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Abstract 
 
Fatigue is a recognised problem in the transport industry.  It has been attributed to two main influences: 
time of day and the time since last sleep. While the role of these two influences in producing fatigue is not 
disputed, there is less agreement on how they interact with one another.  The aim of this study was to 
examine the relative effects of time of day and sleep deprivation on fatigue and performance.  Two 
independent groups were exposed to 28 hours of sleep deprivation.  For one group (n=39) the sleep 
deprivation condition began at 06:00 hours and for the second group (n=22), the sleep deprivation 
condition began at 00:00 hours.  By varying the start time for each of the two groups, but keeping 
constant the duration of sleep deprivation it was possible to examine the effects on performance of 
variations in the time of day of testing.  For the group commencing at 0600 hours the longest period 
without sleep occurred close to the low point of the circadian rhythm.  For the group commencing at 0000 
hours, the circadian low point coincided with only around two to six hours of sleep deprivation.  Eight 
computer-based performance tests were used as well as subjective ratings of fatigue.  The results showed 
a clear interaction effect.  Both time of day and sleep deprivation factors affected performance but only in 
combination, neither had independent effects.  If the circadian rhythm was not at its low point or trough, 
there were no effects of sleep deprivation. Performance at the circadian low point was not adversely 
affected when the study participant was rested.  These findings have clear implications for good fatigue 
management, indicating that night work including driving can be performed if the person is properly 
rested, but not if night driving is required after long periods without sleep.  
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Introduction 
 
In the transport industry fatigue is a recognised problem that has been attributed to two main influences: 
time of day or the circadian rhythm and the time since last sleep.  There is good evidence that the daily or 
circadian rhythm produces a pronounced minimum in the midnight to dawn period and a lesser minimum 
in the early afternoon in physiological functions such as in temperature, in sleep propensity, in alertness 
and in performance [1, 2].  There is also good evidence that increasing time awake produces decreasing 
alertness and performance deficits.  For example a number of studies demonstrated that, starting from 
around 6:00am, a period of sleep deprivation of around 18 hours produces alertness and performance 
deficits equivalent to that produced by blood concentrations of alcohol at the legal limit for driving in 
Australia (0.05% BAC) [3, 4, 5, 6].   
 
Unfortunately, there is less evidence and agreement on how these two influences interact with one 
another. For example, in the sleep deprivation studies cited above, the early morning commencement of 
sleep deprivation meant that the apparently vulnerable period of 18 hours of sleep deprivation coincides 
with the circadian low point (0100-0400hrs) when performance capacity and safety are known to be 
lower.  Due to this confounding of time awake and time of day, the relative contributions of each of these 
influences in producing alertness and performance effects cannot be determined. 
 
This issue needs to be resolved as knowing the source of fatigue is essential for understanding when and 
why fatigue risk should be of concern for performance and safety. Consequently, the overall aim of this 
study was to obtain a better understanding of the relative effects of time of day and sleep deprivation on 
fatigue and performance.  This study attempted to disentangle the effects of 28 hours of sleep deprivation 
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from the effects of time of day on performance by comparing sleep deprivation commencing at 06:00 and 
00:00hrs.  This paper describes preliminary analysis for two of the performance tests used in this study 
 
Methods 
 
Subjects 
 
There were 61 participants in this study in total.  All were volunteers in the age range 25-50 years. 
 
Study Design 
 
The design involved two independent groups each of which were exposed to 28 hours of sleep 
deprivation.  For one group (n=39) the sleep deprivation condition began at 06:00 hours and for the 
second group (n=22), the sleep deprivation condition began at 00:00 hours.  By varying the start time for 
each of the two groups, but keeping constant the duration of sleep deprivation it was possible to examine 
the effects on performance of variations in the time of day of testing.  These start times were selected as 
they test different aspects of the time of day (circadian rhythm) and sleep deprivation interaction.  For the 
group commencing sleep deprivation at 0600 hours the longest period of sleep deprivation occurred close 
to the low point of the circadian rhythm.  A a six-hour phase delay (sleep deprivation commencing at 
0000 hours), meant that the circadian low point coincided with only around two to six hours of sleep 
deprivation.  It would be expected, therefore, that if sleep deprivation degrades performance 
independently of time of day, the less sleep deprived at the circadian low point the smaller will be the 
effect on performance and the greater the sleep deprivation the larger the performance deficit regardless 
of the time of day.  If the circadian rhythm has an independent effect on performance, there should be a 
performance decrement at the circadian low point regardless of the amount of sleep deprivation at that 
point.   
 
