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Age-related effects of executive
function on takeover performance
in automated driving

Qijia Peng?, Yanbin Wu?, Nan Qie? & Sunao Iwakil**

The development of highly automated vehicles can meet elderly drivers’ mobility needs; however,
worse driving performance after a takeover request (TOR) is frequently found, especially regarding
non-driving related tasks (NDRTs). This study aims to detect the correlation between takeover
performance and underlying cognitive factors comprising a set of higher order cognitive processes
including executive functions. Thirty-five young and 35 elderly participants were tested by
computerized cognitive tasks and simulated driving tasks to evaluate their executive functions and
takeover performance. Performance of n-back tasks, Simon tasks, and task switching were used to
evaluate updating, inhibition, and shifting components of executive functions by principal component
analysis. The performance of lane changing after TOR was measured using the standard deviation
of the steering wheel angle and minimum time-to-collision (TTC). Differences between age groups
and NDRT engagement were assessed by two-way mixed analysis of variance. Older participants
had significantly lower executive function ability and were less stable and more conservative when
engaged in NDRT. Furthermore, a significant correlation between executive function and lateral
driving stability was found. These findings highlight the interaction between age-related differences
in executive functions and takeover performance; thus, provide implications for designing driver
screening tests or human-machine interfaces.

In 2021, the population aged 60 years and older was over 1 billion worldwide, and one in six people will be
60 years or older by 2030'. In ageing societies, the proportion of elderly drivers are rapidly increasing. In Japan,
one of the countries with the highest proportion of elderly citizens, 29.1% of the population was over 65 years
old in 20212, which will be 37.7% by 2050°. Moreover, the proportion of people over 70 years old with a driver’s
license reached 14.5% in 2019, increasing by approximately 15 times during the past 30 years*.

Driving is an important way for the elderly to maintain their mobility, which is known to strongly affect their
independence and quality of life>®. However, elderly drivers are more likely to be involved in crashes at intersec-
tions, lane changing, and driving accidents involving multiple vehicles’=*. Some elderly people even have to give
up driving due to the decline in their physical and mental conditions'*-'2.

The development of highly automated vehicles, also known as level 3 automation defined by SAE
International®?, is expected to benefit elderly drivers by enhancing their mobility'*'¢. During level 3 automated
driving, drivers can engage in non-driving related tasks (NDRTSs); while in certain situations (e.g., an unexpected
construction zone or broken vehicle on a highway) when the highly automated system fails and prompts a takeo-
ver request (TOR), e.g. an auditory signal, drivers must be able to regain control of the vehicle. Elderly drivers
tend to engage in various NDRTs during simulated automated driving'’, including entertainment, working, and
dietary activities'®.

Effects of NDRTs on takeover performance. Engaging in NDRTs is known to affect takeover perfor-
mance, such as more collisions" and more deviation from the center of the lane®. The negative effect of NDRT
is especially crucial for elderly drivers, considering the decline in their driving ability. Therefore, elderly drivers’
behaviors after a TOR could be more cautious or conservative than younger drivers. For example, they prefer to
brake more and maintain a longer safe distance'”*"*2. Moreover, slower reactions and decision making among
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elderly drivers were found when regaining control after a TOR*. Moreover, after a period of manual driving, an
increase in reaction time (RT) to a TOR was found for elderly drivers, but not for younger drivers®. Further-
more, Wu et al.”® revealed age-related differences in the interaction between NDRT and drowsiness and found
that performing NDRT did not alleviate the drowsiness of elderly drivers but deteriorated their takeover per-
formance. The distribution of visual attention can also differ between young and elderly drivers. That is, elderly
drivers focused more on the road than NDRT compared with younger drivers*. Moreover, they checked their
back mirrors less frequently and their fixation time became shorter when engaging in NDRT?.

Other studies reported no significant age effects on driving performance after a TOR* or takeover time?s.
Despite the different study designs, these contradictory results suggest that other factors may underlie age-
related differences. Li et al.”” investigated takeover performance, behavior, and perceptions of elderly people in
different age subgroups, suggesting that elderly people should be considered as a heterogeneous group. Beyond
chronological age, it is important to explore individual differences in driving performance in response to TOR
using explicit factors.

Executive function and elderly drivers’ driving behaviors. Driving is a complex task that requires
various cognitive abilities. For instance, visual attention and visuospatial cognition are related to overall driving
performance®*?!: perceptual-cognitive capacity is related to speed control and crash risk®, simple RT is related
to hazard perception®, and working memory is related to decision making*. These cognitive abilities are associ-
ated with age’>*; therefore, elderly drivers with worse cognitive abilities are more likely to exhibit dangerous
driving behaviors and be involved in crashes® .

Adrian et al.** concluded that functional abilities were more determinant than chronological age in predict-
ing elderly drivers’ performance. Studies have shown that age-related decline in various cognitive tasks could be
attributed to the aging of the frontal lobe, also known as the frontal aging hypothesis*"*2. Furthermore, the frontal
lobe has been demonstrated to be correlated with executive function (EF)****. Executive functions comprises a set
of higher-order cognitive processes that coordinate lower-level processes*’, and can be defined as processes that
control and regulate thought and action*. Executive functions may play a crucial role in driving tasks because it
requires complex cognition-required task sets to summarize information and supervise actions*, such as main-
taining continued attention, dealing with irrelevant information, and adapting to different task requirements*.

Three main components of executive functions were distinguished: “Shifting,” “Updating,” and “Inhibition™*.
The shifting component refers to shifting between multiple tasks, operations, and mental sets®. The updating
component involves dealing with incoming information to replace the old, already irrelevant information®'.
The inhibition component can be described as an active or willed suppression of the tendency to react to more
dominant or automatic responses**2.

Previous research has revealed an important relationship between driving performance and executive func-
tions. Daigneault et al. found that elderly drivers with lower executive abilities were more likely to be involved
in traffic accidents®’. More specifically, correlations between the three executive components and driving per-
formance have been demonstrated in previous studies. To illustrate, shifting ability (mostly measured by trail
making tasks) was found to be correlated with car crash risk®, road test driving behaviors®, hazard perceptions®,
and driving errors in lane position®. Researchers also found that inhibition ability, which is related to selec-
tive attention, was associated with road test scores®, on-road driving performance®!, and observation errors®.
Updating ability, which is related to working memory®?, plays an important role in drivers’ decision making*.

