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Abstract
Mobility-related injury remains a major cause of morbidity, disability, and loss of independence in older adults. Conventional 
prevention frameworks predominantly emphasize environmental exposure while underrepresenting biological heterogene-
ity. In later life, injury risk is not simply a function of exposure but emerges from a dynamic mismatch between environmental 
demand and neurobiological capacity. White matter hyperintensities (WMH) and brain atrophy (BA), reflecting cumula-
tive neurovascular burden, may reduce the neural reserve required for safe mobility. We propose an exposure–resilience 
interaction framework in which injury vulnerability arises when environmental demands exceed compensatory capacity. 
Evidence from neuroimaging and functional studies indicates that structural brain burden is associated with impaired haz-
ard perception and reduced real-world performance, even among cognitively normal individuals. Japan provides a natural 
translational setting, where advanced population ageing and existing brain health screening systems intersect. Integrating 
neurovascular resilience into injury epidemiology reframes prevention from external hazard control toward preservation of 
intrinsic capacity.
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Background and public 
health context
Population ageing is reshaping patterns of morbidity world-
wide, with mobility-related injury emerging as a major con-
tributor to disability and loss of independence in later life. 
In Japan, where more than 28% of the population is aged 
≥65 years, older adults account for a disproportionate share of 
serious injury and fatality outcomes despite reduced exposure 
compared with younger populations [1, 2]. Falls, trauma, traf-
fic accidents, and other injury mechanisms represent leading 
causes of functional decline and long-term care dependency 
in this group [3].

Traditional prevention strategies have focused on environmen-
tal safety, infrastructure design, and behavioral regulation. While 
these approaches have yielded measurable benefits, they implic-
itly assume relatively uniform responses to comparable expo-
sures. This assumption becomes increasingly untenable in ageing 
populations, where biological heterogeneity strongly influences 
functional capacity.

In ageing populations, injury risk should be understood 
not as exposure alone, but as a failure of alignment between 

environmental demands and the brain’s capacity to sustain 
safe behavior.

Neurovascular ageing and 
functional reserve
WMH, historically termed leukoaraiosis, and BA are common mani-
festations of neurovascular ageing, reflecting cumulative vascular 
burden and cerebral small vessel disease [4, 5]. WMH progression 
and BA trajectories are strongly associated with hypertension, 
diabetes, smoking, and related cardiometabolic exposures, and 
may be attenuated through effective risk optimization [6, 7].  
These structural changes disrupt large-scale brain networks, 
particularly fronto–subcortical and parietal systems involved in 
attention, processing speed, and visuospatial integration.

Importantly, these alterations are frequently subclinical. The 
clinically relevant concept is not overt impairment but reduced 
neural reserve—the capacity to maintain performance under 
increasing cognitive or environmental demand. Individuals 
with greater structural burden may function adequately under 
low-demand conditions yet exhibit vulnerability when exposed to 
complex or high-load environments.
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Exposure–resilience interaction 
framework
Classical injury epidemiology has long been guided by Haddon’s 
matrix, which emphasizes the interaction between host, agent, 
and environment in the occurrence of injury [8]. In ageing pop-
ulations, heterogeneity within the “host” dimension becomes 
increasingly important.

Structural brain ageing may therefore represent an additional 
layer of vulnerability that modifies how individuals respond to 
environmental exposure. This perspective extends classical injury 
models by incorporating neurovascular resilience as a biological 
determinant of injury vulnerability in later life.

An exposure–resilience interaction model may help to conceptu-
alize this relationship (Fig. 1). We propose an exposure–resilience 
interaction framework in which injury risk emerges when 
environmental demands exceed neurovascular compensatory 
capacity. This framework suggests that injury vulnerability is 
threshold-based rather than age-determined.

Specifically, three implications arise. First, similar exposures 
may yield different outcomes depending on biological reserve. 
Second, vulnerability may remain latent until environmental 
demand increases. Third, functional failure may occur in indi-
viduals who are otherwise cognitively normal under baseline 
conditions.

This model provides a biologically grounded explana-
tion for variability in real-world safety performance among 
older adults.

Empirical evidence linking brain 
structure and functional safety
Accumulating evidence supports the association between struc-
tural brain changes and mobility-related function. WMH burden 
has been linked to impaired hazard perception and reduced 
processing speed [9–11]. Region-specific lesions, particularly 
in parietal and occipital regions, are associated with decreased 
driving safety performance [11]. Cortical atrophy and WMH have 
also been associated with behavioral adaptations, including 
self-regulation of driving exposure [12].

