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Objective Motor, perceptual, and cognitive functions are known to affect driving competence. Subcortical ischemic changes on brain
magnetic resonance imaging (MRI) can reflect reduction in cognitive and motor performance. However, few studies have reported the
relationship between subcortical ischemic changes and driving competence of the elderly. Thus, the objective of this study was to investi-
gate the association between subcortical ischemic changes on MRI and driving abilities of the elderly.

Methods Participants (n=540) were drawn from a nationwide, multicenter, hospital-based, longitudinal cohort. Each participant un-
derwent MRI scan and interview for driving capacity categorized into ‘now driving’ and ‘driving cessation (driven before, not driving
now)’ Participants were divided into three groups (mild, n=389; moderate, n=116; and severe, n=35) depending on the degree of white
matter hyperintensity (WMH) on MRI at baseline. Driving status was evaluated at follow-up. Statistical analyses were conducted using
1 test, analysis of variance (ANOVA), structured equation model (SEM), and generalized estimating equation (GEE).

Results In SEM, greater baseline degree of WMH was directly associated with driving cessation regardless of cognitive or motor dys-
function ($=-0.110, p<0.001). In GEE models after controlling for age, sex, education, cognitive, and motor dysfunction, more severe
change in the degree of WMH was associated with faster change from ‘now driving’ state to ‘driving cessation’ state over time in the el-
derly (B=-0.508, p<0.001).

Conclusion In both cross-sectional and longitudinal results, the degree of subcortical ischemic change on MRI might predict driving

cessation in the elderly.
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INTRODUCTION

Driving is the ‘ultimate’ instrumental activity of daily living
(IADL)' as it requires integration of high-level cognitive
functions, motor functions, and perception.>” For the elderly,
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ceasing to drive can interfere with their independent living
and decrease their autonomy.* It may also decrease access to
social activities, household activities (e.g. shopping), and
medical services, thus increasing feelings of isolation and de-
pression.>® Previous studies have pointed out that ageing it-
self does not necessarily impair driving or increase the risk of
car accidents.”® However, older people have a high preva-
lence of cognitive impairment and dementia that may in-
crease the risk of unsafe driving.” Motor dysfunction in Par-
kinson’s disease and Alzheimer’s disease can predict driving
performance.'”" Since driving abilities of the elderly are
linked to safety, it is important to identify factors affecting
driving abilities of the elderly population.
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White matter hyperintensity (WMH) is described as area
showing increased signal on T2-weighted magnetic reso-
nance image (MRI) including fluid attenuated inversion re-
covery (FLAIR) image. It generally shows the degree of sub-
cortical ischemic change." Previous studies have shown that
WMH is associated with cognitive dysfunctions such as
global cognitive performance, executive function, processing
speed,” and motor dysfunction such as gait dysfunction."
Cognitive and motor dysfunctions combined can negatively
affect driving performance in the older population. However,
only a few studies have reported the association between the
degree of WMH and driving capacities in the elderly.

Therefore, the objective of this study was to investigate the
association between WMH and driving cessation in the el-
derly using a nationwide multicenter hospital-based prospec-
tive cohort. Whether the degree of subcortical ischemic
changes on MRI could predict the risk of driving cessation in
the elderly with or without motor and cognitive dysfunctions
was determined in this study.

