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Abstract

This review synthesizes current evidence on the relationship between structural brain changes and driving safety in cogni-
tively healthy older adults. Using magnetic resonance imaging (MRI) structural biomarkers—such as white matter hyper-
intensities (WMH), brain atrophy (BA), and regional gray matter volumes (rGMVs)—recent studies have demonstrated
that even mild or asymptomatic alterations are associated with impaired driving behavior and increased crash risk. Emerg-
ing machine learning models that incorporate rGMVs have achieved high accuracy and specificity in identifying high-risk
drivers, though sensitivity and precision remain limited when relying solely on structural MRI data. Japan’s Brain Dock
system, an MRI-based brain healthcare screening program developed uniquely in Japan, provides a valuable infrastructure
for large-scale neuroimaging-based risk assessment. Importantly, structural MRI biomarkers can be influenced by lifestyle
improvements, such as quitting smoking and reducing alcohol consumption, as well as by the treatment of lifestyle-related
diseases, including diabetes and hypertension. Overall, this review highlights the potential of neuroimaging-informed
approaches to identify at-risk drivers and to support targeted preventive strategies, thereby contributing to both brain

healthcare program and traffic safety in aging societies.
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1 Introduction

The global rise in the number of older drivers presents a
growing challenge for public health and traffic safety initia-
tives [1]. Although many older individuals maintain clini-
cally normal cognitive function, they are disproportionately
involved in traffic crashes, particularly in scenarios requiring
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rapid decision-making [2—6]. This discrepancy suggests the
presence of latent neurobiological impairments, e.g., asymp-
tomatic or subclinical MRI findings, that are not detectable
through standard neuropsychological assessments.

Structural brain abnormalities—such as WMH and BA—
can be identified using MRI and may underlie these subtle,
undetected impairments (Fig. 1). In this context, Japan’s
“Brain Dock” system, a population-wide preventive MRI
screening initiative, offers a unique opportunity to detect
asymptomatic or subclinical cerebral abnormalities [7—12]
and assess neurological risk factors relevant to unsafe and
dangerous driving behaviors [13—15].

A growing body of evidence has revealed significant
associations between structural MRI markers and real-world
driving outcomes. Even mild or asymptomatic WMH have
been linked to increased rates of traffic collisions, steer-
ing instability, and wrong-way driving among cognitively
healthy older adults [13—15]. Severe WMH have also been
implicated in decisions to cease driving in this population
[16]. Furthermore, driving experiments using actual motor
vehicles have demonstrated that the combination of mild
WMH and BA contributes to unsafe driving behaviors [3,
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Fig. 1 Cross-sectional brain
MRI images from two older
adults, both aged 65 years.
Image A illustrates normal brain
morphology, whereas image B
shows widespread white matter
hyperintensities (arrows) and
brain atrophy (arrowheads), as
evidenced by enlarged lateral
ventricles and widened cortical
sulci. These neuroanatomical
differences may be associated
with variations in driving safety
performance

17]. Importantly, many affected individuals perform compe-
tently under routine driving conditions but exhibit deficits
under unexpected or rapidly changing situations—suggest-
ing the presence of subclinical impairments that remain
undetected by conventional cognitive assessments.

Regarding with regional gray matter volume (rGMV),
Toyota research institute pioneeringly reported negative
association of supplemental motor area volume with driv-
ing behavior estimates using questionnaire [18]. Recent
advances in machine learning have enabled the integration
of rtGMV data with behavioral driving assessments, achiev-
ing high classification accuracy in identifying driver safety
profiles [19-21]. However, the sensitivity of these models
remains limited when based solely on rGMV. In the near
future, combining other structural imaging modalities such
as WMH and BA may enhance early identification of at-risk
individuals.