Measures 
 
Eight different computer-based performance tests were used in this study, which took 30-40 minutes total 
test time at each test occasion.  This paper describes the results of two of them; simple reaction time and 
the Mackworth clock vigilance test.  In addition subjective fatigue rating scales were used on each test 
occasion. Details of these measures are as follows: 

• Simple Reaction Time (RT): This is a simple visual-motor response speed test involving a yellow 
circle moving in an irregular counterclockwise path around the computer screen.  The subject’s 
task was to press a key on the keypad as quickly as possible whenever the circle changed colour 
from yellow to red.  The test consisted of 40 colour change trials over a two minute period.  The 
time taken for subjects to respond to the colour change and the number of missed colour changes 
were both measured. 

• Mackworth clock Vigilance test:  This task measured the ability to sustain attention in the face of 
monotonous stimulation.  A circle, composed of 24 equally spaced dots, was presented on the 
computer screen.  Each dot flashed briefly in turn at constant 500ms intervals.  At random 
intervals (approximately every minute) one of the dots would be omitted from the flashing 
sequence.  The subjects’ task was to respond as quickly as possible via a button press on the 
keypad whenever a dot was omitted.  The task continued for 15 mins during which 15 flashes were 
omitted.  Reaction time to missed flashes and the number of missed responses were recorded. 

• Subjective Fatigue Rating Scales:  Three visual analogue scales were presented to participants on 
the computer screen at the beginning and end of each testing session.  The three scales focused on 
different aspects of the fatigue experience and were anchored at the ends by the terms ‘fresh – 
tired’, ‘clear-headed – muzzy-headed’, and ‘very alert – very drowsy’.  Participants used the 
mouse to position a cursor at some point between the anchors to reflect their current level of 
fatigue.  The computer recorded cursor position at one of the 20 positions along the dimension.  
These values were subsequently converted to percentages. 

 
Procedure 
 
All study participants underwent a sleep deprivation regime of 28 hours beginning from either 06:00hours 
or 00:00 hours.  Participants were encouraged to get as much sleep as possible in the period immediately 
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before each condition, including afternoon and evening naps so they were as rested as possible for the 
first test session. On the test day, participants were asked to wake at 0600 or 0000 and testing began 
approximately two hours afterwards (08:00 hrs or 02:00hrs).  Participants were first asked to complete a 
brief questionnaire concerning their sleep, eating and drug-taking behaviour since the previous day, and 
then began the testing regime. 
The testing schedule involved tests every hour for the first five tests then regularly every two hours, with 
the last test session commencing approximately 27 hours (09:00hrs and 03:00hrs) after their waking time.  
A total of 15 performance test sessions were completed, after which the participants were allowed to 
retire to sleep. 
 