METHODS

Participants

This study was conducted as a part of the Clinical Research
for Dementia of South Korea (CREDOS) study, a nationwide
multicenter hospital-based prospective cohort study aimed to
understand characteristics of Korean patients with dementia.
The CREDOS study was conducted from November 2005 to
April 2013. It had developed common protocols, including
Clinical Evaluation Form and Caregiver Questionnaire Form.
It recruited patients with subjective memory impairment,
mild cognitive impairment, mild cognitive impairment of
subcortical vascular type, and Alzheimer’s disease. All pa-
tients underwent comprehensive interviews including com-
plete medical history, physical examinations, neurological ex-
aminations, neuropsychological assessment, and MRI scans.
Brain MRI scans included transaxial T2- and T1-weighted
scans and fluid-attenuated inversion recovery (FLAIR) slices.
CREDOS neuroimaging visual rating scale was developed by
the CREDOS study central committee based on scales of
Fazekas® and Scheltens' with modifications. It was described
as “Assessment of White Matter Hyperintensities” A more
detailed description of the CREDOS study such as inclusion
and exclusion criteria is available elsewhere."” The CREDOS
study was approved by the Institutional Review Boards of all
participating hospitals (AJIRB-MED-SUR-12_027). Written
informed consent was obtained from patients and their care-
givers after informing them about details of the study. We ret-
rospectively analyzed 540 subjects with data available about
driving status at baseline who were followed up at least once
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after the first visit (meantSD follow-up duration: 2.13+1.54
years). Follow-up data of 370 MRI scans were available.

Clinical evaluation and calculation of composite
score for motor dysfunction

Clinical Evaluation Form included the follwoing: 1) history of
cognitive decline from the caregiver, 2) Mini-Mental State Ex-
amination (MMSE),"® 3) CDR Sum of Boxes score (CDR-
SOB),” and 4) neurological examination. The Caregiver Ques-
tionnaire Form included the following: 1) basic demographic
data about the patient and the caregiver, 2) lifestyle including
driving status classified as “Now driving’, “Not driving’, or
“Driving cessation (driven before, not driving now)’, 3) Barthel
activity of daily living (ADL) index,” and 4) Seoul Instrumental
ADL (S-IADL).*" In this study; a total of 540 patients with “Now
driving” or “Driving cessation (driven before, not driving now)”
status at baseline driving evaluation were selected.

All patients underwent neurological examinations, includ-
ing motor function evaluations such as rigidity, bradykinesia,
hemiplegia, ataxia, and Parkinsonian features in relation to
gait function. Based on these results, motor dysfunction was
scored 0 when there were no abnormalities in any feature.
Otherwise, it was scored 1.

Neuropsychological tests and calculation
of composite scores for cognition

All subjects underwent Seoul Neuropsychological Screen-
ing Battery (SNSB), a standardized neuropsychological test.”
This battery contained tests for attention, language, visuo-
constructive function, memory, and frontal/executive func-
tion. Scorable tests included Digit Span Backward (DSB),
Korean version of Boston Naming Test (K-BNT),” Rey-Os-
terrieth Complex Figure Test (RCFT), Seoul Verbal Learning
Test (SVLT), and Color Word Stroop Test (CWST). Age-,
sex-, and education-specific norms for each test based on
447 normal subjects were available.”> From these tests, com-
position score for cognition in relation to driving ability was
calculated by summing Z-scores of CWST-color reading,
DSB, RCFT-copy, and RCFT-delayed recall reflecting execu-
tive function, attention, and visual perception, respectively.

Assessment of WMH

Three neurologists trained in rating ischemic white matter
changes who were blinded to clinical and functional data rat-
ed white matter changes on T 2 axial and/or FLAIR images.
CREDOS WMH rating scales were developed by the CRE-
DOS study central committee based on Fazekas' scale’ with
modifications. The longest diameter of white matter changes
around lateral ventricles (capping or banding on periventric-
ular areas) or in the white matter (especially the centrum se-
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miovale) was evaluated separately. Periventricular white mat-
ter changes were rated as P1 (<5 mm), P2 (=5 mm, <10
mm), or P3 (=10 mm). Deep white matter changes were rat-
ed as DI (<10 mm), D2 (=10 mm, <25 mm), or D3 (=25
mm). These results were combined to give a final ischemia
score of mild, moderate, or severe. Combinations of D1 with
P1 (D1P1) and D1 with P2 (D1P2) were classified as ‘mild’
Combinations of D2P1, D3P1, D2P2, D3P2, D1P3, and
D2P3 were classified as ‘moderate’ while combinations of D3
and P3 (D3P3) were classified as ‘severe.

