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Abstract 

Objective: To examine the association between driving and structural brain volume in older individuals. 

Methods: In this cross-sectional study, high-resolution magnetic resonance imaging was performed in 1063 older 

adults. We examined global brain measures, including gray and white matter volumes and subcortical volume, using 

the FreeSurfer program. Participants were divided into non-drivers, those who drove < 7 days a week, and every 

day drivers. They were further classified into a non-driving group, an active group (drove 10 km at least once a 

week), and a less-active group (drove 10 km less than once a week). 

Results: Drivers had a larger hippocampal volume than non-drivers (p = 0.048). Low-frequency drivers had a larger 

occipital cortex volume than non-drivers and high-frequency drivers (p = 0.007). Active drivers had larger temporal 

cortex volumes than non-active drivers (p = 0.020), larger cingulate cortex volumes than non-drivers and less-active 

drivers (p = 0.002), and larger hippocampus volumes than non-drivers (p = 0.019). A post-hoc analysis revealed no 

significant between-group differences in the amygdala. 

Conclusions: Driving was associated with diminished hippocampal brain atrophy in older adults. Active drivers with 

a larger life space exhibited less brain atrophy in several regions, including the temporal and cingulate cortices. 

Introduction 

Driving cessation is a major negative life event and is associated with a decline in general health,1 depressive 

symptoms,2 cognitive decline,3 increased risk for long-term care institutionalization,4 and increased mortality.5 

Driving cessation also has a significant impact on the cost of health care.6 From a cognitive perspective, previous 

cohort studies have reported that driving a car is associated with the incidence of dementia in older adults7 and 

reversion from mild cognitive impairment (MCI) to normal cognition.8 These studies suggest that driving a car is 

beneficial for health maintenance, including brain health, in older populations. One explanation for the positive 

relationship between driving and health is the increase in activity due to the expansion of life space. Similarly, 

previous studies have identified an association between constricted life space and an increased risk of frailty,9 

mortality,9 Alzheimer’s disease, and MCI.10 Although it is clear that physical activity is an effective intervention for 

preventing frailty among older adults,11 the factors contributing to the association of constricted life space with an 

increased risk of dementia remain unknown. 

In the present study, we examined the association between driving, life space, and brain volume in older 

participants in the National Center for Geriatrics and Gerontology–Study of Geriatric Syndromes (NCGG-SGS) in 

Japan. 

Methods 

Standard protocol approvals, registrations, and patient consent 

The National Center for Geriatrics and Gerontology Institutional Review Board reviewed and approved this project 

(approval number: 1440-2). All individuals provided written informed consent prior to participation. This study was 



developed in accordance with the Declaration of Helsinki. 

Study design 

This was a cross-sectional study that examined the association between driving and differences in structural brain 

measurements. 

Participants 

Participants were recruited from a sub-cohort of the NCGG-SGS.12 This sub-cohort targeted adults aged ≥60 years 

who lived in Takahama City, Aichi Prefecture, Japan. A total of 4,122 individuals participated in the survey, which 

included physical examinations, cognitive tests, and questionnaires. Invitation letters for brain magnetic resonance 

imaging (MRI) assessment were sent to 4,080 of the participants, excluding those who had a pacemaker. In total, 

1,220 older adults participated in the MRI assessment. Participants were excluded because of missing data (n = 5), 

driving cessation (n = 39), MRI contraindications (n = 20), a history of stroke (n = 45), Parkinson’s disease (n = 2), 

depression (n = 30), dementia (n = 1), and other brain diseases, including brain tumors and chronic subdural 

hematomas (n = 15). Following exclusion, data from the remaining 1,063 participants were analyzed.  

Driving status and life space assessment 

We identified drivers and non-drivers according to their yes/no responses to the item “Do you drive a motor 

vehicle?”.13 In addition, drivers were asked how frequently they drove each week. To assess life space, the 

participants were asked about the frequency at whether they drove more than 10 km in a week. Participants were 

divided into three groups based on driving frequency, including a non-driving group, a low-frequency group (those 

who drove less than 7 days per week), and a high-frequency group (those who drove every day). Participants were 

also classified into the three following groups based on their life space: a non-driving group, an active driving group 

(those who drove 10 km at least once per week), and a less-active driving group (those who drove 10 km less than 

once a week). 

