction time
Braking reaction time varied considerably (Figure 3). Ac-
cording to the linear mixed model, 0.1% BAC would in-
crease the reaction time by 237 ms (Table 1). On average, 

a) control group; b) ethanol group, subjects drank ethanol before the 2nd test drive.  
Time: 0 – before start, 1 – at the end of highway, 2 – after rural road, 3 – after rest, before the second test drive, 4 – at the end of highway,  
5 – after rural road.

Fig. 2. Simulator Sickness Scores of control and alcoholized subjects (each N = 10)

Table 3. Accidents during braking reaction time test (rural road, N = 20)

Object

Crashes in ethanol group 
(n)

Crashes in control group
(n)

1st test drive (sober) 2nd test drive 
(intoxicated) 1st test drive (sober) 2nd test drive (sober)

Deer 3 6 5 1
Donkey 18 16 19 17
Man 4 6 5 2
Total 25 28 29 20

Due to a programming error, which was recognized after starting the experiments, 5 deers, 4 donkeys and 3 men were inserted  
in the second course instead of 4 each.
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spite of the precise instruction to keep the car in lane. This 
behavior increased Sdlat. Effects of ethanol on Sdlat dif-
fered depending on the kind of road (Figure 4). 
In the linear mixed models, a poorer lane tracking perfor-
mance is indicated by a higher Sdlat score. Table 4 presents 

Lane keeping behavior 
Sdlat measures the driver’s ability to maintain lane posi-
tion. Sdlat was lowest in the straight rural road sections 
and highest in the left-hand curves (Figure 4). Video anal-
ysis indicated that subjects often cut left-hand curves in 

a) first test drive (all subjects were sober).  
b) second test drive.

Fig. 3. Braking reaction time

Table 4. Effects of ethanol on lane keeping behavior on the right-hand bends of the rural road (linear mixed model, N = 17)*

Parameter
Effects of ethanol 

on lane keeping behavior p
estimate (score) SE

Intercept 0.290 0.185 0.137
Session 1 –** – –
Session 2 0.009 0.034 0.789
Blood alcohol level (%) 2.244 1.067 0.058
Alcohol tolerance (ordinal scale 0–100) –0.003 0.002 0.235
Karolinska Sleepiness Scale score

at arrival –0.029 0.035 0.432
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a) first test drive (all subjects were sober). 
b) second test drive.

Fig. 4. Standard deviation of the lateral position (Sdlat)

Parameter
Effects of ethanol 

on lane keeping behavior p
estimate (score) SE

before the 1st test drive 0.001 0.016 0.927
maximum on highway 0.005 0.033 0.885
at the end of highway –0.014 0.030 0.662
maximum on rural road –0.018 0.021 0.409
after rural road 0.027 0.029 0.384

Simulator Sickness Questionnaire score
at arrival 0.016 0.019 0.415
before the 1st test drive 0.003 0.005 0.527
at the end of highway –0.003 0.002 0.257
after rural road 0.002 0.003 0.555

* Scores related to the 90th percentiles of Sdlat. For detailed explanation see chapter statistics, the higher the score, the poorer the lane keeping. 
** Reference. 
SE – standard error.

Table 4. Effects of ethanol on lane keeping behavior on the right-hand bends of the rural road (linear mixed model, N = 17)* – cont.
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specificity, and the predictive value have been published 
so far, leaving no sufficiently validated cut-off point which 
could facilitate the interpretation of measured scores. 
This issue also persists for other questionnaires measur-
ing simulator sickness. Nevertheless, control for possible 
simulator sickness should be mandatory, for it might con-
found the data [26,30]. 
With regard to our data, another issue arises. The Simu-
lator Sickness Questionnaire has been validated for fit 
pilots but not for persons with an impairment of health 
or fitness [14]. So far, the questionnaire has not been 
validated for monotonous driving conditions which may 
induce sleepiness. In this study it is striking that total SSQ 
scores were higher on the highway than on the rural road, 
despite the fact that a drive on the rural road seems more 
suitable to induce simulator sickness in sensitive test 
subjects. The highway was straight and without ongoing 
traffic except for the congestion at the end. In contrast, 
the rural road contained curves, and subjects had to hit 
the brakes repeatedly when they performed the reaction 
tests. Subjects perceived the highway as monotonous. 
Monotony resulted in an increase in sleepiness scores 
(Table 2). Accordingly, subjects appeared a bit more 
sleepy at the end of the highway ride when being moni-
tored on the screen. The SSQ contains the items “fatigue” 
and “difficulty concentrating”. Ability to concentrate may 
be impaired by sleepiness. When calculating sum scores 
without these two items, the resulting sum scores on the 
highway were not higher than those on the rural road at 
the first course and only slightly higher at the second one. 
Therefore we conclude that the increase of total SSQ 
scores on the highway was due to an increase in driver 
sleepiness. Thus, the monotonous highway drive falsely 
caused elevated SSQ scores with regard to possible simu-
lator sickness. This issue could be of more significance if 
a very drowsy drivers’ performance is investigated. The 
solution is not trivial because sleepiness itself may in-
crease the susceptibility to simulator sickness. 

the relations between various influencing variables and 
the Sdlat score related to the 90th percentile of the right-
hand bends. An association with BAC was observed, 
but not with alcohol tolerance. This is also true for the 
score related to the 75th percentile (estimate for 1% 
BAC = 4.152, p = 0.055, for alcohol tolerance: –0.003 
and p = 0.458, respectively). No association was observed 
between BAC and the 50th percentile score. Sdlat scores 
of other road segments were not associated with BAC. 
When SSQ scores were omitted from the linear mixed 
models, Sdlat scores of right-hand curves (75th percentile: 
p < 0.05, 90th percentile: p < 0.001) and straight sections 
(all p < 0.1) were associated with BAC.