Statistical analyses

We compared patients with three different degrees of white
matter changes on MRI. A )’ test was performed to examine
trends in categorical data. Analysis of variance (ANOVA) was
performed for continuous variables to compare groups’ scores
for demographics and driving status. To evaluate the relative
effect of WMH on driving with or without mediation of cog-
nition and motor function, a structured equation model
(SEM) was used. We used generalized estimating equation
(GEE) to estimate longitudinal effects of WMH on change in
driving status. All statistical analyses were performed using
SPSS version 22.0 for demographics, AMOS 21.0 for SEM
(IBM Corp. Released 2013. IBM SPSS Statistics for Windows,
Version 22.0. IBM Corp. Armonk, NY, USA), and GEE pack-
age of R version 3.1.2 for GEE [A language and environment

for statistical computing (Version 3.1.2). Vienna, Austria: R
Foundation for Statistical Computing].

RESULTS

Demographics and clinical data according to the
degree of WMH

We analyzed demographic and clinical characteristics ac-
cording to the degree of WMH. At baseline, 389, 116, and 35
patients were classified as ‘mild, ‘moderate, and ‘severe, respec-
tively. According to the degree of WMH, there were statistical-
ly differences in age, sex, driving cessation, and motor dys-
function score. DSB, rey osterrieth complex figure (ROCF)-
delayed recall, and CWST-color reading on SNSB also showed
statistical differences among the three groups (Table 1).

Association of WMH with driving cessation,
cognition, and motor dysfunction

The model (Table 2, Figure 1) depicted both direct and the
indirect relationships of WMH with driving cessation, cogni-
tion dysfunction, and motor dysfunction. Direct path from
WMH to driving status was statistically significant ($=-0.110,
p<0.001). WMH was significantly associated with motor
dysfunction score ($=0.120, p<0.001) and cognition was pre-
dictive of driving cessation ($=0.008, p=0.01). However,
WMH to cognition ($=-0.295, p=0.486) or motor dysfunc-

Table 1. Demographic and clinical characteristics of participants at baseline

Mild (N=389) Moderate (N=116) Severe (N=35) yorF p

Gender, male (%) 271 (69.70) 95 (81.90) 30 (85.70) 10.28 0.008
Age (year) 66.03+8.67 70.7417.36 73.4316.40 22.76 <0.001
Education (year) 12.29+4.59 12.22+4.53 12.86+5.45 0.01 0.764
K-MMSE score 24.80+4.49 25.14+4.09 23.97+4.17 0.95 0.382
CDR-SB score 2.6112.12 2.3511.56 3.20+2.46 2.18 0.098
SNSB

DSB score 3.52%1.36 3.16+£1.49 3.09t1.25 4.48 0.015

BNT score 41.26+12.48 37.90+16.55 38.97£13.01 2.84 0.102

ROCEF copy score 28.401+9.68 27.18+11.06 26.31+7.78 1.24 0.295

ROCF DR score 8.7917.06 9.00+7.55 5.291+5.02 3.46 0.001

SVLT DR score 2.6912.88 2.60+2.91 1.83+2.36 1.02 0.231

CWST CR score 62.411+30.59 54.091+34.18 48.89+30.83 5.40 0.005
B-ADL score 19.84+0.98 19.79£1.11 19.69+0.87 0.43 0.634
Motor dysfunction score 0.051£0.22 0.1610.36 0.31£0.47 3.75 <0.001
Driving, now driving (%) 292 (75.10) 76 (65.50) 16 (45.70) 14.86 <0.001