Analysis 
 
For this analysis two blocks of tests were chosen for each sleep deprivation condition, corresponding to 
test sessions 1 to 4 (Low sleep deprivation) and 11 to 13 (High sleep deprivation).  These test blocks were 
also chosen as they corresponded to different time windows in the circadian rhythm and provided a 
counterbalance of sleep deprivation (low and high) and circadian phase (low and high).  These time 
windows were based on the evidence of the circadian trough in the midnight to dawn period and again in 
the early afternoon [2].  For the 06:00hrs sleep deprivation start condition, the 1 to 4 test session block 
corresponded to 08:00 to 11:30hrs time window (Low sleep deprivation/High circadian rhythm) and the 
11 to 13 test session block corresponded to 01:00 to 05:00hrs time window (High sleep deprivation/Low 
Circadian rhythm).  For the 00:00hrs sleep deprivation start condition, the 1 to 4 test session block 
corresponded to 02:00 to 05:30hrs time window (Low sleep deprivation/Low Circadian rhythm) and the 
11 to 13 test session block corresponded to 19:00 to 23:00hrs time window (High sleep deprivation/High 
circadian rhythm).  The test performance and fatigue ratings were averaged for each of these four sleep 
deprivation and circadian phase time windows and were compared using MANOVA followed by post hoc 
t-tests when main or interaction effects were statistically significant.  For this analysis the four post hoc 
comparisons of interest were the effects of high sleep deprivation at high and low circadian points and the 
effects of the low circadian rhythm at low and high levels of sleep deprivation.  For the post hoc analysis 
the error rate was adjusted for the number of comparisons using a Bonferroni adjustment so alpha was set 
at 0.013.   
 
 
Results 
 
Analysis of reaction speed results in the Reaction time test (see Figure 1) showed a significant interaction 
effect (F(1.59)=13.18,p<0.001).  Post hoc testing showed significantly slower responding in the High 
SD/Low Circadian time window compared to Low SD/Low Circadian window (t(58.9)=3.90,p<0.001) and 
in the High SD/Low Circadian window compared to the High SD/High Circadian window 
(t(59)=3.21,p<0.002).  Neither of the other two comparisons was statistically significant.  These findings 
indicate that there was no influence of low circadian rhythm on reaction speed during low sleep 
deprivation and high levels of sleep deprivation were influential only at the circadian low point. 

This paper has been peer-reviewed
November 2008, Adelaide, South Australia
2008 Australasian Road Safety Research, Policing and Education Conference

715

Fatigue and Driving Williamson and Friswell



 
Figure 1:  Reaction time test results for each sleep deprivation and circadian time window groups 
showing mean reaction speed (msecs) and standard deviation with * indicating statistical significance 
 
Similar results were found for the number of missed responses in the Reaction time test (see Figure 2).  
For this measure the interaction effect was statistically significant (F(1.59)=10.14,p<0.002) and post hoc 
comparisons also showed the same pattern as for response time with no effect of circadian influence on 
missed responses when sleep deprivation levels were low and high levels of sleep deprivation only 
showing significantly more missed signals during the circadian low period (High SD/Low Circadian 
window compared to Low SD/Low Circadian window (t(38.8)=5.14,p<0.001); High SD/Low Circadian 
window compared to High SD/High Circadian window (t(57.8)=3.57,p<0.001). 
 

 
Figure 2:  Reaction time test results for each sleep deprivation and circadian time window groups 

showing mean number of missed responses and standard deviations with * indicating statistical 
significance 

 
 
Figures 3 and 4 show the results for the Macworth clock vigilance test.  Similar results were found for 
this test as the Reaction time test.  For the Reaction speed measure, a significant interaction effect 
(F(1.59)=16.79,p<0.001) followed by post hoc comparisons showed the same pattern of effects of no effect 
on speed of response during the circadian low period when sleep deprivation levels were low but 
significant slowing of response speed when high levels of sleep deprivation coincided with the circadian 
low point (High SD/Low Circadian window compared to Low SD/Low Circadian window, 
t(42.6)=5.85,p<0.001; High SD/Low Circadian window compared to High SD/High Circadian window, 
t(41.6)=5.58,p<0.001).  The Missed signals measure showed very similar results with again, a significant 
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interaction effect (F(1.59)=29.59,p<0.001) and significantly more missed signals during the High SD/Low 
Circadian window compared to the Low SD/Low Circadian window ((t(53.2)=9.27,p<0.001) and the High 
SD/Low Circadian window compared to High SD/High Circadian window (t(58.9)=6.79,p<0.001).  Again, 
the comparisons for Low SD and circadian window showed no significant effects. 
 

 
 
Figure 3:  Mackworth clock vigilance test results for each sleep deprivation and circadian time window 

group showing mean reaction speed (msecs) and standard deviations with * indicating statistical 
significance 

 

 
 
Figure 4:  Mackworth clock vigilance test results for each sleep deprivation and circadian time window 

group showing mean missed responses and standard deviations (in brackets). 
 