As summarized in Table 1, this review synthesizes cur-
rent findings on structural brain biomarkers—specifically
WMH, BA, and rtGMVs—and their relevance to driving
safety performance (DSP) in cognitively healthy older
adults (typically age>65). Table 2 provides a more detailed
breakdown of the studies summarized in Table 1, including
affiliations, study design, structural neuroimaging factors,
and driving performance assessment methods. Our research
group reported 10 manuscripts, whereas other groups
reported 4. Among our studies, 9 were cross-sectional and
1 was a retrospective longitudinal study. Regarding struc-
tural factors, 3 studies examined WMH alone, 3 examined
WMH+BA, and 4 examined rGMYV, including 1 focusing
on cerebral lobe volume. For driving performance assess-
ments, 3 studies used questionnaires and 7 used on-road
tests. In contrast, among the other research groups’ studies,
2 were cross-sectional and 2 were retrospective longitudi-
nal. Structural factors included 2 WMH studies and 2 rGMV
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studies, while driving performance assessments consisted of
2 questionnaire-based evaluations and 2 on-road tests.

Interestingly, none of the reviewed studies used driving
simulators, despite their advantage of enabling the safe and
flexible creation of hazardous traffic scenarios (e.g., sudden
bicycle or pedestrian intrusions). One possible explanation
is that older adults are prone to simulation sickness, which
may discourage their use in research settings.

We highlight recent developments in predictive model-
ing using machine learning and discuss the implications for
clinical screening, preventive interventions, and transporta-
tion policy.

2 White Matter Hyperintensities and Driving
Risks

White matter hyperintensities (WMH) are widely recog-
nized as ischemic lesions primarily resulting from athero-
sclerotic degeneration of small cerebral vessels in the white
matter [7—12]. Their etiology includes unhealthy lifestyle
habits such as smoking and physical inactivity, as well as
lifestyle-related diseases such as hypertension, diabetes,
dyslipidemia, and metabolic syndrome [12, 26]. The isch-
emic condition due to WMH can impair neural processing
by reducing perfusion in white matter tracts, thereby dis-
rupting long-range neuronal network communication and
functional connectivity [27-29]. This disruption of neuronal
network may cause unsafe risky driving performances.

The prevalence of WMH increases with age and has been
observed in approximately 40-50% of ostensibly healthy
adults over 50, with some studies reporting prevalence rates
as high as 95% in more advanced age groups [7—10]. While
severe WMH is a known contributor to vascular dementia,
many affected individuals present with only mild WMH and



International Journal of Intelligent Transportation Systems Research

Table 1 Summary of studies investigating the relationship between brain MRI structure and driving safety performance