In comprehensive studies dedicated to the three main components of executive functions, updating**,
inhibition”’, and shifting*’ components were found to be significantly correlated with driving performance.
Walshe et al.*® reviewed various subprocesses of executive functions and concluded that inhibition and updat-
ing played important roles in car crashes. Moreover, executive function components resulting from principal
component analysis (PCA)* and confirmatory factor analysis®” showed clear correlations between these latent
factors and driving performance. The use of underlying, structured components yielded from the results of
cognitive tests rather than pure task performance can alleviate the complexity of executive functions research
brought on by the so-called “task impurity problem.” Executive tasks often involve other cognitive tasks; therefore,
executive function test results may provide additional individual differences unrelated to executive functions®.
Exploring the correlation between driving performance and executive function components as latent variables
can avoid these uncertainties and produce more valid results®’. Therefore, we expected that the use of latent
components generated from executive functions task performance could effectively establish a correlation with
takeover performance.

Opverall, several studies have focused on age-related differences in takeover performance, as well as the impor-
tance of abilities related to executive functions in driving behaviors. However, research on the relationship
between age-related differences in executive function components and takeover performance in automated
driving is rare. To fill this gap, we designed a series of computerized cognitive tests and simulated driving tasks to
evaluate drivers’ executive functions and takeover performance. Executive function components were extracted
by PCA and their correlations with takeover performance were investigated. The purpose of this exploratory
study is two-fold: first, to examine whether age-related differences exist in executive functions and takeover
performance in automated driving, and second, to explore the relationship between specific executive function
components and takeover performance.

Methodology

Participants. Participants who were active licensed drivers and in normal health were recruited from the
local community (Tsukuba City, Japan). We used opt-in recruitment method: online and offline recruitments
were advertised in local community, and totally 70 participants signed up for this study. Thirty-five of them were

Scientific Reports |

(2022) 12:5410 | https://doi.org/10.1038/s41598-022-08522-4 nature portfolio



www.nature.com/scientificreports/

elderly drivers above 65 years (M =72.8 years, SD = 3.6 years), including 17 males and 18 females. Furthermore,
35 were younger drivers below 35 years (M =27.8 years, SD=4.4 years), including 24 males and 11 females.
The sex ratio did not differ significantly between groups (chi-squared=2.12, df=1, p=0.145). All participants
provided informed consent complying with the research protocol approved by the Institutional Review Board of
the National Institute of Advanced Industrial Science and Technology (AIST). Ninety percent of the participants
drove more than 1,000 km per year (34% = 1,000-5,000 km per year; 58% = more than 5,000 km), and drove fre-
quently in daily life (30% drove 3-4 days per week, and 59% drove daily). 54.3% of the participants indicated that
driving was their only mean of daily travel, and 20% of the participants indicated that 75% of their daily travel
was driving. No significant difference of these proportions between age groups were found.

Procedure. Before the experiment, the experimenter welcomed and introduced the participants to the
experiment purpose and contents. Participants were then introduced to three cognitive tasks. Prior to each task,
participants were given detailed task instructions and sufficient training. After completing the cognitive tasks,
participants were given a 10-min break. Hereafter, they were introduced to the simulator-based driving tasks.
Participants were provided with two driving practice sessions: a manual driving session with simple maneuvers
(e.g., lane changing), and an automated driving session with TOR scenarios similar to that used in the formal
experiment. After familiarizing themselves with the simulator operation and driving task requirements, partici-
pants completed the experimental driving session.

Materials. The driving task was conducted on a set of desktop driving simulators at the AIST. The driving
simulator apparatus included a set of Logitech steering wheel and pedals as input devices, a Panasonic screen
(87 mm x 154 mm) with an approximate 45-degree field-of-view for visual presentation, and a set of Mitsubishi
Driving Simulator software packages for monitoring and recording.

Tasks for executive functions. All participants were asked to complete three computerized tasks on a
laptop, measuring the executive functions (EF) components. For all tasks, participants observed visual stimuli
shown on a laptop screen running Psychopy software and responded only to target stimuli by pressing previously
specified buttons on the keyboard. Each task lasted 12-15 min, with a 5-min break between tasks. Illustrations
of each task are shown in Fig. 1.

Updating. 'This component was assessed using a classic version of the sequential letter n-back task®8-60,

In the 0-back condition, the target was the first letter of sequence in the block; in the 1-back condition, the
target was any letter identical to the letter immediately preceding it; in the 2-back condition, the target was any
letter identical to the letter appearing two trials before. Letters in uppercase appeared in random order for 500 ms
with a 2,000 ms interval before the onset of the next trial.

Participants completed 12 trials in each block and 12 blocks in total. Before each block, the task type of this
block was shown at the center of the screen. Each block and trial were presented in a randomized order.

Inhibition. 'This component was assessed using a visual version of the Simon task paradigm®-%. Each block
began with a fixation cross at the center of the screen. In each trial, a red or green circle appeared on the left or
right side of the cross and remained visible for 500 ms. Participants were instructed to press the left button when
they saw a green circle, and the right button when they saw a red circle. After the offset of the stimulus, there was
a 2,000 ms interval before the onset of the next trial.

Participants completed 12 trials in each block and 12 blocks in total. Six of the blocks were congruent con-
ditions, consisting of congruent trials in which the stimuli were presented on the same side as the associated
response button. The other six blocks were mixed conditions, in which each block consisted of half congruent
and half incongruent trials (stimuli were presented on the opposite side as the associated button). Each block
and trial were presented in a randomized order.

Shifting. 'This component was assessed using a variant digit version of the task switching paradigm®-%>.

This paradigm included two digital-related tasks. In each trial, a numeric digit (from 1 to 9, excluding 5)
was presented at the center of the screen and was surrounded by a solid or a dashed square. The task rules were
determined as follows: if the square was solid-lined, participants needed to determine whether the digit was
greater or less than 5; if the square was dash-lined, they needed to determine whether the digit was odd or even.
Participants were instructed to press two buttons on the keyboard according to different responses. Digits were
presented for 1,500 ms in each trial with a 2,000 ms interval before the onset of the next trial.

Participants completed 12 trials in each block and 16 blocks in total. Eight blocks were task homogeneous
conditions, in which only one type of task would appear, and the other eight blocks were task heterogeneous
conditions, in which two types were mixed and each type of task would take turns to appear twice. The choice for
alternating runs was believed to increase participants’ working memory demands when they tried to keep track
of the tasks; thus, was a more sensitive way to detect group differences®*“. Each block and trial were presented
in a randomized order.