MRI acquisition 

Structural MRI was performed using a Siemens MAGNETOM Trio Tim 3T scanner (Siemens Medical Solutions, 

Erlangen, Germany) with a 12-channel head coil. A whole-brain three-dimensional T1-weighted magnetization 

prepared rapid acquisition gradient echo sequence was acquired in the sagittal plane with the following 

parameters: repetition time = 1800 ms, echo time = 1.99 ms, flip angle = 9°, slices = 160, slice thickness = 1.1 mm, 

voxel = 1.0 × 1.0 × 1.1 mm, image matrix = 256 × 256 mm, and field of view = 250 mm. Each scan took 4:06 min to 

complete.14 

Cortical and subcortical volume measurements 

Cortical and subcortical volumes were estimated using FreeSurfer version 6.0 (running in Linux Ubuntu 16.04 LTS). 

Each image was processed by running the standard “recon-all” pipeline. Details of the technical procedures have 

been published previously15 and are freely available for download (http://surfer.nmr.mgh.harvard.edu/). Briefly, 

analytical procedures included the removal of nonbrain tissue,16 automated Talairach transformation, volumetric 

segmentation of the subcortical white matter (WM) and deep gray matter (GM),17 intensity normalization,18 

tessellation of the GM-WM boundary, automated topology correction,19 and accurate surface deformation to 

identify tissue borders.20 The FreeSurfer output underwent visual quality control and manual correction whenever 

necessary, and the steps were repeated for accuracy.  

 Cortical volume parcellation and region of interest (ROI) definition were performed using the Desikan–

Killiany atlas.20 Subcortical segmentation was based upon an existing atlas containing probabilistic information on 

the location of structures.21 Global brain measures, such as total brain volume, total GM volume, total WM volume, 

and the sum of the cortical volume of all 34 ROIs, were analyzed. Individual Desikan–Killiany ROIs were combined 

into five regions (sum of the left and right hemispheres) for regional cortical volume analysis, including the frontal 

(superior frontal; rostral and caudal middle frontal; pars opercularis, pars triangularis, and pars orbitalis; lateral and 

medial orbitofrontal; precentral; paracentral; and frontal pole), parietal (superior parietal, inferior parietal, 

supramarginal, postcentral, and precuneus), temporal (superior, middle, and inferior temporal; banks of the 

superior temporal sulcus; fusiform; transverse temporal; entorhinal; temporal pole; and parahippocampal), occipital 



(lateral occipital, lingual, cuneus, and pericalcarine), and cingulate (rostral anterior, caudal anterior, posterior, and 

isthmus) cortices. In addition, five deep brain regions were analyzed, including the hippocampus, caudate, putamen, 

thalamus, and amygdala.22  

Potential confounding factors 

Based on previous studies, the influence of age,23 sex,24 educational attainment,25 hypertension,26 diabetes 

mellitus,27 hyperlipidemia,28 and cigarette smoking28 were controlled for in the analysis to adjust for the effects of 

factors that accelerate brain atrophy. To adjust for differences in head size across participants, regression modeling 

was performed with estimated total intracranial volume as the independent variable and brain volume as the 

outcome variable, and the regression residuals were used for subsequent analyses. 

Statistical analyses 

Baseline characteristics were compared between the driver and non-driver groups using the t-test and Chi-square 

test. Analysis of variance and Chi-square test with adjusted standardized residuals were used to compare the 

baseline variables among the three groups based on driving frequency and life space. Residuals followed the t 

distribution, with t >1.96 taken to indicate p < 0.05 and t > 2.56 taken to indicate p < 0.01. Analysis of covariance 

was used to determine inter-group differences in cortical volume. Bonferroni post-hoc analyses were used to 

compare the cortical volumes between the groups. Potential correlative covariates were included in the 

multivariate model. An alpha value of 0.05 was used to determine statistical significance, and all data management 

and statistical computations were performed using SPSS 25.0 software (IBM Corp., Armonk, NY, USA). 

