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Abstract

INTRODUCTION—With thirty-six million older adult (OA) US drivers, safety is a critical 

concern, particularly among those with dementia. It is unclear at what stage of Alzheimer disease 

(AD) OAs stop driving and whether preclinical AD affects driving cessation.

METHODS—Time to driving cessation was examined based on Clinical Dementia Rating (CDR) 

and AD cerebrospinal fluid (CSF) biomarkers. 1795 OAs, followed up to 24 years received CDR 

ratings. A subset (591) had CSF biomarker measurements and were followed up to 17 years. 

Differences in CDR and biomarker groups as predictors of time to driving cessation were analyzed 

using Kaplan-Meier curves and Cox proportional models.

RESULTS—Higher CDR scores and more abnormal biomarker measurements predicted a shorter 

time to driving cessation.

DISCUSSION—Higher levels of AD biomarkers, including among individuals with preclinical 

AD, lead to earlier driving cessation. Negative functional outcomes of preclinical AD show a non-

benign phase of the disease.

Stout et al. Page 2

Alzheimers Dement. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Alzheimer disease; biomarker; driving; driving cessation; older adults; aged; preclinical; 
cerebrospinal fluid; amyloid beta; tau; ptau

1. Introduction

The decision to stop driving is a difficult one for older adults, their families, and their 

clinicians. Many older adults are optimistic that they will continue to drive into the 

foreseeable future.1 However, there is an elevated crash risk and fatality rate for drivers over 

65 years.2, 3 Importantly, concerns about driving safety must be balanced with potential 

negative effects linked to driving cessation. Older adults who stop driving have higher rates 

of depression, faster decline in overall health, higher rates of admission to long-term care, 

and higher overall rates of mortality.4–6

It is well known that active dementia is associated with worse driving performance,7–10 and 

that persons with dementia will eventually need to stop driving altogether. However, little is 

known about how dementia severity relates to when an older adult needs to cease driving.

In addition, driving difficulties have recently been linked to preclinical Alzheimer disease 

(AD).11–13 Preclinical AD is signified by abnormal AD biomarkers in the presence of 

cognitive normality.14, 15 Cerebrospinal fluid (CSF) AD biomarkers reflect the accumulation 

of amyloid and tau lesions and provide a measure of actual underlying pathology.16, 17 In 

particular, CSF tau/amyloid-β(Aβ)42 and phosphorylated-tau(ptau)181/Aβ42 ratios are 

believed to be strong predictors of the presence of preclinical AD.16, 17 Cognitively intact 

older adults with more abnormal biomarker values make more driving errors on a 

standardized road test and are more likely to have poorer performance on that test 

longitudinally than those with normal values.11–13 Because AD biomarkers are linked to 

driving performance, early driving cessation may also be a functional outcome of preclinical 

AD.

Given the safety and public health implications of driving cessation among older adults, 

there is an urgent need to better understand the link between driving cessation and the 

factors that predict it. We examined the time from baseline to driving cessation as a function 

of AD cerebrospinal fluid biomarker ratios in 591 participants and CDR scores in 1795 

participants, over a period of up to 24 years. We hypothesized that individuals with higher 

baseline CDR scores would stop driving earlier, and that CSF biomarkers would predict time 

to driving cessation independent of CDR score.

2. Methods

2.1. Participants

Older adults (age ≥55) were enrolled in studies conducted at the Knight Alzheimer’s Disease 

Research Center (ADRC) at Washington University. Participants, along with a required 

collateral source, were enrolled in studies without knowledge of whether or not they had 

abnormal biomarkers. Participants completed an annual clinical assessment, in which 
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experienced clinicians classified participants using the CDR18 based on information from 

the participant, as well as a collateral source (CS) who knew the participant well and who 

can discuss intraindividual changes in the participant’s cognition. Collateral sources have 

been shown to be highly accurate and were individuals who generally interacted with the 

participant on a daily basis, had known the participant for 30–60 years, and were most often 

a female (70%) adult child (38%) or a spouse (46%).19

The CDR has well-documented reliability and validity.20–22 A global CDR, which can be 

used to compare intraindividual change over time, is derived from scores in the areas of 

memory, orientation, judgment and problem solving, community affairs, home and hobbies, 

and personal care.18, 22 Participants were given an annual CDR of 0, 0.5, 1, 2, or 3, 

representing cognitively normal, very mild dementia, mild dementia, moderate dementia, 

and severe dementia, respectively. During each annual clinical assessment, which lasts 

approximately ninety minutes, as part of the Initial Subject Protocol,23 the collateral source 

was asked whether the participant ever drove, whether they drive now, and if so, whether 

there are problems or risks because of poor thinking. CDR data were available from October 

14, 1991 through December 31, 2015.