Driving experiment. A 2 (age) x2 (NDRT) between- and within-subjects mixed factor experiment was
designed. The between-subjects factor was age (young and elderly drivers), and the within-subject factors were
NDRT engagement (no additional task and task engaged).
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Figure 1. Illustration of three cognitive tasks. Participants were given detailed instructions before each task. All
instructions were shown in Japanese during actual experiments.
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Figure 2. Scenario of takeover request and driving tasks.
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Driving task scenario. Participants encountered a variant version of the Lane Changing Task®” after TOR in a
simulated level 3 automated vehicle. Similar scenarios in the automated driving version are commonly used to
evaluate drivers’ takeover performance when engaging with NDRT'7*4%_ In this study, we chose a typical sce-
nario: a lane-blocking stationary truck was suddenly revealed by the lane changing of the front car (see Fig. 2).
The participants in the self-driving car (vehicle 1) were in automated driving most of the time, until warned
by an audio warning message “Transition to manual driving” in Japanese as the TOR and were then asked to
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take over full control (both steering wheel and pedals). Participants had to change lanes to avoid collision and
pass the stationary truck (vehicle 2), which was revealed by the lane changing of a leading car (vehicle 3). The
speed set for automated driving and all moving vehicles were 25 m/s. The TOR occurred at 100 m in front of the
stationary truck. Moving cars (every 50 m per vehicle) were set in the right lane next to the participant’s current
lane, so the participants also had to pay attention to avoid collisions. The scenario ended when the participant
drove 200 m after the stationary truck, also noted by an audio notice of “Automated driving starts”.

Based on previous research on the time budget or lead time for takeover, the common choices were in the
range between 4.5 and 7.5 s'72*%. In this study, we set time budget to 4 s to make the scenario riskier and put
the participants under more pressure.

Non-driving related task. The NDRT during autonomous driving was chosen as a sequential-letter 0-back task.
For every 2 s, the voice of a letter was randomly played by the speaker, and participants were required to press
a button on the steering wheel if they heard the target letter. The NDRTs continued for approximately 40 trials
until the TOR occurred, and ended when the TOR audio was played.

The auditory, but not visual, NDRT was designed to avoid additional visual distraction in the traffic environ-
ment. Based on our pilot study, the current version of the auditory 0-back task of moderate difficulty was chosen
to keep participants (especially elderly participants) involved in the NDRT during automated driving.

Measurements. Executive function components. 'The measures for the working memory updating com-
ponent were RTs for each correct response and accuracy in each condition in the n-back task. For the inhibition
component, RTs for each correct response and accuracy in both congruent and mixed blocks were recorded,
and the Simon effect’® was calculated based on the difference in RTs between congruent and incongruent trials
in mixed blocks in the Simon task. For the shifting component, RTs for each correct response, accuracy in task
homogeneous and task heterogeneous conditions, and switch cost” were calculated by the difference in RTs be-
tween trials after switching and non-switching trials in task heterogeneous conditions in the task-switching task.

Driving performance. Driving performance data were recorded at a rate of 60 Hz. Raw data included position,
speed, and acceleration data of the vehicle, as well as driver input data (e.g., steering wheel and pedal operations).

According to similar studies****, we chose two proven valid measures to evaluate the quality of takeover
performance:

sdSteer: standard deviation of the steering wheel angle, calculated by the standard deviation of the steering
wheel angle after TOR before the end of manual driving. This indicated the ability to regain control of the
vehicle and smooth lane change.

TTC: time-to-collision calculated by the distance at the moment of the lane change of the vehicle divided by
the instant velocity. This indicated the ability to maintain a longitudinal safety margin when changing lanes
in response to a TOR.

Results

Executive functions evaluation. N-back performance. Main effects of age group were found by a two-
way mixed ANOVA: the young group performed faster in RTs (F(1,68) =7.82, p=0.007) and had higher accu-
racy (F(1,68) =26.87, p<0.001) than the elderly group. The increase in task complexity also showed a significant
main effect on the increase in RTs (F(2,136)=111.77, p<0.001) and a decrease in accuracy (F(2,136) =113.26,
p<0.001). Moreover, significant age group x task complexity interactions were observed for RTs (F(2,136) =7.83,
p <0.001) and accuracy (F(2,136) =24.16, p<0.001).

The simple effect test demonstrated that for RTs, in the 0-back (t=1.19, df=63.46, p=0.240) and 1-back
(t=1.68, df=67.67, p=0.097) tasks, there were no significant differences between age groups, while the elderly
group had significantly longer RTs (t=3.55, df =64.81, p <0.001). For response accuracy, there was no significant
difference between age groups in the 0-back (t=-0.27, df=67.48, p=0.785) task, but there were significant losses
in accuracy for the elderly group in the 1-back (t=-2.81, df=50.87, p=0.007) and 2-back (t=-6.36, df=58.67,
p<0.001) tasks.

Simon task performance. We found main effects between age groups in which younger participants per-
formed faster in RTs (F(1,68)=15.71, p<0.001) than the elderly; however, no significant difference in accu-
racy (F(1,68)=1.27, p=0.264) between age groups was found. We also detected a significant increase in RTs
(F(1,68)=16.59, p<0.001) and a decrease in accuracy (F(1,68)=4.57, p=0.036) in incongruent compared to
congruent trials. However, no significant interaction was found for RTs (F(1,68)=1.13, p=0.292) or accuracy
(F(1,68) =3.43, p=0.068). Moreover, no significant difference in the Simon effect was found (t=1.06, df=50.55,
p=0.293) between the two age groups.

Task switching performance. 'We found main effects between age groups where younger participants had faster
RTs (F(1,68)=28.73, p<0.001) and higher accuracy (F(1,68) =10.56, p=0.002) than the elderly. The main effect
of task switching was also detected; in switch trials, participants showed longer RTs (F(1,68) =369.99, p <0.001)
and less accuracy (F(1,68) =28.27, p<0.001). Furthermore, there were two-way interactions in the RTs between
the age groups and switch conditions (F(1,68) =11.87, p<0.001). This can be explained by a significantly larger
difference in RTs between switch and non-switch trials (the switch cost, also shown in Table 1) found in the
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Reaction time (ms) Accuracy (%)
Task Condition Elder Young Elder Young
0-back 481.6+15.6 |4585+11.8 |96.9+09 |97.3+£0.8
n-back 1-back 547.0£19.1 |503.1+17.8 |929+1.4 |97.3+0.7
2-back 727.7+£274 |603.5+21.8 |750+1.9 |89.7+1.3
Congruent 671.6+£23.1 | 580.0+15.5 |94.7+1.4 |97.5+1.1
Simon task Incongruent 7059+18.3 | 600.1+14.8 |945+1.1 |97.3+12

Simon Effect 343+11.9 20.1+6.1 - -
Non-switch 900.9+21.6 |783.8+19.1 |94.3+1.0 |97.6+£0.5
Task switching | Switch 1124.7+22.9 |939.7+20.5 |90.0+1.4 |95.0+0.9
Switch cost 224.0+£17.2 | 155.9+£9.7 - -

Table 1. Descriptive statistics for executive function tasks. Data are presented as mean + standard deviation.
The Simon effect and switch cost were only calculated by RT.