Data are presented as meantSD or number (%). Five hundred and forty participants were tested by SNSB. K-MMSE score: Korean version of
Mini Mental State Examination score, CDR-SB: Clinical Dementia Rating Scale-Sum of Boxes, SNSB: Seoul Neuropsychological Screening
Battery, DSB: digit span test backward, BNT: Korean version of the Boston Naming Test, ROCF: Rey Osterrieth Complex figure, DR: Delayed
Recall, SVLT: Seoul Verbal Learning Test, CWST: Color-Word Stroop test, CR: Color Reading, B-ADL: Barthel Index for the evaluation of
basic ADL, Motor dysfunction: Composite Scores for Motor dysfunction, SD: standard deviation
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Table 2. Effects of the predictor (WMH) on driving through mediators (cognition and/or motor dysfunction)

Cognition Motor dysfunction Driving
p SE P p SE P p SE P
WMH -0.295 0.424 0.486 0.120 0.020 <0.001 -0.110 0.033 <0.001
Cognition 0.008 0.003 0.009
Motor dysfunction -0.115 0.069 0.093

WDMH: White Matter Hyperintensities, Cognition: Composite Scores for Cognition, Motor dysfunction: Composite Scores for Motor dysfunction

Congnition

Driving

Motor dysfunction

Figure 1. Structure Equation Model. *<0.05, t<0.01, +<0.001. Val-
ues are standardized path coefficients. WMH: White Matter Hyper-
intensities, Cognition: Composite Scores for Cognition, Motor dys-
function: Composite Scores for Motor dysfunction.

tion score to driving status (f=-0.115, p=0.093) showed no
significance. All model fit indices were good (x’=12.173,
df=1, p<0.001, Comparative Fit Index=0.834, Goodness of
Fit Index=0.989, Adjusted Goodness of Fit Index=0.890,
Root Mean Square Residual=0.078).

WMH and progression from “now driving” status to
“driving cessation” status

We examined individual differences in the rate of change
from “Now driving” status to “Driving cessation” status using
generalized estimating equation models after controlling for
age, sex, and education. To examine the relationship between
the degree of WMH and the rate of decline in “Now driving”
status, we added a baseline and repeatedly measured degrees
of WMH to determine their interaction with time (unadjust-
ed model). In this model, there was a strong association be-
tween the rate of change in driving status from “Now driv-
ing” to “Driving cessation” and repeatedly measured degrees
of WMH from baseline. Age, sex, or education did not affect
the association between the degree of WMH and change in
driving status. It remained significant (f=-0.542, p<0.001).

We repeated the model and added terms of several covari-
ates such as composite scores for cognition (Cognition) and
composite scores for motor dysfunction (Motor Dysfunc-
tion) to determine its effect on the relationship between rate
of change in driving status from “Now driving” to “Driving
cessation” and repeatedly measured degrees of WMH from
baseline. The addition of terms for Cognitive or Motor Dys-
function did not change the association between the degree
of WMH and change in driving status. It remained signifi-

Table 3. Regression coefficients in GEE models for driving

Estimate SE p
Age -0.056 0.010 <0.001
Sex 0.311 0.170 0.067
Education -0.017 0.015 0.270
Motor dysfunction -0.477 0.241 0.048
Cognition 0.018 0.013 <0.001
WMHt -0.508 0.126 <0.001

Model: Age, Sex, Education, Cognition, Motor dysfunction, and
WMHL. Cognition: Composite Scores for Cognition, Motor dysfunc-
tion: Composite Scores for Motor dysfunction, WMHL: time-varying
White Matter Hyperintensities, GEE: generalized estimating equation

cant (B=-0.508, p<0.001) (Table 3).

DISCUSSION

This study aimed to examine the association between the
degree of WMH and driving cessation in a large cohort study
using carefully clinical interviews, neurologic examinations,
neuropsychological tests, and MRI scans. Findings of this
study showed that the degree of subcortical ischemic changes
might be one of predictive factors for driving ability in the el-
derly with or without mediation of cognitive or motor dys-
function in both cross-sectional and longitudinal aspects.