No First Study design Purpose/Aim Structure Driving perfor- N/Age Notable finding
author factors mance assess-  Mean (SD)
(Year) ment methods
1 Sakai Cross-sectional ~ Association between rGMV Questionnaire ~ N=39 The supplemental motor area
[18] rGMYV and two concerning Mean age: 69 (3)  volume was associated with risky
questionnaires risky driving driving tendencies
tendencies
2 Park Cross-sectional ~ Association between =~ WMH Questionnaire ~ N=3975 Multiple WMHs were significantly
[13] WMH and traffic Traffic crashes ~ Mean age: 52.5 associated with traffic crashes on
crashes on crossroads crossroads
3 Nakano Cross-sectional Association between ~WMH Standard licens- Young: N=9/24.7 Older drivers with WMH produced
[14] WMH and driving ing road test (3.6) more driving risks and steering
performance No WMH entropy than those without WMH
N=13/70.0 (6.6)
WMH N=13/69.5
6.1)
4  Jang Retrospective  Dectermine if WMH ~ WMH Questionnaire ~ Mild N=389:/66.0 WMH and severity are associated
[16] Longitudinal predicts driving ces- Cessation 8.7) with driving cessation and faster
sation over time Mod. change in status from’currently
N=116:/70.7 (7.4) driving’ to no longer driving
Severe
N=35:/73.4 (6.4)
5 Nishiu- Cross-sectional Relationship between Cerebral Standard licens- N=46 The occipital lobe volume was
chi [43] Cerebral lobe volume lobe ing road test Mean age: 78.5 significantly associated with DSPs
and DSP 3.7
6 Renge Cross-sectional Association between ~WMH Standard licens- N=92 WMHs were significantly associ-
[17] WMH and DSP ing road test Mean age: 75.36  ated with the duration of signaling
(4.78) and visual research duration
7  Yama- Cross-sectional The identification of  Regional Standard licens- N=32 The left precentral sulcus, left
moto gray matter regions GM ing road test Mean age: 74.9 sulcus intermedius primus, right
[19] correlated with 3.7 inferior frontal gyrus, and right
unsafe braking at an superior frontal sulcus were
intersection identified
8 Oba Cross-sectional ~ Association between = WMH Roadtestand  N=101 Brain healthcare in patients with
[22] WMH/atrophy and BA DVC Mean age: 77.88  MRI-diagnosed WMH may be
DSP via DVC test (3.77) particularly useful for the risk man-
agement of traffic accidents caused
by the elderly in Japan
9  Park[3] Cross-sectional Association between ~WMH Standard licens- N=90 The participant group with more
WMH/atrophy and BA ing road test Mean age: 75.31  advanced aging brain consisting of
DSPs (4.795) brain atrophy and WMH showed
lower DSPs
10 Babulal Retrospective  Association between = WMH Questionnaire ~ N=160 WMH and cortical atrophy are
[23] Longitudinal WMH/atrophy and BA more than 65y.0  standard MRI metrics that are
high risk of driving widely available and can be used
behaviors for screening individuals at higher
risk for driving safety risk and
decline in community mobility
11 Park Retrospective  Association between = WMH Question- N=11170 Multiple WMHs were significantly
[15] Longitudinal WMH and wrong- naire wrong- Mean age: 52.5 associated with wrong-way entry
way entry on way entry on and near one on highways, not with
highways highways wrong-way entry on narrow roads
12 Putra Cross-sectional  Association between Regional Questionnaire =~ N=2548 Smaller volume of the left precu-
[24] ADHD tendency, traffic  GM Traffic crashes  Mean age: 52.76  neus is apt to take more crash risks
crash history, and -tGMV (8.632) in ADHD traits
13 Park Cross-sectional ~ Association between  Regional Standard licens- N=90 The participant group with more
[25] rGMV and DSPs GM ing road test Mean age: 75.31  advanced aging brain consisting of
(4.80) brain atrophy and WMH showed
lower SDPs
14 Putra Cross-sectional ~ Prediction of driving  Regional ~Standard licens- N=94 Prediction performances are Accu-
[21] risk withrtGMV and GM ing road test Mean age: 77.66  racy: 0.89, F1 score: 0.72, ROC-
DSPs (3.67) AUC:0.85, and Specificity:0.94
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Table 2 The numbers of cases, study design, structure factors, and
assessment methods in Table 1

No Study Structure Assessment
design factors methods
Our groups 10 Cross- WMH: 3 Question-
(2,3,5,6,8,9,11,12,13,14) sec- naire: 3
tional:
9
Lon- WMH+BA: Road test:
gitudi- 3 7
nal: 1
rGMV: 4
Other groups 4 Cross- WMH: 2 Question-
(1,4,7,10) sec- naire: 3
tional:
2
Lon- WMH+BA: Road test:
gitudi- 0 1
nal: 2
rGMV: 2

remain asymptomatic [12, 26]. These individuals often con-
tinue driving, unaware of the underlying neuropathology.

In a population-based cohort of 3,930 drivers aged 21
to 87 years (mean age: 52.7+4.5 years) enrolled through
Japan’s Brain Dock program, Park et al. reported that even
mild WMH was significantly associated with a higher inci-
dence of traffic crashes at intersections—particularly at
crossroads [13]. Complementary behavioral studies using
real vehicles on closed driving school circuits have vali-
dated these findings. In one such study involving 24 healthy
older drivers (mean age: 69.9+6.3 years), those with mild
WMH demonstrated increased steering entropy—mea-
sured using six-axis gyroscopic sensors—while performing
secondary cognitive tasks such as mental arithmetic. This
indicates unstable vehicle control in cognitively demanding
conditions, mental arithmetic, which may not be detectable
through visual inspection alone [14].

In a real-world circuit study involving 92 cognitively
intact older adults (mean age: 75.4+4.8 years) enrolled by
Brain Dock, Renge et al. observed that drivers with WMH
were more likely to delay turn signaling compared to those
without WMH [17]. In a related analysis, Park et al. grouped
90 dementia-free older adults (mean age: 75.3+4.8 years)
based on WMH and BA severity. Participants with elevated
levels of both biomarkers received significantly lower scores
on the DSP scale—which includes visual search, speed
management, signaling, vehicle stability, lane positioning,
and steering—during on-road evaluations conducted by cer-
tified driving instructors [3]. BA may yield distracted effect
like mental arithmetic when old individuals with WMH
drive in a closed-circuit, as previously described [14].