PC1 PC2 PC3 PC4 PC5 PCeé PC7 PC8 PC9
0-back RT 0.45 | -0.35 0.10 | -0.17 020 |-0.28 0.19 | -0.02 0.70
1-back RT 0.45 | -0.22 032 |-0.19 0.08 0.13 029 |-0.45 |-0.55
2-back RT 0.46 | -0.30 |-0.07 0.11 0.16 025 | -0.44 0.59 |-0.21
1-back Accuracy -022 |[-050 |-048 |-0.13 0.17 |-0.13 | -0.44 |-0.46 |-0.07
2-back Accuracy -0.38 |-0.51 |-0.03 |-0.14 |-0.04 |-028 0.48 0.45 | -0.26
Simon Task Accuracy (incongruent trials) -0.08 | -0.28 0.58 036 |-0.45 |-0.33 | -0.37 | -0.09 0.00
Simon Effect 0.12 |-0.10 |-0.28 0.86 0.16 |-0.04 032 |-0.14 |-0.03
Task Switching Accuracy (switching trials) -0.36 | -0.34 0.30 0.10 0.14 0.74 0.07 | -0.07 0.27
Switch Cost 022 |-0.17 |-0.38 |-0.07 |-0.81 0.28 0.15 | -0.04 0.11
Eigenvalue 2.75 1.42 1.34 1.03 0.87 0.57 0.41 0.32 0.30
Percent of variance (%) 30.58 | 15.77 14.89 | 11.43 9.63 6.31 4.57 3.52 3.30
Cumulative percent of variance (%) 30.58 | 46.35 61.24 | 72.67 | 82.30 88.61 93.18 | 96.70 |100.00

Table 2. Loadings for the principal component analysis of the executive function data. The loadings of main
compositions were marked bold.

elderly group than in the younger group (t=3.45, df=53.8, p=0.001). The descriptive statistics for EF tasks are
presented in Table 1.

Principal component analysis for executive function components. PCA was conducted based on the measures of
cognitive tasks in order to generate more reasonable, structured components representing the abilities of execu-
tive functions, and thus to show clearer correlation with takeover behaviors.

The subject to item ratio in our study is 7.78:1 (70 participants in total and 9 measures from different tasks),
which is larger than the commonly recommended minimum subject to item ratio of 5:172.The PCA results of the
selected measures of performance in EF tasks (normalized data) are shown in Table 2. The measures comprised
RTs and accuracy results for the tasks. Accuracy in the 0-back condition was not selected because the differences
between individuals and groups were not significant. The measures for RTs in the Simon task and task switching
was chosen as the Simon effect and switch cost in each task. The loadings for each component are presented in
Table 2. The principal components were ordered by their percent of variance explained.

The results showed that PC1-PC4 had eigenvalues greater than one. As for PC5, despite the eigenvalue of
0.87, the difference of percentage of variance explained between PC4 (11.4%) and PC5 (9.6%) was not evident,
yet the decrease between PC5 and PC6 (6.3% of variance, 0.57 of eigenvalue) was sharp. Considering the per-
centage of variance explained, PC4 and PC5 both accounted for about 10% of the variance individually, and by
including PC5 there were over 80% (82.30%) of cumulated variance. Therefore, we chose the first 5 components
in percent of variance and yielded a five-component solution for further analyses. The interpretation of the main
composition of each principal component and the EF components is shown in Table 3.

Driving performance. Driving performance was evaluated by the standard deviation of the steering wheel
angle (sdSteer) during the manual driving period, and the TTC at the moment of the lane change. Outliers were
identified as observation points outside 1.5 * Inter Quartile Range, which was the difference between the 75th
and 25th quartiles of the dataset. The observations higher and lower than the boundary were replaced by the
higher and lower limits of the values of the 95th and 5th percentiles of the dataset. The differences between the
groups and conditions are presented in Fig. 3.
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Figure 3. Differences of driving performance between age groups and the conditions of NDRT engagement,
measured by (a) steering wheel standard deviation and (b) time-to-collision. NDRT: non-driving related tasks.

Standard deviations of steering wheel angle (sdSteer). The results of the two-way mixed ANOVA showed that
age had a main effect on sdSteer, with the elderly group (M =25.62, SD =10.08) having significantly larger sdS-
teer than the young group (M=19.78, SD=7.31; F(1,67) =10.72, p=0.002). The main effect was also found
between conditions with and without the NDRT, where sdSteer was higher in conditions with NDRT (M =24.04,
SD=10.09) than without (M =21.28, SD=8.12; F(1,67)=6.12, p=0.016). No significant interaction was found
between age and engagement in NDRT (F(1,67)=0.07, p=0.788).

Time-to-collision. The results of the two-way mixed ANOVA revealed no significant main effect in conditions
with and without engagement in NDRT, with longer TTC when engaged (M =1.09, SD=0.50) than when not
engaged (M =0.95, SD =0.54), although the difference was not statistically significant (F(1,67)=2.97, p=0.089).
No significant main effect was found in the age groups (F(1,67)=0.90, p=0.347) and no significant interaction
was found between age and engagement in NDRT (F(1,67) =1.72, p=0.194).

Correlations between executive function components and driving performance. Correlations
between EF components (results from the PCA of EF measures) and driving performance (sdSteer and TTC)
were analyzed for each condition (with/without engagement in NDRT) using Pearson’s correlation coefficients
(see Fig. 4). Correlations were calculated on data from all participants of both groups in each condition.

A significant correlation was found between sdSteer and accuracy of the updating component (PC2, r=0.26,
p=0.029) without NDRT engagement, and a sdSteer tended to correlated with the cost of shifting component
(PC5, r=-0.22, p=0.075), although the correlation was not statistically significant. Moreover, no significant
correlation was found between TTC and EF components.

When engaging in NDRT, sdSteer was significantly correlated with the cost of the shifting component (PC5,
r=-0.29, p=0.015); no significant correlation was found between TTC and EF components.

Discussion

This study investigated age-related differences in the effects of NDRT on takeover performance and examined
how individual differences in specific components of executive functions could influence takeover performance
during automated driving.

Executive functions and takeover performance. Executive function performance. The results of ex-
ecutive functions tasks showed that younger participants had better performance in both reaction speed and
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Figure 4. Scatterplots showing the correlations of standard deviations of steering wheels (sdSteer) and
different components of (al) PC2 without NDRT, (a2) PC5 without NDRT, and (b) PC5 with NDRT. Blue lines
indicate linearly fitted smooth lines, and shades around lines present 95% confidence intervals. PC2: principal
component 2, PC5: principal component 5, NDRT: non-driving related tasks.

accuracy in most conditions of all tasks, indicating that they had better working memory updating, inhibition
control, and mental shifting abilities. The age-related differences were consistent with those of previous studies
on executive functions””*, Results of accuracy failed to show significant differences between age groups in some
conditions, such as the 0-back, 1-back, and congruent Simon task. This may have been because the task could
have been too easy for participants in both age groups to detect differences in results. Surprisingly, we did not
find a significant difference in the Simon effect, which was larger in the elderly group than in the young group in
similar studies®®. However, in our study, the individual difference in the Simon effect was large within the elderly
group. Considering that the accuracy for Simon tasks was relatively high, even for the elderly group, we believe
that our Simon task was not difficult enough to detect differences in inhibition control, but mainly reflected
components about choice RT.