Results  

Characteristics of the study population 

Non-drivers were older, less educated, and had less hypertension, and less hyperlipidemia, and included less smokers, 

a higher proportion of females, and had a lower brain volume in all regions than drivers (Table 1).  

Comparison of brain volume after adjusting for confounding factors 

Drivers had a significantly larger hippocampal volume than non-drivers (F = 3.914, p = 0.048; Table 2, Figure 1, Figure 

2). Group differences based on the driving frequency were found in the occipital cortex (F = 5.044, p = 0.007; Table 2, 

Figure 2). Post-hoc analysis revealed that low-frequency drivers had a larger occipital cortex volume than non-drivers 

and high-frequency drivers. No significant difference was found between non-drivers and high-frequency drivers. 

Group differences were found in the temporal region (F = 3.922, p = 0.020), cingulate cortices (F = 6.213, p = 0.002), 

hippocampus (F = 3.968, p = 0.019), and amygdala (F = 3.259, p = 0.039) based on driving activity (Table 2, Figure 2). 

Post-hoc analysis revealed that active drivers had a larger temporal cortex volume than non-active drivers, a larger 

cingulate cortex volume than non-drivers and non-active drivers, and a larger hippocampus volume than non-drivers. 

No significant differences were observed in the amygdala by post-hoc analyses. 

Discussion  

Driving is a complex process that involves visuospatial recognition, planning, and execution of appropriate actions 

based on the traffic environment.29 Therefore, maintaining cognitive functions, such as visuospatial abilities and 

executive function, is key to ensuring the safety of older adults who drive. Previous studies have demonstrated that 

older drivers with a history of car accidents performed poorly on cognitive tasks requiring visuospatial abilities and 

executive function than an age-matched accident-free group.30 Evidence has also suggested that driving activates the 

brain with large variation and affects brain plasticity.31  

The present study found that older individuals who drove more frequently maintained a larger brain volume 

in the hippocampus than non-drivers. A study on London taxi drivers reported that those who memorized and drove 

London’s complex streets had greater GM volume in the posterior hippocampus than non-taxi drivers, and that the 

volume was positively correlated with the amount of time spent as a taxi driver.32,33 These findings suggest that the 

healthy adult brain undergoes local plastic structural changes in response to environmental stimuli. The hippocampus 

facilitates spatial navigational memory, and functional neuroimaging studies of navigation in humans has revealed 



that the retrieval of previously learned navigational information was associated with the activation of the posterior 

hippocampus.34 The results of the present study suggest that years of driving experience may routinely activate the 

hippocampus and contribute to the retention of hippocampal volume. 

Comparing groups based on driving frequency revealed a significant difference in the occipital volume. The 

occipital lobe is divided into several functional visual cortices. The primary visual cortex provides low-level details of 

local orientation, spatial-frequency, and color properties within small receptive fields, which are all necessary for safe 

driving.35 Therefore, it is unsurprising that the occipital volume was higher in frequent drivers than in non-drivers; 

however, the post-hoc analysis revealed no relationship between driving frequency and occipital volume, which 

indicates a need for further studies. This result might be attributable to the lack of a quantitative evaluation of driving 

frequency. We plan to use a quantitative monitoring system, such as a driving recorder, in our future research.  