A similar trend, poor driving performance by combina-
tion of WMH and BA, was observed by researchers at Wash-
ington University, who found that among 163 cognitively

@ Springer

normal, community-dwelling older adults (age>65),
increased WMH and BA were significantly associated with
reduced frequency and distance of naturalistic driving [23].
These results suggest possible behavioral compensation in
response to comprehensively structural brain decline such
as both WMH and BA. On the other hand, in South Korea,
Jang et al. (2018) investigated WMH as a predictor of driv-
ing cessation among cognitively healthy older adults. In a
cohort of 540 participants, greater WMH severity was sig-
nificantly associated with transitions from active driving to
cessation, independent of cognitive and motor function [16].
These findings collectively highlight WMH as a poten-
tial neuroimaging biomarker for driving risk in aging popu-
lations. Notably, Oba et al. found that WMH localized in
the parietal and occipital lobes—rather than the frontal or
temporal regions—were most strongly associated with
reduced DSP scores in 101 healthy older adults (mean age:
77.9+3.8 years) [22]. BA was also significantly correlated
with diminished DSP. These associations were particularly
pronounced during right-turn maneuvers at intersections,
which in Japan’s left-sided traffic system require complex
spatial judgment and heightened visual monitoring. Occipi-
tal WMH has also been implicated in deficits in dynamic
visual cognition, further impairing situational awareness.
More recently, a retrospective cohort study of 11,170
Brain Dock participants revealed that individuals with mul-
tiple or large-multiple WMH had significantly higher odds
of wrong-way entries or near-miss incidents on highways,
but not on smaller roads [15]. These findings suggest that
the rapid decision-making and complex motor responses
required for highway driving—such as steering, braking, and
accelerating in rapid succession—may be particularly sus-
ceptible to disruption by WMH-related neural impairments.

3 Regional Gray Matter Volumes (rGMVs)
and Driving Safety Performance (DSP)

Higher-order cognitive functions essential for DSP are
known to be localized in specific brain regions—for exam-
ple, executive function is primarily governed by the pre-
frontal cortex, spatial cognition by the parietal lobe, and
visual information processing by the occipital lobe [30—
32]. Recent research has further explored the relationship
between DSP and more detailed subregions of the cerebral
cortex.

A voxel-based morphometry (VBM) study conducted
by Toyota Central Research, involving 39 healthy partici-
pants, examined driving-related questionnaire responses
rather than actual driving performance. The study found
that reduced executive function was significantly associated
with decreased gray matter volume in the supplementary
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motor area—a region within the frontal cortex responsible
for planning and coordinating complex, especially bimanual
and sequential, movements [19]. However, the study did not
investigate other cortical areas.

In general, Drivers diagnosed with attention-deficit/
hyperactivity disorder (ADHD) are more likely to cause
traffic crashes [33-35]. Handityo et al. examined the rela-
tionship between rtGMVs, ADHD traits, and traffic crash
history in a cohort of 2,548 healthy adults (mean age:
52.76+8.63 years) without clinical ADHD diagnoses [24].
Path analysis revealed that ADHD traits were significantly
associated with specific brain regions involved in various
cognitive domains. ADHD trait has three categories, inat-
tention, hyperactivity, and impulsivity [33]. Notably, the
left precuneus—associated with visuospatial processing—
was the only region correlated with all of three ADHD trait
dimensions, underscoring its potential relevance to driving
safety and crash risk. In a related study, a research team from
Honda Motor Co., Ltd. employed an fMRI-compatible driv-
ing simulator to evaluate brain activity during traffic signal
tasks, comparing professional and non-professional drivers
[36]. Their findings showed that the left precuneus exhibited
the fastest and most robust activation during driving-related
tasks. Taken together, the left cuneus may play an important
role to yield driving safety performance.

A team from Keio University used VBM to investigate
the association between 74 rGMVs and braking distance at
signalized intersections [19, 20]. Employing support vec-
tor machines (SVM), a machine learning technique, they
analyzed data from 32 healthy older adults (age>65 years).
Their model achieved a classification accuracy of 87.5%,
with a sensitivity of 63.6% and a specificity of 100%. Five
variables—age and gray matter volumes in four cortical
regions (the left superior part of the precentral sulcus, the
left sulcus intermedius primus, the right orbital part of the
inferior frontal gyrus, and the right superior frontal sul-
cus)—were consistently selected in the final model. How-
ever, this study did not evaluate DSP across its multiple
functional categories.