Moreover, the PCA results of the cognitive tasks data yielded a construct of three main executive function
components: working memory updating, inhibition control, and mental shifting. This result was consistent
with previous research**>*%, suggesting that these three executive function components are separable, while
the cognitive tasks could be correlated with one another®. The use of PCA-yielded components rather than
pure task performance measures for further analysis can assure orthogonality of these components representing
different parts of executive functions. Furthermore, our construct clearly distinguished between reaction speed
(PC1, PC4) and accuracy (PC2, PC3) related components in both updating and inhibition; this could contribute
to a detailed analysis of the role speed and accuracy played in the correlation between each executive function
component and driving performance.

Driving performance. In the analysis of differences in driving performance between age groups and engage-
ment in NDRT, we found significantly less stable lateral maneuvering in elderly drivers (p=0.002) engaging in
NDRT (p=0.016). These findings are consistent with previous studies on the influence of age'®* and NDRT'"%
on drivers takeover performance. Moreover, the NDRT used in most previous studies required visual attention,
while the NDRT in this study (i.e., n-back task) mainly required auditory attention, indicating that pure cogni-
tive workload could significantly influence takeover performance'®”>.

In the analysis of the TTC at the moment of lane change, we found no significant difference between age
groups; however, participants tended to have longer TTC when engaging in NDRT, although the effect was not
statistically significant (p=0.089). The results of the number of participants who stepped on the acceleration
pedal after the TOR showed that younger drivers (15 out of 35) tended to accelerate when engaged in NDRT
compared to elderly drivers (6 out of 35). This suggests that the higher TTC in our study may be explained by the
conservative behaviors of elderly drivers dealing with a TOR when engaged in NDRT. Similarly, previous studies
found that elderly drivers in similar scenarios tend to exercise more caution and drive slower'”*%, or apply more
frequent and stronger brake to maintain a longer TTC?! after transitioning to manual driving.

Correlations between executive function components and driving performance. The main
finding in this study was that better ability to update and shift components was found to be significantly cor-
related with more stable lateral driving performance after takeover. The shifting component was found to be
important for lateral control in both situations, regardless of engagement in NDRT. Similar results were also
found in previous studies*’, wherein the shifting ability measured by the score of the plus-minus task was signifi-
cantly correlated with on-road driving performance. Moreover, a better shifting ability is considered to reflect
drivers’ performance in switching between the NDRT and driving tasks in urgent situations. A tendency of
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shifting components to affect driving stability were detected even without engaging in NDRT although the cor-
relation was not statistically significant. This indicated that shifting ability may play a more important role in a
takeover task, compared with other driving tasks mentioned in previous studies, such as manual driving lane
changing®®. This could be partly explained by the complexity of a takeover task: it requires the driver to shift
more frequently and urgently between different task sets. Furthermore, previous studies have detected a rela-
tionship between driving behaviors and shifting ability in a trail making test*>**’¢, wherein the task may contain
both cognitive shifting (involving visual attention) and task shifting components. In this study, both the task for
evaluating shifting ability (variant digit version of task switching) and the NDRT (audio 0-back task) did not
require a shift in visual attention. Thus, even without visual attention shifting, mental shifting ability influenced
drivers’ performance in responding to the TOR.

The updating component was also significantly correlated with a more stable driving performance, which is
consistent with previous research*®*. This significant correlation with the working memory updating accuracy
was found in situations without NDRT. For a takeover driving task, the content of working memory must be
updated and irrelevant information deleted; therefore, poor updating retains irrelevant information and reduces
the processing of relevant information?’. Thus, when encountered with a situation requiring takeover, drivers
with poor updating ability could not process the incoming information (such as speed and position status for
both self-driving and other vehicles) very well, which led to less stable driving performance. Another important
finding was that a significant correlation with the accuracy component of working memory updating was found.
In our study, the design of the driving task left a relatively sufficient time budget for the drivers to take over.
This showed that the accuracy of updating (ability to update correct information) compared with the speed of
updating (ability to update swiftly), may be more important for lateral stability in a takeover task.

Previous research has demonstrated the contribution of inhibition components to driving performance®.
In addition, selective attention, which is related to inhibition ability, was found to be linked to driving
performance®"*’. However, this study did not detect a significant correlation between inhibition components
and driving performance under any condition; this finding was still consistent with a previous similar study in
which various executive function components were involved*®*®. There may be two possible reasons for this
inconsistent finding. First, our design of an easy Simon task may have led to poor discrimination of inhibition
ability. That is, we found no significant difference in the Simon effect between age groups; thus, it may be difficult
to detect sufficient individual differences in inhibition ability by using the Simon task performance. Second, in
our experiment scenarios, the priority of NDRT was lower than taking over the vehicle; thus, the NDRT might
have been considered less crucial than the driving task by the participants. That is, as our measures for the
inhibition component focused on active suppression for a dominant response, takeover performance could be
less relevant to this measure if the NDRT was not prepotent over the takeover task. In such case, the variance
of takeover performance may be more related to individual differences in shifting rather than inhibition ability.

We detected a significant difference in TTC between age groups but found no significant correlation between
executive function components and TTC. Although the TTC reflects the safety margin in responding to the
TOR, it could also be influenced by drivers” driving style and strategy in urgent situations rather than execu-
tive functions. That is, other non-EF-related factors, such as personality and attitudes’’, may affect the driving
behaviors of elderly drivers.

Application. Our findings contribute to a better understanding of drivers with age-related differences in
executive functions interacting with a TOR in highly automated vehicles. Knowledge of the relationship between
individual differences in executive functions and driving behavior can be used to evaluate driving capability.
Research on general assessment, such as the trace-route task method, also showed that it could be a valid and
reliable tool for evaluating executive functions and distinguishing drivers with risky driving behaviors”®. Simi-
larly, our findings can guide quick screening for elderly drivers’ cognitive status for a TOR of highly automated
vehicles, such as an exam for elderly drivers’ license updating, or a lite system monitoring the cognitive status
of elderly drivers. Moreover, an understanding of this relationship could help human-machine interface (HMI)
design to support elderly drivers by considering their executive function status. Previous studies also suggested
that age-related changes in cognitive functions should be considered in the design and application of automated
driving for elderly drivers”, and the perceived usability of HMI design is related to cognitive performance®. This
study’s findings can further provide more information about drivers’ behaviors and cognitive status. Thus, these
results can benefit HMI design, especially for drivers with age-related declines in executive functions.

