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Evaluation of brain activity and its brain functional circuitry altered
by physical and mental fatigue during driving

Keiichiro Inagaki*

Fatigue is one of the crucial factors in human error-related traffic accidents. Despite the
development of highly advanced intelligent transport systems, fatigue-related traffic
accidents have not decreased. The factors inducing driver fatigue are classified into mental
and physical categories. Physical fatigue results from muscle strain due to prolonged driving
and operations. Mental fatigue, on the other hand, results from the continuous mental effort
required for driving, including repeated perception and decision-making regarding driving
situations and route planning. Monitoring driver fatigue can help prevent fatigue-related
traffic accidents. Therefore, researchers have studied its relationship with various biomarkers
such as sleep state, eye movement, facial expression, and electroencephalography (EEG)
activation levels. Moreover, studies have revealed the relationship between fatigue and
cognitive performance, which is affected by factors such as extended periods of driving.
Furthermore, the strategy, quantity, and quality of driving operations and perception differ
in various traffic environments. For instance, driving stress levels vary depending on factors
such as the number of vehicles on the road, traffic congestion, and road conditions. However,
the brain activity associated with mental and physical workload due to the traffic
environment and its factors remains unknown. In particular, the relationship between mental
and physical stress resulting from varying levels of operation and perception in different
driving environments, the accumulation of driver fatigue caused by such stress, and the
related brain activity are still unclear. In this study, we focused on investigating the mental
and physical workload that accumulates in drivers and induces physical and mental fatigue,
as well as the related brain activity and its functional connectivity caused by different traffic
environments. The results confirmed differences in theta- and alpha-band spectral responses,
which are associated with driver fatigue, across different traffic environments. Especially,
difference of theta-band functional connectivity was observed in brain region related to
special perception. Further examination of the causal relationship showed that mental and
physical workload were associated with fatigue-related spectral responses depending on the
traffic environment. These findings imply that the level of cognitive and operational load
inherent in driving environments plays a crucial role in driver fatigue.
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Figurel Experimental setup and electroencephalography (EEG) recording system during
driving simulations. The experimental setup consisted of a personal computer (PC) display,
stereo speakers, a steering controller, gas and brake pedals, a high-performance PC for data
collection, traffic scene capture, and driving simulator control, an adjustable driver’s seat, and
an EEG recorder. A 9-channel EEG setup with electrodes was placed at 7 sites (AF3, AF4, T7,
T8, Cz, O1, and O2) covering the entire brain area, along with two reference sites (A1l and A2)
according to the International 10-20 electrode positioning system. City Car Driving was used
as the driving simulator. 3C#k 65 X 0 HH:
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(c) Highway (20% traffic density)

Figure 2. Stimulus scenarios for three different traffic conditions: (a) urban driving with 20%
traffic density, (b) congested driving (100% traffic density), and (c) highway driving with 20%
traffic density. The duration of driving for each condition was 30 min. 3k 65 X ¥V
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Figure5 The weighted workload (WWL: (A)) and individual scores (MD, PD, TD, OP, EF, and FR,
(B)) on the NASA-TLX during driving in three different traffic conditions. * and ** indicate
statistical significance (p<0.05 and p<0.01, respectively), evaluated by Student’s t-test. The error
bar indicated one standard deviation. 3Lk 65 X 0 Pk
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Figure6 Numbers of vehicle operations and perceptions of traffic objects during driving in three
different traffic conditions. * and ** indicate statistical significance (p<0.05 and p<0.01,
respectively), evaluated by Student’s t-test. (A), (B), and (C) represent the total number of
operations and perceptions, number of operations, and number of perceptions, respectively. The
error bar indicates one standard deviation. 3CHk 65 L ¥V $k#
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Figure7 Scatter plot showing the relationship between (A) changes in theta- to alpha-band spectral
response (initial versus final 2 min of driving) and WWL, (B) changes in theta- to alpha-band
spectral responses (initial versus final 2 min of driving) and number of operations and perceptions,
and (C) WWL and number of operations and perceptions. Blue, orange, and yellow-filled circles
represent the three different traffic conditions urban driving with 20% traffic density, congested
driving, and highway driving, respectively. 3Ciik 65 £ U k¢
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Figure 8 Strength of connectivity of brain network for AF3, T8 and O2 in driving different
condition. * indicates statistical significance (p<0.05), evaluated by Student’s t-test.
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Figure9 Levels of fatigue assessed using a questionnaire during driving in three different traffic
conditions. ** indicates statistical significance (p<0.01), evaluated by Student’s t-test. The error
bar indicates one standard deviation. ik 65 & ¥ $hF:
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