Several reviews have suggested that physical activity has significant effects on brain volume, including the 

prefrontal cortex and hippocampus, but it remains unclear how effective physical activity is in preserving brain 

volume.36,37 Many studies have suggested that physical activity may be involved in the reduction of beta-amyloid 

accumulation and in increasing cognitive function, as well as of neuroinflammation factors such as tumor necrosis 

factor alpha, interleukin-1-beta, and interleukin-6, high-density lipoprotein levels, cerebral blood flow, and brain-

derived neurotrophic factor, and that these factors may contribute to brain health during aging.38 Physical inactivity 

has become endemic in industrialized countries, particularly among certain occupations, such as professional 

drivers.39 Inactivity is attributed to the fact that the overall risk for coronary heart disease in particular (and possibly 

other conditions) is higher than any other lifestyle risk factor.40 However, cars are often a necessity for older people 

living in the community if they wish to go out, and driving cessation significantly increases the need for care in daily 

life.12 A previous study found that older drivers were more physically active (i.e., demonstrated less sedentary time), 

potentially because of increased access to outdoor activities or a larger social network.41 The results of the present 

study suggest that maintaining an active lifestyle with the use of a car was beneficial for the retention of brain volume 

in the temporal lobe, hippocampus, cingulate cortex, and amygdala in older adults.  

Visual information from the visual cortex is processed in the temporal lobe via the ventral stream, which plays 

an important role in visual object identification.42 Therefore, it is possible that the volume of the temporal lobe was 

maintained in older adults who drove because they were more often engaged in identifying visual objects, such as 

other vehicles and road signs.42 The cingulate cortex contains many important neural circuits, including the center of 

the reward system, amygdala, lateral prefrontal cortex, parietal cortex, motor areas, spinal cord, hippocampus, and 

limbic regions.43 The dorsal anterior cingulate cortex projects directly to the spinal cord and the motor and limbic 

cortices. Several functions have been ascribed to this area, including attention-for-action/target selection,44 motor 

response selection,45 error detection/performance monitoring,46 and anticipation,47 which are all required for safe 

driving. The amygdala is a subcortical nucleus that has a variety of functions, including emotion recognition, social 

cognition, and reward learning.48,49 Currently, a direct functional relationship between the amygdala and driving is 

unclear. 

The present study classified participants in two ways (i.e., according to driving frequency and driving distance); 

the differences in brain volume were more robust in regions when comparing distance rather than frequency. These 

findings may suggest that the beneficial effect of driving on brain volume depends on expansion of life space using a 

vehicle rather than driving frequency. Indeed, previous studies have reported that a constricted life space is 

associated with increased risk of Alzheimer’s disease, MCI, and cognitive decline among older persons.10,50 Therefore, 

it may be important to develop effective strategies to support the continuation of safe driving and provide alternative 

means of transportation that allows older adults to maintain their daily life space. 

The current study has several limitations. The cross-sectional design prevents exclusion of the possibility of 

reverse causality (i.e., changes in brain structure cause behavioral changes, including alterations in driving habits). 

Longitudinal studies are needed to examine whether driving status and activity are associated with diminished brain 

atrophy over time. Additionally, the possibility of residual confounding factors, such as an apolipoprotein E genotype, 

cannot be excluded.51  

Conclusions 

To our knowledge, this is the first study to demonstrate the relationship between driving and brain structure 

in older individuals. Given that brain atrophy is defined by multiple factors, an analysis with a large population is 

necessary to ensure statistical power to attribute brain atrophy to single factors. This study indicates that driving is 

associated with maintaining brain volume in several cortical areas in older individuals after adjusting for several 

confounding factors. 



Data availability 

Additional anonymized data not available within the article or supplementary material are available to qualified 

researchers on reasonable request. 
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Table 1. Characteristics of the study population 

  Total Non-drivers Drivers p 

Demographics and confounding factors    

Age, years: mean (SD) 70.1 (6.4) 75.7 (6.3) 69.4 (6) <0.001 

Education, years: mean (SD) 11.8 (2.5) 10.1 (2) 12 (2.4) <0.001 

Female, n (%) 515 (48) 107 (92) 408 (43) <0.001 

Hypertension, n (%) 594 (56) 50 (43) 544 (57) 0.003 

Diabetes, n (%) 928 (87) 99 (85) 829 (88) 0.50 

Hyperlipidemia, n (%) 756 (71) 67 (58) 689 (73) 0.001 

Smoking, n (%)    <0.001 

Never smoked 605 (57) 107 (92) 498 (53)  