Limitations. While the study revealed the possible correlation between executive function components and
driving performance after a TOR, there were several limitations that must be discussed.

First, the use of a desktop simulator may have limited our ability to discover valid correlations. A previous
study found that the association of executive function components with driving could be mediated by computer
game skills, and the relations were even stronger when the skilled participants were excluded®. Thus, future
research should utilize more real-world driving simulators with higher fidelity to investigate driving behaviors.
Second, due to the design of the NDRT, participants answered the NDRT by pressing buttons on the steering
wheel, which means that the RTs after the TOR could have been difficult to measure precisely. Since execu-
tive functions may be highly correlated with RTs, further investigation on the correlation between RT-related
measures and executive function ability is needed. Third, the task evaluating inhibition control was not effective
enough to reveal individual differences and to yield significant results for a correlation with driving performance.
Therefore, further research is necessary to build credible correlations between driving performance and inhibi-
tion ability using more valid cognitive measures.
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Conclusion

In this study, we designed and conducted a series of computerized cognitive and simulated driving tasks to
evaluate executive functions and takeover performance. We examined (1) the executive function components
of updating, inhibition, and shifting yielded by results from cognitive tasks, and (2) takeover performance of
lateral maneuvering by steering wheel standard deviations and longitudinal safety margin by the TTC at the
moment of lane change. The results demonstrated a significantly lower ability of executive functions among
elderly participants and less stable and more conservative driving behavior of elderly drivers when engaged in
NDRT. We further observed a significant correlation between executive functions (working memory updating
accuracy and shifting cost) and takeover performance. Overall, these findings provide important insights into
elderly drivers’ driving behaviors and executive functions, which can be utilized to expand on the present study’s
findings and improve driving safety for elderly.

Data availability
The data are available on request from the corresponding author upon reasonable request.

Received: 25 September 2021; Accepted: 3 March 2022
Published online: 30 March 2022

References

1. World Health Organization. Decade of healthy ageing: baseline report - summary. https://www.who.int/publications/i/item/97892
40023307 (2021).

2. Statistics Bureau, Ministry of Internal Affairs and Communications, Japan. Statistical Topics No. 129. https://www.stat.go.jp/data/
topics/topil290.html (2021).

3. Statistics Bureau, Ministry of Internal Affairs and Communications, Japan. The Statistical Handbook of Japan 2020. https://www.
stat.go.jp/english/data/handbook/index.html (2020).

4. Cabinet Office, Government of Japan. White Paper on Traffic Safety in Japan 2020. https://www8.cao.go.jp/koutu/taisaku/r02kou_

haku/english/pdf/wp2020.pdf (2020).

. Gabriel, Z. & Bowling, A. Quality of life from the perspectives of older people. Ageing Soc. 24, 675-691 (2004).

. Metz, D. H. Mobility of older people and their quality of life. Transp. Policy 7, 149-152 (2000).

7. Langford, J. & Koppel, S. Epidemiology of older driver crashes - Identifying older driver risk factors and exposure patterns.
Transport. Res. F: Traffic Psychol. Behav. 9, 309-321 (2006).

8. Mayhew, D. R., Simpson, H. M. & Ferguson, S. A. Collisions involving senior drivers: High-risk conditions and locations. Traffic
Inj. Prev. 7, 117-124 (2006).

9. McGwin, G. Jr. & Brown, D. B. Characteristics of traffic crashes among young, middle-aged, and older drivers. Accid. Anal. Prey.
31, 181-198 (1999).

10. Anstey, K. J., Windsor, T. D., Luszcz, M. A. & Andrews, G. R. Predicting driving cessation over 5 years in older adults: Psychological
well-being and cognitive competence are stronger predictors than physical health. J. Am. Geriatr. Soc. 54, 121-126 (2006).

11. Chihuri, S. et al. Driving cessation and health outcomes in older adults. J. Am. Geriatr. Soc. 64, 332-341 (2016).

12. Edwards, J. D. et al. Longitudinal predictors of driving cessation among older adults from the ACTIVE Clinical Trial. J. Gerontol.
B Psychol. Sci. Soc. Sci. 63, P6-P12 (2008).

13. SAE International. Taxonomy and Definitions for Terms Related to Driving Automation Systems for On-Road Motor Vehicles
(2021).

14. Harper, C. D., Hendrickson, C. T., Mangones, S. & Samaras, C. Estimating potential increases in travel with autonomous vehicles
for the non-driving, elderly and people with travel-restrictive medical conditions. Transp. Res. Part C: Emerg. Technol. 72, 1-9
(2016).

15. Bellet, T., Paris, J.-C. & Marin-Lamellet, C. Difficulties experienced by older drivers during their regular driving and their expecta-
tions towards Advanced Driving Aid Systems and vehicle automation. Transp. Res. F: Traffic Psychol. Behav. 52, 138-163 (2018).

16. Fagnant, D. J. & Kockelman, K. Preparing a nation for autonomous vehicles: Opportunities, barriers and policy recommendations.
Transp. Res. Part A: Policy Pract. 77, 167-181 (2015).

17. Clark, H. & Feng, J. Age differences in the takeover of vehicle control and engagement in non-driving-related activities in simulated
driving with conditional automation. Accid. Anal. Prev. 106, 468-479 (2017).

18. Li, S., Blythe, P, Guo, W. & Namdeo, A. Investigation of older drivers’ requirements of the human-machine interaction in highly
automated vehicles. Transp. Res. F: Traffic Psychol. Behav. 62, 546-563 (2019).

19. Radlmayr, J,, Gold, C., Lorenz, L., Farid, M. & Bengler, K. How Traffic situations and non-driving related tasks affect the take-over
quality in highly automated driving. Proc. Hum. Factors Ergon. Soc. Annu. Meet. 58, 2063-2067 (2014).

20. Zeeb, K., Buchner, A. & Schrauf, M. Is take-over time all that matters? The impact of visual-cognitive load on driver take-over
quality after conditionally automated driving. Accid. Anal. Prev. 92, 230-239 (2016).

21. Korber, M., Gold, C., Lechner, D. & Bengler, K. The influence of age on the take-over of vehicle control in highly automated driv-
ing. Transp. Res. F: Traffic Psychol. Behav. 39, 19-32 (2016).

22. Miller, D. et al. Exploring Transitional Automation with New and Old Drivers. https://www.sae.org/publications/technical-papers/
content/2016-01-1442/ (2016). https://doi.org/10.4271/2016-01-1442.

23. 1i, S., Blythe, P,, Guo, W. & Namdeo, A. Investigating the effects of age and disengagement in driving on driver’s takeover control
performance in highly automated vehicles. Transp. Plan. Technol. 42, 470-497 (2019).