DISCUSSION

Refinement of the driving simulation
Prevention from simulator sickness and use of the Simula-
tor Sickness Questionnaire
In this study, SSQ scores were relatively low and not associ-
ated with driving performance in the linear mixed models. 
We therefore conclude that our driving scenarios do not 
evoke noteworthy simulator sickness in screened young 
male test subjects. This conclusion might also be valid for 
young women (data not shown), who had low scores in 
preliminary experiments. Older subjects are more prone 
to simulator sickness than younger ones [26–28]. There-
fore, our results cannot be extrapolated to older people.
The Simulator Sickness Questionnaire [14] is considered 
as the gold standard for monitoring [1]. Until this date 
no other measurement has been proven to be superior to 
the SSQ [29]. Kennedy and colleagues [14] suggested the 
usage of the 75th percentile of the Total Sickness Score 
obtained by flight simulations on the first hop as a cut-
off point. The rationale was that the 75th percentile was 
the midpoint of the part of the study population that was 
affected by exposure. The 75th percentile corresponded 
to a score of 15. To our knowledge no data on sensitivity, 
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The rise of the median sleepiness score after the highway 
drive indicates that the highway was sufficiently monoto-
nous. This can save time in future experiments when ef-
fects of sleepiness are to be investigated. On the other 
hand, the observed increase in sleepiness after a short 
time is a drawback with respect to validity. Participants are 
generally aware that they are not subjected to real danger 
and will not fight against possible sleepiness to the utmost. 
Logically, in a comparative study subjective sleepiness 
scores and line crossings following sleep restriction were 
higher in simulator drivers than in real car drivers [38]. 
The difference between real life and virtual reality must be 
taken into account when driving performance in simula-
tors is interpreted.
The reaction time after the appearance of the donkey 
was longer than that of the deer, resulting in more crash-
es. This difference is plausible, because the contrast be-
tween the deer and its surroundings was higher. In con-
trast to our preliminary tests, the number of crashes with 
donkeys was much larger than with men. Different pos-
sible causes have to be discussed. As men moved quicker, 
they were inserted 90 m instead of 80 m in front of the 
car. The advantage of 10 m is partially depleted by the 
reaction time to man, which was on the average 203 ms 
longer. During that time, the car moves 5.64 m, assum-
ing a speed of 100 km/h. In addition, it was not until the 
center of the object appeared that the measurement of 
reaction time was recorded. This means that attentive 
subjects could recognize a large part of the donkey be-
fore the measurement started. In contrast, a much small-
er portion of humans was visible when the registration of 
reaction time began. 
The sooner an object is recognized the shorter the stop-
ping distance. It is not feasible to calculate a distance re-
flecting the difference in perception. Nevertheless, it is 
clear that at least a part of the remaining 4.36 m is used. 
Altogether, the high number of crashes with donkeys can-
not be adequately explained by the driving scenario. In the 

Training on the driving simulator
In this pilot study, mean braking reaction time declined 
by 86 ms in the second test drive. The improvement in-
dicates a learning effect. The duration of training was 
one hour in total and braking was intensively exercised. 
In future studies, the training on our simulator has to be 
intensified. Data on learning behavior in driving simula-
tions are sparse. Often practice sessions of up to 15 min 
have been reported in other studies [31,32]. The results 
of driving simulation studies should be controlled for pos-
sible training effects.

The validity of the driving scenario
Results of the mixed models assume that driving perfor-
mance was impaired after alcohol ingestion. As analyses 
are explorative but not confirmatory, results must be in-
terpreted using content-related criteria. Our results are 
consistent with other studies on ethanol effects [15,16,33]. 
Impairment of braking reaction time after ethanol inges-
tion is obvious. Adverse ethanol effects on Sdlat have been 
observed in drivers of real cars, with blood alcohol con-
centrations ranging between 0.04% and 0.07% [34–37]. 
In this study, the strongest associations between BAC 
and lane keeping behavior were observed on right-hand 
curves, but not on left-hand ones. Subjects often cut left-
hand curves. This behavior increases Sdlat considerably 
and might mask the effect of ethanol. In order to reduce 
cutting the left-hand curves, well timed opposing traf-
fic could be included in randomly selected curves. Lane 
keeping is easier on straight sections than on right-hand 
curves (Figure 4). Even a relatively low BAC might im-
pair driver performance if the task requires high accuracy 
[33]. The increase of Sdlat on right-hand curves, but not 
on straight sections following ethanol intake is in line with 
these findings. Alcohol tolerance was not associated with 
driving performance in the mildly intoxicated subjects. 
This finding reflects our study design, as abstainers and 
heavy drinkers were excluded.
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CONCLUSION

The observed ethanol effects lead to the conclusion that 
the applied scenario is also a suitable means to investi-
gate the effects of other compounds, drugs and driver 
sleepiness.
The development of simulator sickness should be pre-
vented as far as possible by creating appropriate scenarios. 
As simulator sickness cannot be avoided with certainty, it 
must be controlled for. Screening of test subjects for pos-
sible simulator sickness is recommended.
In addition, the level of drowsiness should be controlled 
during driving simulation. An appropriate training 
can minimize learning effects during the experiment. As 
there is little knowledge on learning curves, at least pos-
sible learning behavior during the experiment should be 
controlled as well. 
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