 
The results for subjective ratings of fatigue at each of the sleep deprivation and circadian time windows 
are shown in Figure 5.  As for the performance measures, there was a statistically significant interaction 
effect (F(1.59)=39.47,p<0.001), however post hoc comparisons showed somewhat different findings.  Just 
as for the performance tests fatigue ratings were significantly higher in the High SD/Low circadian time 
window than in the Low SD/Low circadian window  (t(59)=8.83,p<0.001) and in the High SD/Low 
circadian window compared to the High SD/High circadian time window (t(59)=4.40,p<0.001).  Unlike the 
performance tests, fatigue ratings were also significantly higher in the Low SD/Low circadian window 
compared to the Low SD/High circadian time window (t(59)=3.06,p<0.003) and in the High SD/High 
circadian time window compared to the Low SD/High circadian window (t(59)=7.59,p<0.001) 
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Figure 5:  Subjective ratings of fatigue for each sleep deprivation and circadian time window group 

showing mean ratings and standard deviations (in brackets). 
 
 
Discussion 
 
In this study both time of day and sleep deprivation factors were determinants of performance but only in 
combination, neither had independent effects. There was a clear interaction between sleep deprivation and 
circadian influences on cognitive performance, with the poorest performance occurring when both time of 
day and circadian influences occurred together.  If the circadian rhythm was not at its low point, there 
were no effects of sleep deprivation.  Circadian influences also did not show independent effects.  
Performance at the circadian low point was not adversely affected when the study participant was rested.   
 
These results are consistent with some mainly indirect findings of previous forced desynchrony studies.  
In these studies the usual synchrony between time awake and the circadian rhythm is broken by extending 
the awake period of study participants to longer than 24 hours (usually 28 hours) for a number of weeks.  
This experimental manipulation has the effect of making waking times occur at almost all times in the 
circadian rhythm over the study period, but minimizing the extent of sleep deprivation.  Studies using this 
methodology have found that circadian and time awake influences show a non-linear interaction with one 
another for measures of mood [7] alertness and performance on a continuous addition task [8] and the 
number of errors but not performance on a modified version of the sustained attention response test 
(SARTm) [9].  Furthermore, a reanalysis of previously collected data in a laboratory sleep deprivation 
task also showed a non-linear interaction between circadian and time awake influences using the 
psychomotor vigilance task [10].  Clearly the results of our study reinforce the role of the interaction of 
the time of day and time awake processes in producing poorer alertness and performance at the high end 
of sleep deprivation and the circadian trough.   
 
What has not been demonstrated previously is that the interaction is the only effect of the two influences, 
on the cognitive functions measured in this study. Previous studies have not compared directly the 
independent and interaction effects of sleep deprivation and circadian phase.  As this study showed, 
circadian effects only had an influence on performance in combination with sleep deprivation and sleep 
deprivation effects were only seen at the circadian low point.   
 
Notably, both performance measures of both tests showed the same findings so suggesting that they 
indicate a more general performance effect.  Further analysis of the data from the other tests conducted in 
this study will reveal the extent to which time awake and circadian influence interact for all cognitive 
functions. In contrast subjective fatigue ratings did not show the same patterns as the performance tests.  
Fatigue ratings showed independent effects of sleep deprivation and circadian influences in addition to a 
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larger interaction effect.  Other studies have also failed to find consistency between fatigue ratings and 
neurobehavioural performance [11, 12, 9]. It seems that people respond to body status and the external 
cues about how tired they should feel and make judgments that are consistent with these influences.  
Performance, on the other hand, seems to have different origins.  Importantly, this disconnect between 
fatigue ratings and performance effects means that fatigue ratings should not be used as an indicator of 
potential performance effects.     
 