24. Wu, Y. et al. Effects of scheduled manual driving on drowsiness and response to take over request: A simulator study towards
understanding drivers in automated driving. Accid. Anal. Prev. 124, 202-209 (2019).

25. Wu, Y. et al. Age-related differences in effects of non-driving related tasks on takeover performance in automated driving. J. Saf.
Res. 72, 231-238 (2020).

26. Huang, G. & Pitts, B. Age-related differences in takeover request modality preferences and attention allocation during semi-
autonomous driving. In Human Aspects of IT for the Aged Population. Technologies, Design and User Experience (eds Gao, Q. &
Zhou, J.) 135-146 (Springer, 2020). https://doi.org/10.1007/978-3-030-50252-2_11.

27. Peng, Q. & Iwaki, S. Visual attention of young and older drivers in takeover tasks of highly automated driving. In Human Aspects
of IT for the Aged Population. Technologies, Design and User Experience (eds Gao, Q. & Zhou, J.) 210-221 (Springer, 2020). https://
doi.org/10.1007/978-3-030-50252-2_16.

28. Zhang, B., de Winter, ., Varotto, S., Happee, R. & Martens, M. Determinants of take-over time from automated driving: A meta-
analysis of 129 studies. Transp. Res. F: Traffic Psychol. Behav. 64, 285-307 (2019).

29. Li, S. et al. Should older people be considered a homogeneous group when interacting with level 3 automated vehicles?. Transp.
Res. F: Traffic Psychol. Behav. 78, 446-465 (2021).

A 0

Scientific Reports |

(2022) 12:5410 | https://doi.org/10.1038/s41598-022-08522-4 nature portfolio


https://www.who.int/publications/i/item/9789240023307
https://www.who.int/publications/i/item/9789240023307
https://www.stat.go.jp/data/topics/topi1290.html
https://www.stat.go.jp/data/topics/topi1290.html
https://www.stat.go.jp/english/data/handbook/index.html
https://www.stat.go.jp/english/data/handbook/index.html
https://www8.cao.go.jp/koutu/taisaku/r02kou_haku/english/pdf/wp2020.pdf
https://www8.cao.go.jp/koutu/taisaku/r02kou_haku/english/pdf/wp2020.pdf
https://www.sae.org/publications/technical-papers/content/2016-01-1442/
https://www.sae.org/publications/technical-papers/content/2016-01-1442/
https://doi.org/10.4271/2016-01-1442
https://doi.org/10.1007/978-3-030-50252-2_11
https://doi.org/10.1007/978-3-030-50252-2_16
https://doi.org/10.1007/978-3-030-50252-2_16

www.nature.com/scientificreports/

31.

32.

33.
34,

35.

37.

38.

39.
40.

41.

48.

49.

50.
51.

52.

54.

55.

57.

58.

59.
60.

61.
62.
63.
64.
65.
66.

67.
68.

69.

70.

71.
72.

73.
74.

75.

76.

77.

78.

79.

. Richardson, E. D. & Marottoli, R. A. Visual attention and driving behaviors among community-living older persons. J. Gerontol.
A Biol. Sci. Med. Sci. 58, M832-M836 (2003).

Baldock, M. R. J., Mathias, J., McLean, J. & Berndt, A. Visual attention as a predictor of on-road driving performance of older
drivers. Aust. J. Psychol. 59, 159-168 (2007).

Michaels, J. et al. Driving simulator scenarios and measures to faithfully evaluate risky driving behavior: A comparative study of
different driver age groups. PLoS ONE 12, €0185909 (2017).

Horswill, M. S. et al. The hazard perception ability of older drivers. J. Gerontol. B Psychol. Sci. Soc. Sci. 63, P212-P218 (2008).
Guerrier, J. H., Manivannan, P. & Nair, S. N. The role of working memory, field dependence, visual search, and reaction time in
the left turn performance of older female drivers. Appl. Ergon. 30, 109-119 (1999).

Salthouse, T. A. When does age-related cognitive decline begin?. Neurobiol. Aging 30, 507-514 (2009).

. Salthouse, T. A. The aging of working memory. Neuropsychology 8, 535-543 (1994).

Stutts, J. C., Stewart, J. R. & Martell, C. Cognitive test performance and crash risk in an older driver population. Accid. Anal. Prev.
30, 337-346 (1998).

Anstey, K. J., Wood, J., Lord, S. & Walker, J. G. Cognitive, sensory and physical factors enabling driving safety in older adults. Clin.
Psychol. Rev. 25, 45-65 (2005).

Janke, M. K. Assessing older drivers: Two studies. J. Saf. Res. 32, 43-74 (2001).

Adrian, J., Postal, V., Moessinger, M., Rascle, N. & Charles, A. Personality traits and executive functions related to on-road driving
performance among older drivers. Accid. Anal. Prev. 43, 1652-1659 (2011).

Dempster, E. N. The rise and fall of the inhibitory mechanism: Toward a unified theory of cognitive development and aging. Dev.
Rev. 12, 45-75 (1992).

. West, R. L. An application of prefrontal cortex function theory to cognitive aging. Psychol. Bull. 120, 272-292 (1996).

. Stuss, D. T. & Alexander, M. P. Executive functions and the frontal lobes: A conceptual view. Psychol. Res. 63, 289-298 (2000).

. Stuss, D. T. Functions of the frontal lobes: Relation to executive functions. J. Int. Neuropsychol. Soc. 17, 759-765 (2011).

. Miller, E. K. & Cohen, J. D. An integrative theory of prefrontal cortex function. Annu. Rev. Neurosci. 24, 167-202 (2001).

. Friedman, N. P. et al. Not all executive functions are related to intelligence. Psychol. Sci. 17, 172-179 (2006).

. Daigneault, G., Joly, P. & Frigon, J.-Y. Executive functions in the evaluation of accident risk of older drivers. J. Clin. Exp. Neuropsy-
chol. 24, 221-238 (2002).

Walshe, E. A., Ward McIntosh, C., Romer, D. & Winston, E K. Executive function capacities, negative driving behavior and crashes
in young drivers. Int. J. Environ. Res. Public Health 14, 1314 (2017).

Miyake, A. et al. The unity and diversity of executive functions and their contributions to complex “frontal lobe” tasks: A latent
variable analysis. Cogn. Psychol. 41, 49-100 (2000).

Monsell, S. Control of mental processes. In Unsolved Mysteries of the Mind: Tutorial Essays in Cognition 93-148 (1996).

Morris, N. & Jones, D. M. Memory updating in working memory: The role of the central executive. Br. J. Psychol. 81, 111-121
(1990).

Aron, A. R. The neural basis of inhibition in cognitive control. Neuroscientist 13, 214-228 (2007).

. Anstey, K. J. & Wood, J. Chronological age and age-related cognitive deficits are associated with an increase in multiple types of
driving errors in late life. Neuropsychology 25, 613-621 (2011).