Due to difficulty in testing driving performance on a road
test, the gold standard test for driving competence,* a few
studies have explored predictors of driving cessation such as
the proxy report of IADLs or cognitive battery.”” Cognitive
functions, motor functions, and perception are known to be
critical for safe driving.>* In the cognitive domain, previous
studies have shown that visual attention, executive function,
and visual perception are among the most important factors
affecting driving ability.”** A composite score reflecting test
performances across multiple cognitive domains is known to
be a predictor of driving safety for persons with Alzheimer’s
disease."” It has been reported that driving performance
starts to decline in early disease stage of Alzheimer’s dis-
ease.'”* Disease progression and severity have been found to
be predictors for driving deterioration.*** In motor func-
tions, the Functional Reach test used for detecting balance
impairment has been found to be a probable predictor for
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driving competence.”?® Pegboard test for motor coordina-
tion and motor speed and the Get-Up-and-Go task used as
part of a global assessment of an individual’s fall risk® might
also be predictive of driving performance." Results of the
present study are consistent with previous studies about the
association of driving ability with cognitive and motor func-
tions in cross-sectional and longitudinal aspects.

Few previous studies have investigated relationships of
driving cessation with both cognitive and motor dysfunc-
tions through an integrated approach. The degree of WMH
is known to reflect both cognitive and motor function.
WMH reflects disruption of longitudinal tracts located in
periventricular and subcortical white matter regions in the
brain that link motor function and executive function. It
could interfere with bidirectional transfer of information be-
tween key motor and cognitive cortical regions.*** Previous
studies have reported that WMH is associated with motor
decline such as decreased gait speed and increased gait num-
ber.**® These findings are consistent with results of the pres-
ent study showing that the degree of WMH can significantly
affect motor function which could affect gait function.
Meanwhile, WMH could be regarded as a potentially useful
intermediate marker to identify cognitive impairment.”® Pre-
vious studies have suggested that WMH is associated with
global cognitive performance' and specific cognitive deficits
such as impaired recall, slowing processing speed, deficient

#% and ADL impairment.”"* In our

executive planning,
study, there was no significant relationship between WMH
and cognition in SEM. Such difference in result might be due
to demographic confounding factors and various neurode-
generative factors such as amyloid burden, cerebrovascular
disease, and brain atrophy which could not be evaluated in
this study.

Interestingly, this study showed that the direct path from
WMH to driving status was statistically significant in SEM. In
this study, GEE models demonstrated that over time, the
more severe the change in the degree of WMH, the more rap-
id the deterioration in driving performance. This association
remained significant after adjusting for age, sex, education,
cognition score, and motor dysfunction score known to be
crucial for driving competence. Collectively, in both cross-
sectional and longitudinal aspects, the association between
the degree of WMH and driving is direct and significant.
Considering that a surrogate imaging marker has the poten-
tial to predict the natural course of the disease with possibility
to correlate with relevant clinical features in both cross-sec-
tional and longitudinal studies,”” WMH might be an indepen-
dent predictive factor for driving cessation in the elderly with
or without mediation of cognitive or motor dysfunction.

This study had several limitations. First, other reasons to
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quit driving such as economic problems were not taken into
consideration. Second, the actual decline of driving ability or
the risk of an accident could not be determined because
driving status was only evaluated by using caregiver ques-
tionnaires. Third, MRI finding was classified only by WMH
without considering cortical atrophy, lacuna, or others.
Fourth, data on driving-sensitive cognitive or motor func-
tions were limited. Further studies are needed to evaluate
cognition and motor functions through specific tests focus-
ing more on driving such as actual driving.

Despite these limitations, this study was a well-defined co-
hort study to report the degree of WMH and its association
with driving cessation. Qualified and systematic tests evalu-
ating cognitive functions and MRI scan were used and re-
sults were significant even after adjusting for covariates. In
conclusion, subcortical ischemic changes on MRI may be an
independent predictive factor for driving cessation. It could
indirectly reflect both motor and cognitive functions.
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