In addition, large-scale screening data from Japan suggest 
that higher WMH burden is associated with high-risk driving 
behaviors, such as wrong-way entry and near-miss events on 
highways [13].

Taken together, these findings indicate that subclinical neuro-
vascular changes may have measurable real-world consequences 
even in the absence of diagnosed cognitive impairment.

Literature identification approach
This article is based on a narrative synthesis of existing literature. 
Relevant studies were identified through searches of PubMed 
and related databases using combinations of keywords including 
“white matter hyperintensities,” “brain atrophy,” “driving safety,” 
“injury risk,” and “ageing.” Priority was given to longitudinal 
studies, neuroimaging research, and population-based analyses. 
Additional references were identified through citation tracking. 

Figure 1  Exposure–resilience interaction model of mobility-related injury in later life. Mobility-related injury is conceptualized as an interaction 
between environmental exposure and neurovascular resilience. Environmental complexity and cognitive load increase along the horizontal axis, while 
biological resilience—partly determined by structural brain changes such as white matter hyperintensities (WMH) and brain atrophy (BA)—declines 
along the vertical axis. Injury vulnerability emerges when environmental demands exceed compensatory neural capacity, representing a threshold 
phenomenon rather than a direct consequence of chronological ageing. Individuals with preserved resilience may maintain safe mobility even under 
relatively high-demand conditions, whereas those with reduced reserve may remain asymptomatic until exposed to increased environmental stress. 
This framework extends classical injury epidemiology by incorporating neurobiological heterogeneity within the host dimension. Structural imaging 
markers are therefore interpreted as probabilistic indicators of vulnerability rather than deterministic predictors of harm.
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The aim was to integrate evidence across disciplines to support 
a conceptual framework rather than to conduct a formal system-
atic review.

Implications for screening and 
prevention: the case of Japan
Japan provides a unique context through its long-standing brain 
screening programmes (“Brain Dock”), originally developed for 
stroke prevention. These systems demonstrate the feasibility of iden-
tifying structural abnormalities in asymptomatic individuals at scale.

Within a resilience-oriented framework, such infrastructures 
could support longitudinal monitoring of neurovascular health, 
integration of vascular risk optimization strategies, and personal-
ized risk communication. Importantly, structural markers should 
be interpreted as probabilistic indicators within a broader clinical 
context and should complement, rather than replace, functional 
assessment.

This approach does not advocate indiscriminate screening or 
deterministic use of imaging findings, but rather a calibrated inte-
gration of biological and functional risk indicators.

Limitations and implementation 
considerations
Several limitations should be acknowledged. First, the pro-
posed framework is conceptual and does not establish causality. 
Longitudinal studies linking neuroimaging markers to incident 
injury outcomes are required.

Second, screening-based approaches carry risks, including 
overdiagnosis, medicalization, and unintended behavioral restric-
tion such as unjustified driving cessation. These risks necessitate 
careful ethical governance.

Third, cost and resource implications are substantial, and the 
cost-effectiveness of large-scale neuroimaging for injury preven-
tion remains uncertain.

Fourth, implementation feasibility varies across health-
care systems, and Japan’s infrastructure may not be directly 
generalizable.

Finally, communication of subclinical risk is complex and 
may lead to stigma or reduced autonomy if not appropriately 
managed.

Future directions
Future research should prioritize longitudinal cohort studies 
linking WMH and BA trajectories with incident injury outcomes, 
integration of neuroimaging with functional and behavioral data, 
evaluation of vascular risk interventions, and ethical as well as 
economic analyses of screening implementation.

Conclusion
Mobility-related injury in later life may be best understood as an 
interaction between environmental exposure and neurovascular 
resilience.

Reframing injury risk as a capacity-limited phenomenon—arising 
from a mismatch between environmental demand and neurobi-
ological reserve—provides a biologically grounded extension of 
existing models.

Japan’s experience illustrates how existing screening infra-
structures may support resilience-oriented prevention, provided 
that implementation prioritizes autonomy, equity, and rigorous 
evaluation.

As populations age, the challenge of injury prevention is 
shifting from controlling external hazards to preserving intrin-
sic capacity. Integrating neurovascular resilience into injury 
epidemiology represents a conceptual advance that aligns pre-
vention with the biology of ageing. This shift—from exposure 
control to capacity preservation—may be essential for sustain-
ing mobility, independence, and societal participation in age-
ing populations.
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