There are clear implications for fatigue management and the design of driving and rest schedules from 
this study. The finding that significant performance deficits only occurred when high levels of sleep 
deprivation coincided with the low point of the circadian rhythm points to the need to avoid driving 
during the midnight to dawn period if the driver has been awake for long periods. As rested participants 
did not show the expected circadian effects on performance and sleep deprivation effects on performance 
were not seen outside the circadian low point these results also indicate that driving at night during the 
midnight to dawn period can be performed safely and without error if the person is properly rested at the 
start of the drive. These results provide evidence that for road safety we need to advise drivers of the 
dangers of working or driving for long hours which culminate in the midnight to dawn circadian period as 
this combination significantly increases the risk of poor and unsafe performance.   
 
References 
 

1. Czeisler, CA., Weitsman, ED., Moore-Ede, MC., Simmerman, JC., Krauer, RS., (1980). Human 
sleep: its duration and organisation depend on its circadian phase.  Science, 210, 1264-1267. 

2. Monk, TH., (1987). Subjective ratings of sleepiness – the underlying circadian mechanisms. 
Sleep, 10, 343-353. 

3. Dawson, A., Reid, K., (1997). Fatigue, alcohol and performance impairment.  Nature, 388, 235. 
4. Williamson, A.M and Feyer, A-M. (2000) Moderate sleep deprivation produces comprehensive 

cognitive and motor performance impairments equivalent to legally prescribed levels of alcohol 
intoxication, Occupational and Environmental Medicine, 57, 649-655. 

5. Arnedt, JT., Wilde, GJS., Munt, PW., MacLean, AW., (2001). How do prolonged wakefulness 
and alcohol compare in the decrements they produce on a simulated driving task? Accident 
Analysis and Prevention. 33, 337-344. 

6. Falleti, MG., Maruff, P., Collie, A., Darby, DG., McStephen, M., (2003). Qualitative similarities 
in cognitive impairment associated withy 24 h of sustained wakefulness and a blood alcohol 
concentration of 0.05%. Journal of Sleep Research, 12, 265-274. 

7. Boivin, DB., Czeisler, CA., Dijk, D-J., Duffy, JF., Folkard, S., Minors, DS., Totterdell, P., 
Waterhouse, JM., (1997). Complex interaction of the sleep-wake cycle and circadian phase 
modulates modd in healthy subjects.  Archives of General Psychiatry, 54, 145-152. 

8. Dijk, D-J., Duffy, JF., Czeisler, CA., (1992). Circadian and sleep/wake dependent aspects of 
subjective alerness and cognitive performance. Journal of Sleep Research, 1, 112-117. 

9. Harrison, Y., Jones, K., Waterhouse, J., (2007). The influence of time awake and circadian 
rhythm upon performance on a frontal lobe task. Neuropsychologia, 45, 1966-1972. 

10. Van Dongen, HPA., Dinges, DF., (2003). Investigating the interaction between the homeostatic 
and circadian processes of sleep-wake regulation for the prediction of waking neurobehavioural 
performance. Journal of Sleep Research, 12, 181-17. 

11. Williamson, A.M., Feyer, A-M, Friswell, R. and Finlay-Brown, S., (2000). Demonstration 
project for fatigue management programs in the road transport industry – summary of findings, 
Federal Australian Transportation Safety Bureau report CR192, 1-20. 

12. Williamson, A.M. Feyer, A-M, Mattick, R, Friswell, R and Finlay-Brown, S. (2001). Developing 
measures of fatigue using an alcohol comparison to validate the effects of fatigue on 
performance. Accident Analysis and Prevention, 33(3), 313-326. 

 
 
 
 

This paper has been peer-reviewed
November 2008, Adelaide, South Australia
2008 Australasian Road Safety Research, Policing and Education Conference

719

Fatigue and Driving Williamson and Friswell


	Welcome Page
	Hub Page
	Session List
	Table of Contents Entry of this Manuscript
	Brief Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Detailed Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	------------------------------
	Abstract Book
	Abstract Card for this Manuscript
	------------------------------
	Next Manuscript
	Preceding Manuscript
	------------------------------
	Previous View
	------------------------------
	Search
	------------------------------
	Also by Ann Williamson
	Also by R. Friswell
	------------------------------