Raedt, R. D. & Ponjaert-Kristoffersen, I. The relationship between cognitive/neuropsychological factors and car driving perfor-
mance in older adults. J. Am. Geriatr. Soc. 48, 1664-1668 (2000).

Lehto, J. Are executive function tests dependent on working memory capacity?. Q. J. Exp. Psychol. Sect. A 49, 29-50 (1996).

. Méntyli, T., Karlsson, M. J. & Marklund, M. Executive control functions in simulated driving. Appl. Neuropsychol. 16, 11-18 (2009).
Adrian, J., Moessinger, M., Charles, A. & Postal, V. Exploring the contribution of executive functions to on-road driving perfor-
mance during aging: A latent variable analysis. Accid. Anal. Prev. 127, 96-109 (2019).

Cohen, J. D. et al. Activation of the prefrontal cortex in a nonspatial working memory task with functional MRI. Hum. Brain Mapp.
1,293-304 (1994).

Braver, T. S. et al. A parametric study of prefrontal cortex involvement in human working memory. Neuroimage 5, 49-62 (1997).
Miller, K. M., Price, C. C., Okun, M. S., Montijo, H. & Bowers, D. Is the N-back task a valid neuropsychological measure for assess-
ing working memory?. Arch. Clin. Neuropsychol. 24, 711-717 (2009).

Bialystok, E., Craik, . I. M., Klein, R. & Viswanathan, M. Bilingualism, aging, and cognitive control: Evidence from the Simon
task. Psychol. Aging 19, 290-303 (2004).

van der Lubbe, R. H. J. & Verleger, R. Aging and the Simon task. Psychophysiology 39, 100-110 (2002).

Gopher, D. Attention control: Explorations of the work of an executive controller. Cogn. Brain Res. 5, 23-38 (1996).

Hillman, C. H., Kramer, A. E, Belopolsky, A. V. & Smith, D. P. A cross-sectional examination of age and physical activity on per-
formance and event-related brain potentials in a task switching paradigm. Int. J. Psychophysiol. 59, 30-39 (2006).

Kamijo, K. & Takeda, Y. Regular physical activity improves executive function during task switching in young adults. Int. J. Psy-
chophysiol. 75, 304-311 (2010).

Scisco, J. L., Leynes, P. A. & Kang, J. Cardiovascular fitness and executive control during task-switching: An ERP study. Int. J.
Psychophysiol. 69, 52-60 (2008).

Mattes, S. The lane-change-task as a tool for driver distraction evaluation. Qual. Work Prod. Enterpr. Future 57, 60 (2003).

Li, S., Blythe, P, Guo, W. & Namdeo, A. Investigation of older driver’s takeover performance in highly automated vehicles in adverse
weather conditions. IET Intell. Transp. Syst. 12, 1157-1165 (2018).

Eriksson, A. & Stanton, N. A. Takeover time in highly automated vehicles: Noncritical transitions to and from manual control.
Hum. Factors 59, 689-705 (2017).

Amso, D. & Casey, B. J. Cognitive control and development. In Encyclopedia of Neuroscience (ed. Squire, L. R.) 1095-1099 (Aca-
demic Press, 2009). https://doi.org/10.1016/B978-008045046-9.00412-5.

Monsell, S. Task switching. Trends Cogn. Sci. 7, 134-140 (2003).

Hatcher, L. & O’Rourke, N. A Step-by-Step Approach to Using SAS for Factor Analysis and Structural Equation Modeling (SAS
Institute, 2013).

Luszcz, M. Executive function and cognitive aging. In Handbook of the Psychology of Aging 59-72 (Elsevier, 2011).

MacPherson, S. E., Phillips, L. H. & Della Sala, S. Age, executive function and social decision making: A dorsolateral prefrontal
theory of cognitive aging. Psychol. Aging 17,598 (2002).

Lee, S. C., Yoon, S. H. & Ji, Y. G. Effects of non-driving-related task attributes on takeover quality in automated vehicles. Int. J.
Hum. Comput. Interact. 37, 211-219 (2021).

Hargrave, D. D., Nupp, J. M. & Erickson, R. J. Two brief measures of executive function in the prediction of driving ability after
acquired brain injury. Neuropsychol. Rehabil. 22, 489-500 (2012).

Lucidi, E, Mallia, L., Lazuras, L. & Violani, C. Personality and attitudes as predictors of risky driving among older drivers. Accid.
Anal. Prev. 72,318-324 (2014).

Racheva, R. & Totkova, Z. Reliability and validity of a method for assessment of executive functions in drivers. Behav. Sci. 10, 37
(2020).

Young, K. L., Koppel, S. & Charlton, J. L. Toward best practice in Human Machine Interface design for older drivers: A review of
current design guidelines. Accid. Anal. Prev. 106, 460-467 (2017).

Scientific Reports |

(2022) 12:5410 | https://doi.org/10.1038/s41598-022-08522-4 nature portfolio


https://doi.org/10.1016/B978-008045046-9.00412-5

www.nature.com/scientificreports/

80. Voinescu, A., Morgan, P. L., Alford, C. & Caleb-Solly, P. The utility of psychological measures in evaluating perceived usability of
automated vehicle interfaces—A study with older adults. Transp. Res. F: Traffic Psychol. Behav. 72, 244-263 (2020).

Acknowledgements
This work was supported by the JSPS Grant #17H01758. The authors would like thank Ms. S. Yasumuro for
arrangement of the experiment and recruitment of participants.

Author contributions

S.I. funded, supervised, and guided the study; Q.P. and S.I. conceived the study and designed the experiment; Q.P.
conducted data acquisition, and formal analysis; Q.P. wrote the original draft and S.I., YW. and N.Q. reviewed
and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.I.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:5410 | https://doi.org/10.1038/s41598-022-08522-4 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Age-related effects of executive function on takeover performance in automated driving
	Effects of NDRTs on takeover performance. 
	Executive function and elderly drivers’ driving behaviors. 
	Methodology
	Participants. 
	Procedure. 
	Materials. 
	Tasks for executive functions. 
	Updating. 
	Inhibition. 
	Shifting. 

	Driving experiment. 
	Driving task scenario. 
	Non-driving related task. 

	Measurements. 
	Executive function components. 
	Driving performance. 


	Results
	Executive functions evaluation. 
	N-back performance. 
	Simon task performance. 
	Task switching performance. 
	Principal component analysis for executive function components. 

	Driving performance. 
	Standard deviations of steering wheel angle (sdSteer). 
	Time-to-collision. 

	Correlations between executive function components and driving performance. 

	Discussion
	Executive functions and takeover performance. 
	Executive function performance. 
	Driving performance. 

	Correlations between executive function components and driving performance. 
	Application. 
	Limitations. 

	Conclusion
	References
	Acknowledgements