Cerebrospinal fluid (CSF) was acquired after an overnight fast via standard lumbar puncture 

by experienced neurologists using a 22-gauge Sprotte spinal needle to draw 20–30 mL of 

CSF.24 CSF analytes (Aβ42, tau, and ptau181; Innotest, Fujirebio [formerly Innogenetics], 

Ghent, Belgium) were measured using enzyme-linked immunosorbant assays (ELIZA). CSF 

samples are gently inverted and centrifuged at low speed to preclude gradient effects. They 

are then frozen at −84°C after aliquoting into polypropylene tubes. All biomarker assays 

include a common reference standard, within-plate sample randomization and strict 

standardized protocol adherence.16 CSF data were available from May 26, 1998 through 

December 31, 2015.

All research protocols were approved by the Washington University Human Research 

Protection Office, and signed informed consent was obtained from all participants.

2.2. Statistical analysis

Kaplan-Meier curves were used to examine whether individuals with higher baseline CDR 

scores stop driving earlier compared to those with lower CDR scores. Because only three 

participants had a CDR ≥ 2, the analyses were restricted to those with baseline CDRs of 0, 

0.5, and 1. All analyses were done using SAS version 9.4 software (SAS Institute Inc., Cary, 

NC).

A Cox proportional hazards model examined the association of baseline CDR with time to 

driving cessation, while adjusting for, and simultaneously testing the effects of, gender, 

education, age, race, the presence of an apolipoprotein E ε4 [APOE4] allele, and driving 

risks because of poor thinking. Except for education and age, all other variables were treated 

as categorical. Race was categorized as Caucasian and Minority (minority group 96.76% 

African American). In each model, female gender, Caucasian race and CDR 0 served as the 

reference categories. Pearson product-moment correlations were used to examine the 

strength of the associations between model variables to test for multicollinearity. The 
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proportional hazards assumption for each predictor and the Cox shell residuals for overall 

model fit were examined in the preliminary modeling. A Wald test was used to examine 

significant differences between individual levels of CDR and APOE4.

The effect of CSF biomarkers on time to driving cessation was then examined. Higher-levels 

of CSF tau/Aβ42 and ptau181/Aβ42 have been shown as indicative of preclinical AD.15–17 

The CSF variables were dichotomized as in our previous work, such that the highest tertile 

of values was taken to indicate abnormality and was then compared to the lower two tertiles 

combined.12, 13 The model was repeated twice, once testing the effect of tau/Aβ42 and once 

testing the effect of ptau181/Aβ42 along with the other variables.

3. Results

There were 2338 participants in the sample who reported ever driving. Of these, 1923 

(82.24%) were still driving at their baseline assessment. After excluding participants 

younger than 55 years old, participants with a CDR ≥ 2, and participants missing data on any 

of the demographic variables used in the Cox proportional hazards models, 1724 participants 

remained (Figure 1; Table 1).

3.1. Analyses without biomarkers

Unadjusted analyses—Kaplan-Meier curves for each CDR group were created (Figure 

2) and differences between the curves were tested using the log-rank test. Cognitively 

normal participants (CDR 0) experienced the longest time to driving cessation. Participants 

with higher baseline CDR scores had a shorter absolute time to driving cessation than those 

with lower CDR scores. Adjusting for multiple comparisons, there was a statistically 

significant difference in time to driving cessation between CDR 0 and CDR 0.5 (p<.0001) 

participants, between CDR 0 and CDR 1 (p<.0001) participants, and between CDR 0.5 and 

CDR 1 (p=0.005) participants. Median (95% confidence interval [CI]) survival time in years 

for the groups were 15.2(12.1–18.4), 5.8(4.4–5.8), and 2.0(1.7–2.1) for the CDR 0, 0.5, and 

1 groups respectively.

Adjusted analyses—In the Cox proportional hazards model, education (Hazards ratio 

(HR)=1.01; 95% CI=0.98–1.03; p=0.616) and race (HR=0.99; 95% CI=0.75–1.30; p=0.917) 

had no significant effect on time to driving cessation. Women had a higher risk of driving 

cessation with time than men (HR=1.26; 95% CI=1.08–1.48; p=0.004). Older age in years 

was associated with faster time to driving cessation (HR=1.09; 95% CI=1.07–1.10; p<.