In contrast, Park et al. examined associations between
114 rGMVs and six distinct DSP categories using data from
98 healthy older adults (mean age: 77.72+3.68 years) in a
real-world driving circuit experiment [25]. Eighteen brain
regions were found to be significantly associated with one
or more of the following DSP components: DSP1 (visual
search), DSP2 (speed regulation), DSP3 (signaling), DSP4
(vehicle stability), DSP5 (lane positioning), and DSP6
(steering). Notably, each brain region demonstrated a con-
sistent directional association—either positive or nega-
tive—with DSP scores across all categories. The authors
suggested that this may reflect two opposing neural mecha-
nisms that jointly support DSP, akin to a Yin—Yang dynamic

(Fig. 2). The Yin—Yang dynamic, a concept rooted in East-
ern traditional philosophy, represents the balance of oppos-
ing forces—dark and light, passive and active—interacting
in harmony. Each contains the seed of the other, symboliz-
ing constant change and interdependence.

Furthermore, as described in the paper conducted under
the same experimental conditions as mentioned above [25],
DSP scores falling below the 15th percentile were classified
as indicative of a critical decline [21]. Using machine learn-
ing of Random Forest classification, the authors achieved
high predictive performance as following; Accuracy of
89%, Specificity of 94%, Sensitivity (Recall) of 64%, Preci-
sion of 72%, F1 score of 62%, ROC-AUC (receiver oper-
ating characteristic curve- area under the curve) of 0.85,
and Cross-validation of 0.95. Sensitivity decreases as the
number of pseudo-negative (false-negative) cases increases,
whereas precision decreases as pseudo-positive (false-pos-
itive) cases accumulate. Although F1 score, the harmonic
means of sensitivity and precision, are relatively low, these
results may be useful as a triage test to identify safe driv-
ers. The final model incorporated 12 variables, including
age and gray matter volumes in the following 11 cortical
regions: the left angular gyrus, left frontal operculum, left
occipital fusiform gyrus, left parietal operculum, left post-
central gyrus, left planum polare, left superior temporal
gyrus, right hippocampus, right orbital part of the inferior
frontal gyrus, right posterior cingulate gyrus, and right pos-
terior orbital gyrus [21].

Both the Keio and Park studies reported high predic-
tive performance. However, the brain regions identified in
their respective models differed entirely except for the right
orbital part of the inferior frontal gyrus, which was common
to both. This discrepancy highlights the importance of con-
sidering experimental context, model design, and potential
biases when using machine learning to identify neuroana-
tomical predictors of driving safety performance (Fig. 3).

4 Limitation and usefulness of functional
MRI (FMRI)

This MRI-based review focused on structural biomarkers
such as WMH, BA, and rGMYV, because functional brain
biomarkers (e.g., neuronal connectivity) generally require
3-Tesla MRI, which is more time- and labor-intensive and
substantially more costly than the standard 1.5-T MRI com-
monly used for structural imaging. As a result, the number
of participants available for 3-T MRI studies is inevitably
smaller [36—39]. In contrast, structural biomarkers can be
assessed using conventional 1.5-T MRI, which is easier
to implement and more economical, enabling the acquisi-
tion of large-scale datasets suitable for machine-learning
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Fig. 2 Relationship between
regional gray matter volumes and
six categories of DSP (driving
safety performance): DSP1=visual
search behavior, DSP2 =speeding,
DSP3 =signaling, DSP4=vehicle
stability, DSP5 =positioning, and
DSP6=steering. The consistent
directional association between
rGMVs and specific components of
DSP is visualized, reinforcing the
hypothesis of region-specific con-
tributions to behavioral regulation.
Black and white circles represent
positive and negative associations,
respectively