Former smoker 331 (31) 5 (4) 326 (34)  

Current smoker 127 (12) 4 (3) 123 (13)  

Brain structural and volume measures, mL: mean (SD) 

Estimated total intracranial 

volume 
1388.6 (146.5) 1284.4 (138.0) 1401.3 (142.5) <0.001 

TGMV 573.8 (49.0) 533.7 (44.8) 578.7 (47.3) <0.001 

TWMV 424.2 (49.1) 386.7 (43.5) 428.8 (47.8) <0.001 

SCGMV 51.4 (4.8) 47.8 (4.4) 51.8 (4.6) <0.001 

SCV 422.2 (38.2) 391.1 (35.2) 426.0 (36.7) <0.001 

Frontal 149.5 (14.1) 139.5 (12.8) 150.7 (13.7) <0.001 

Temporal 97.9 (9.8) 90.0 (8.9) 98.8 (9.4) <0.001 

Parietal 99.7 (9.9) 92.9 (10.2) 100.6 (9.6) <0.001 

Occipital 44.4 (5.0) 40.4 (4.0) 44.8 (4.9) <0.001 

Cingulate 17.6 (2.1) 16.1 (2.0) 17.8 (2.1) <0.001 

Hippocampus 7.7 (0.8) 7.0 (0.8) 7.8 (0.8) <0.001 

Caudate 6.2 (0.9) 5.9 (1.0) 6.3 (0.9) <0.001 

Putamen 8.5 (1.2) 8.0 (1.3) 8.6 (1.1) <0.001 

Thalamus 12.4 (1.3) 11.5 (1.1) 12.5 (1.3) <0.001 

Amygdala 3.1 (0.4) 2.7 (0.4) 3.1 (0.4) <0.001 

TGMV = total gray matter volume; TWMV = total white matter volume; SCGMV = subcortical gray matter volume; SCV 

= sum cortical volume



Table 2. Cross-sectional association between driving status and brain measures 

Abbreviations: TGMV = total gray matter volume; TWMV = total white matter volume; SCGMV = subcortical gray 

matter volume; SCV = sum cortical volume 

a: Non-driver < low-frequency driver (p < 0.05), b: Low-frequency driver > high-frequency driver (p < 0.05), c: Non-

driver < active driver (p < 0.05), d: Less-active driver < active driver (p < 0.05). 

 

  Driving status  Driving frequency     Life space   

  F p  F p   F P   

TGMV 0.143 0.71  0.074 0.93   2.812 0.06  

TWMV 0.083 0.77  0.042 0.96   0.658 0.52  

SCGMV 0.044 0.83  0.411 0.66   1.105 0.33  

SCV 0.239 0.63  0.651 0.52   2.487 0.08  

Frontal 0.228 0.63  0.326 0.72   1.630 0.20  

Temporal 0.095 0.76  1.603 0.20   3.922 0.020 d 

Parietal 0.025 0.88  0.211 0.81   0.356 0.70  

Occipital 2.964 0.09  5.044 0.007 a,b  1.488 0.23  

Cingulate 2.545 0.11  1.276 0.28   6.213 0.002 c,d 

Hippocampus 3.914 0.048  2.005 0.14   3.968 0.019 c 

Caudate 0.307 0.58  0.277 0.76   0.158 0.85  

Putamen 0.266 0.61  0.309 0.74   0.520 0.60  

Thalamus 0.469 0.49  1.224 0.29   0.727 0.48  

Amygdala 3.045 0.08  1.601 0.20   3.259 0.039  



 

Figure 1. Comparison of regional brain volumes between drivers and non-drivers 

 

  



 

Figure 2. Brain regions with volume differences according to driving activity 

Colors indicate the following ROIs: red = temporal cortex; blue = occipital cortex; light blue = cingulate cortex; green 

= hippocampus; yellow = amygdala. 

 

 