0001). Examined categorically, when the analysis was repeated dichotomizing the age 

variable into younger (≤72 years) and older (>72 years) drivers, the older group stopped 

driving earlier (HR=2.53, 95% CI=2.14–2.99, p<.0001). Having driving problems due to 

poor thinking (HR=1.32; 95% CI=1.10–1.58; p=0.003), higher baseline CDR level (CDR 

0.5 vs. 0: HR=3.84, 95% CI=3.16–4.66; CDR 1 vs. 0: HR=15.07, 95% CI=11.37–19.97; p<.

0001), and greater numbers of APOE4 alleles (1 vs.0: HR=1.43, 95% CI=1.20–1.69; 2 vs. 0: 

HR=1.95, 95% CI=1.46–2.60; p<0.0001) were associated with a faster time to driving 

cessation.
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3.2. Analyses with biomarkers

559 of the 1724 participants had CSF data available within six months of an annual clinical 

assessment date. That clinical assessment date was then considered to be the baseline 

assessment date in these analyses. Two Cox proportional hazards models were performed for 

the binary variables of tau/Aβ42 and ptau/Aβ42 separately and each adjusted for the 

covariates listed previously. In the Cox proportional hazards model testing the effect of tau/

Aβ42, only the effect of the biomarker ratio (HR=2.04; 95% CI=1.28–3.22; p<0.003), age 

(HR=1.08; 95% CI=1.04–1.11; p<.0001), and CDR (CDR 0.5 vs. 0: HR=3.44, 95% 

CI=2.10–5.63; CDR 1 vs. 0: HR=5.80, 95% CI=2.59–12.99; p<0.001) had a significant 

effect on driving cessation. Similar results were found in the model that tested the effects of 

ptau/Aβ42, where the biomarker ratio (HR=2.48; 95% CI=1.59–3.86; p<0.001), age 

(HR=1.08; 95% CI=1.04–1.11; p<.0001) and CDR (CDR 0.5 vs. 0: HR=3.50, 95% 

CI=2.16–5.66; CDR 1 vs. 0: HR=5.56, 95% CI=2.45–12.60; p<0.001) were found to be 

significant. Figure 2 shows the Kaplan-Meier survival curves for each combination of 

biomarker status (positive or negative) and CDR score (0, 0.5, or 1) for tau/Aβ42 and ptau/

Aβ42.

4. Discussion

This study sought to determine time to driving cessation as a function of dementia severity 

and CSF biomarker levels in a group of actively-driving, cognitively normal and mildly 

impaired older adults. We found that participants with very mild dementia (CDR 0.5) 

stopped driving at approximately three and a half times the rate per year as those who were 

CDR 0 at baseline. For those with mild dementia (CDR 1), cessation was over five times the 

rate per year compared to CDR 0. Additionally, we found that those with abnormal CSF 

biomarkers levels stopped driving at approximately twice the rate per year compared to 

those with normal CSF levels.

Although it is logical that those with a higher baseline CDR score would stop driving 

sooner, prior large studies examining cognitive impairment severity and driving cessation 

were either cross-sectional25–27 or brief (five years or shorter).10, 28 One large study 

assessed cessation and cognition over a 10 year period.29 To our knowledge, there are no 

large studies that have examined driving cessation over a longer time period, nor have others 

examined relationships between AD biomarkers and driving cessation.

Drivers who were older or APOE4 positive stopped driving earlier. However, the effect of 

APOE4 was no longer significant when our model included biomarkers. Past research has 

shown that individuals who are APOE4 positive have more abnormal Aβ42.30 Therefore, 

APOE4 may have been significant in our earlier analyses because of its relationship to Aβ42 

levels.

Somewhat surprisingly, education and race did not appear to play a role in time to driving 

cessation. Multiple studies have found that those who stopped driving were more likely to be 

non-white and less educated.31–34 Our results suggest that other factors may drive these 

differences rather than simply education or race.
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Interestingly, while gender did influence the timing of driving cessation in our first model, 

this effect was no longer significant when AD biomarker levels were added. Prior work has 

suggested that older adult women stop driving earlier than older adult men, both when 

cognitively normal and when affected by dementia.35 Even before they are experiencing 

dementia symptoms, women have been found to restrict their driving more often in the years 

leading up to a dementing illness.36 However, our analyses suggest that gender differences in 

driving cessation may be an artifact of differences in underlying pathology levels between 

our gender groups.