Fig. 3 Gray matter regions associated with driving safety perfor-
mance (DSP), as identified in the study by Handityo et al. (2025). The
selected regions include: (1) left angular gyrus, (2) left frontal opercu-
lum, (3) left occipital fusiform gyrus, (4) left parietal operculum, (5)
left postcentral gyrus, (6) left planum polare, (7) left superior temporal
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gyrus, (8) right hippocampus, (9) right orbital part of the inferior fron-
tal gyrus, (10) right posterior cingulate gyrus, and (11) right posterior
orbital gyrus. Among these, the orbital part of the inferior frontal gyrus
was the only region that overlapped with four regions identified by
Yamamoto et al., as indicated by a yellow arrow
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\Pedal, Accelerator

Fig.4 Steering and pedal-operating posture of a participant in a supine
position inside the gantry og MRI, quoted from the Reference No.35

analyses. The predictive performance of machine learning
models is highly dependent on the availability of large-scale
training data.

Nevertheless, fMRI offers the advantage of capturing
real-time functional brain responses, although performing
driving-related tasks—such as operating a steering wheel
and pedals—in the supine position inside the scanner differs
substantially from real-world driving conditions (Fig. 4).
Therefore, we believe it would be valuable to corroborate
large-scale structural data with smaller-scale but real-time
functional data, as demonstrated in the Honda fMRI study
with 14 participants that validated our findings with 2,458
participants regarding ADHD traits [24, 36].

5 Interventions for Driving Safety
Performance

Real-world driving experiments using actual vehicles on
closed- circuit roads have provided empirical evidence for
the influence of structural brain MRI biomarkers—specifi-
cally WMH, BA, and rGMV—on driving safety perfor-
mance (DSP) [17, 21, 22, 25]. Importantly, both WMH and
BA may be mitigated through lifestyle modifications, such as
smoking cessation [40], moderation of alcohol intake [41],
and the management of lifestyle-related conditions such as
hypertension, diabetes, and dyslipidemia [7-10, 42]. These
lifestyle-related interventions have the potential to improve
DSP by addressing the underlying neuropathology. Within
this context, MRI-based brain health assessments may serve
as a foundation for personalized traffic risk management
strategies aimed at preventing hazardous driving behaviors
such as traffic crashes and wrong-way entry on main roads
or highways, and ultimately extending safe driving years in

Structural biomarkers
* white matter hyperintensities
* brain atrophy
* regional gray matter volumes

Lifestyle modifications
* smoking cessation
* moderation of alcohol intake
» treatment of lifestyle-related diseases

Personalized traffic risk management

» avoiding traffic crashes and wrong-entry on main
roads and highways
* extending safe driving life

Fig.5 Brain structural biomarkers and safe driving: Personalized inter-
vention diagram

older drivers. A major challenge in promoting safe driving
among the elderly lie in the substantial inter-individual vari-
ability of brain aging, including WMH and BA. Therefore,
rather than applying a one-size-fits-all approach, it is essen-
tial to evaluate each individual’s brain status using MRI and
design tailored interventions accordingly (Fig. 5).

There are cost-effectiveness concerns when introducing
MRI as a measure for driving safety. However, if radia-
tion-free MRI could predict traffic crashes among elderly
drivers and help prevent them, it would not only reduce
economic losses but also save lives—benefits that are truly
incalculable. Fortunately, Japan has already implemented a
nationwide brain health screening program known as "Brain
Dock," which enables routine MRI evaluations in older
adults. As the country with the world’s most rapidly aging
population, Japan is uniquely positioned to serve as a global
pioneer in establishing large-scale, MRI-informed risk man-
agement strategies for driving safety. In Japan, drivers aged
75 and older are required to take a closed-circuit driving test
and a cognitive function assessment every three years when
renewing their driver's license. Within this framework, one
possible policy initiative would be to introduce MRI on a
trial basis for license renewal, utilizing the Brain Dock sys-
tem in regions with a high aging rates and limited alterna-
tives to automobile transportation.