The current study has some limitations including a fairly homogeneous sample of research 

participants. The study participants are generally well-educated, with minority 

representation slightly lower than the greater St. Louis region. Furthermore, we do not have 

information on whether a doctor or family member forced cessation, and this would be a 

useful area of further study. Additionally, while the CDR score and biomarker levels are 

significant predictors of driving cessation, these tests are not currently available at all clinics 

and CSF biomarker collection is rarely covered by insurance. The use of biomarkers is 

nonetheless potentially useful in future designs of longitudinal, observational, and 

intervention studies of AD and driving.

In 2011, Sperling, et al suggest that determining very early functional changes could 

illuminate the conversion from pathologic, preclinical AD to the clinical symptoms of AD.37 

Recently, studies of preclinical AD have found that changes in sensory and motor 

functioning may occur before cognitive symptoms.38 These include decline in visuomotor 

abilities among many individuals with preclinical AD,39 as well as spatial navigational 

abilities.40 It is likely that all of these subtle changes in physical and sensory domains 

combine to impact the complex skill of driving and influence driving cessation.13 Future 

studies should examine this theory in greater detail, including looking further at 

sensorimotor deficits and information processing.

Our results suggest that AD biomarker levels are associated with driving cessation in older 

adults, even in the preclinical stage of the disease. The safety of older drivers is an important 

public health concern. Driving cessation continues to be a worrisome topic among older 

adults with early dementia and caregivers who share concerns about the risk of future 

cognitive decline. Most physicians believe that early dementia should not universally be 

prohibitive of driving;41 however, this finding could alert physicians to a need for continued 

monitoring. With better understanding of the outlook, future work should look at 

interventions targeted at those most at risk of unsafe driving and driving cessation, thus 

allowing for both continued autonomy and increased safety for individuals and communities.
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Research in context

1. Systematic review

In the review of literature, the authors found driving cessation work was mainly cross-

sectional or involved a small participant pool. The authors found no study examining 

whether driving cessation is associated with Alzheimer disease (AD) biomarkers.

2. Interpretation

AD biomarkers and Clinical Dementia Ratings predict time to driving cessation, 

indicating that preclinical AD is not without functional consequences.

3. Future directions

Future work should include longitudinal examination of driving in older adults, with the 

inclusion of AD biomarker information. Driving performance is also a possible 

functional outcome in primary and secondary AD prevention trials.
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Figure 1. 
Participant inclusion criteria.
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Figure 2. 
Kaplan-Meier survival curve showing the relationship between CDR scores and time to 

driving cessation (N=1724).
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Figure 3. 
Kaplan-Meier survival curves showing the relationships between biomarker levels and 

Clinical Dementia Rating combinations, and time to driving cessation for (A) tau/Aβ42 and 

(B) ptau/Aβ42 (N=559). Numbers in the legend indicate median survival time in years for 

each group.

*Not calculated because the smallest survivor function is greater than 0.5.
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Table 1

Baseline demographics (N=1724; Biomarker subsample N=559).

Demographics (N=1724) (N=559)

Women, No. (%) 894 (51.86) 300 (53.67)

Education, mean (SD), y 14.72 (3.07) 15.57 (2.88)

Age at baseline, mean (SD), y 72.96 (7.92) 71.20 (7.27)

Minority race,* No. (%) 185 (10.73) 45 (8.05)

Poor thinking does not affect driving, No. (%) 1334 (77.38) 494 (86.51)

APOE4+, heterozygous, No. (%) 639 (37.06) 196 (36.06)

APOE4+, homozygous, No. (%) 114 (6.61) 24 (4.29)

CDR 0, No. (%) 914 (53.02) 404 (72.27)

CDR 0.5, No. (%) 658 (38.17) 133 (23.79)

CDR 1, No. (%) 152 (8.82) 22 (3.94)

Aβ42, mean (SD), pg/mL 612.84 (283.75)

tau, mean (SD), pg/mL 362.14 (223.04)

ptau, mean (SD), pg/mL 64.33 (33.75)

tau/Aβ42 ratio, mean (SD) 0.80 (0.82)

ptau/Aβ42 ratio, mean (SD) 0.14 (0.13)

Abbreviations: APOE4=apolipoprotein E ε4; CDR=Clinical Dementia Rating

*
All remaining participants reported their race as Caucasian
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