@ Springer
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6 Machine Learning for Predictive Risk
Modeling

A review of the literature indicates that only two research
teams to date have attempted to identify high-risk older
drivers by using brain volumetric measures and DSP as
training inputs for machine learning models. Although both
studies reported high overall accuracy and specificity, their
sensitivity and precision remained relatively low [19, 21],
suggesting a key limitation of relying solely on structural
MRI data for predictive modeling. Notably, findings from
Honda’s fMRI-based driving simulation study with 14 par-
ticipants and Handityo et al.’s VBM analysis of rtGMV with
2,458 participants, both pointed to a common neural cor-
relate: the left precuneus appears to play a pivotal role in
supporting safe driving behavior [24, 36]. The involvement
of the precuneus is understandable because it lies at the bor-
der zone among the frontal, parietal, and occipital lobes and
plays a key role in visual cognition and episodic memory.
To deepen our understanding the neuronal mechanisms
underlying driving behavior and to enable earlier identifica-
tion of individuals at elevated risk, future models will likely
need to incorporate functional neuroimaging data—such as
fMRI-derived connectivity and synchronization—along-
side structural features. Despite the practical constraints
associated with 3T MRI—including limited sample sizes,
substantial time and labor requirements, and higher costs—
combining structural and functional brain imaging has the
potential to substantially outperform either modality alone
in predictive performance. Such multimodal integration
could drive major progress in precision-based prevention
strategies for both traffic safety and neurocognitive health.

7 Future Directions and Conclusions

The integration of structural brain biomarkers with behav-
ioral assessments of driving performance not only represents
a promising frontier in the prevention of traffic accidents
among older adults, but also helps reduce economical losses
with traffic accidents and supports the efficient functioning
road logistics. As the global population continues to age,
ensuring driving safety while preserving personal mobility
has become an increasingly urgent public health challenge.
This review has synthesized growing evidence that WMH
and BA—two prevalent age-related changes detectable via
MRI—are associated with impairments in driving safety
performance (DSP). Additionally, rtGMVs have been linked
to specific components of driving behavior, and machine
learning models leveraging these structural features have
demonstrated high predictive accuracy [19, 21].
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Despite these advancements, several limitations remain.
Most existing studies have relied exclusively on structural
MRI data, which may not fully capture the dynamic neural
processes involved in real-time driving. In contrast, func-
tional neuroimaging techniques—particularly resting-state
and task-based fMRI—offer complementary insights by
revealing patterns of connectivity and activation that may
underlie subtle deficits in DSP.

Leveraging large-scale structural MRI data in combi-
nation with functional imaging data as multimodal inputs
for machine learning models is expected to substantially
enhance the predictive accuracy, sensitivity, precision and
overall performance of these models in identifying indi-
viduals at risk of impaired driving. By integrating comple-
mentary information from both structural and functional
modalities, such an approach can capture not only the ana-
tomical characteristics of the brain but also real-time neural
responses associated with cognitive and motor processes
that underlie DSP. Furthermore, to elucidate the causal
relationships between brain states and driving abilities in
older adults, well-designed longitudinal studies are indis-
pensable. These studies are necessary to determine whether
early neuroimaging markers, such as WMH, BA, or rGMYV,
can reliably predict future declines in driving performance.
Preventive brain healthcare program, such as Japan’s “Brain
bock” system, may play a key role in facilitating the feasi-
bility of the longitudinal studies. Additionally, longitudinal
research can assess whether targeted interventions—includ-
ing lifestyle modifications such as exercise, dietary improve-
ments, smoking cessation, and alcohol moderation, as well
as cognitive or attentional training—can effectively mitigate
these risks, thereby contributing to prolonged safe driving
years and improving traffic safety in aging populations.

From a translational perspective, incorporating neuro-
imaging biomarkers into public health frameworks and
transportation policy holds considerable promise. In Japan,
drivers aged 70 and older are required to complete a senior
driver’s course—including practical driving and cogni-
tive function assessments—when renewing their licenses.
On the other hand, preventive MRI screening through the
“Brain Dock” system is already widespread. Embedding
a brain checkup program within this nationwide system
could improve the feasibility and cost-effectiveness of MRI
implementation, while enabling ethical oversight within
government-certified driving schools. However, if inciden-
tal brain abnormalities are detected through MRI, establish-
ing a formal referral and collaboration pathway with nearby
medical institutions would be essential.

In conclusion, the integration of structural and functional
MRI with behavioral data may facilitate a paradigm shift
from reactive to preventive approaches in traffic safety. As
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Japan pioneers the use of population-wide neuroimaging
through the Brain Dock system, its experience may serve
as a valuable model for other aging societies seeking to bal-
ance mobility, autonomy, and safety in an increasingly older
driver population.
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