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Abstract: Previous studies have suggested that the pattern of cognitive impairment in crash-involved
older drivers is different from non-crash-involved older drivers. This study assessed the relationship
between seven areas of cognitive functioning (orientation to time, orientation to place, registration,
attention and calculation, recall, language, and visual construction) on the Mini-Mental State
Examination (MMSE) collected at baseline and rates of future crash involvement in a prospective
population-based sample of older drivers. Motor vehicle collision (MVC) involvement was obtained
from the Alabama Department of Public Safety. Poisson regression was used to calculate crude and
adjusted rate ratios (RR). Older drivers having difficulties in place orientation were more than 6 times
(95% CI 1.90-19.86) more likely to be involved in a future crash (adjusted RR = 6.14, 95% confidence
interval (CI) 1.90-19.86) and at-fault crash (adjusted RR = 6.39, 95% CI 1.51-27.10). Impairment in
the other cognitive areas was not associated with higher rates of crash or at-fault crash involvement.
The findings were validated in an independent sample of high-risk older drivers and a similar pattern
of results was observed. Spatial orientation impairment can help identify older drivers who are more
likely to crash in the future.
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1. Introduction

There are currently about 32 million adults aged 70 years and older in the United States with
over 80% of them licensed to drive [1,2]. In 2015, there were 6165 older adults killed and an estimated
240,000 injured in motor vehicle traffic crashes in the United States [3]. As more of the U.S. population
reaches age 70 and older, it becomes increasingly important to identify risk factors that elevate crash
risk for older drivers because the risk of crashing increases rapidly after age 70 per mile driven [4].
One contributor to the high rates of crash involvement is cognitive dysfunction. Older drivers with
cognitive impairment due to dementia are more than twice as likely to be crash-involved compared to
those without dementia [5-7]. Depending on the severity, dementing diseases might be suspected of
increasing the risk of crashes because they affect memory, language, visuo-spatial processing, and other
higher-order cognitive functions such as judgment and perception that are used to safely drive and
control a vehicle [5-8].

The Mini-Mental State Examination (MMSE) is a widely used tool to assess general cognitive
function in both routine clinical practice and research settings [9]. The MMSE was designed to
assess different aspects of function known to be impaired in dementia including orientation to time,
orientation to place, word registration, attention and concentration, recall, language, and visual
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construction. The total MMSE score correlates well with dementia progression [10,11], so it would
seem logical that MMSE impairment would also correlate well with crash risk. However, the association
between MMSE impairment status and crash risk has been mixed with most studies showing a null
association [5,8,12-24], others a positive association [25,26], and one with a protective association [27].
These results were based on the overall MMSE score, not the specific cognitive aspects of mental
functions the MMSE assesses, so the inconsistency may be due to variation in the cognitive symptom
profile from sample to sample. That is, there may be a differential relationship between the specific
MMSE cognitive domains and crash risk. In a meta-analysis by Reger et al. [28] that examined
the relationship between neuropsychological tests and driving ability of persons with dementia,
the researchers concluded that when taken as a whole, the neuropsychological test battery was not
strongly correlated to driving performance. However, when tests measuring specific areas of function
were separated from the entire test battery, the correlation between driving performance and cognitive
testing improved [28].

Examining the individual cognitive domains of the MMSE may provide useful information
on the type of cognitive functions associated with crash risk [29]. Poor performance on the
visual construction cognitive domain has been positively associated with driving cessation [24,30],
poor driving performance [31], and crash involvement [26,32]. Impairment on the attention and
concentration domain has been associated with prior crash involvement [25] in cross-sectional analyses.
In prospective studies, none of the MMSE cognitive domains were associated with an increased risk
of crash involvement [13,23]; however, these studies defined crash outcomes based on self-report
which may be subject to recall bias. Therefore, the objective of the current study was to assess the
relationship between specific areas of function on the MMSE and future rates of crash involvement in
a population-based sample of older drivers.

2. Materials and Methods
2.1. Study Participants

2.1.1. Licensure Sample

The Licensure sample was a population-based sample of older drivers ages >70 years old who
resided in north central Alabama [33]. Potential participants were randomly identified from contact
information available through a list of persons in this geographic area obtained from a direct marketing
company (Pinpoint Technologies, Tustin, CA, USA). The driver’s license status was confirmed through
the Alabama Department of Public Safety and those who did not hold Alabama licenses were
eliminated. Potential participants were randomly selected from the final list and contacted by letter
that was followed-up by a phone call. Those who stated they had an Alabama license, had driven
within the last three months, and spoke English were eligible to participate. Participants (N = 2000)
were enrolled from October 2008 through August 2011. Participants completed a single in-person visit
at the Clinical Research Unit at the University of Alabama at Birmingham and were followed-up with
telephone calls at one-year intervals for three subsequent years.

2.1.2. KEYS Sample

KEYS (Knowledge Enhances Your Safety) was a randomized, controlled, single-masked
intervention evaluating an educational program that promoted strategies to enhance driver safety
compared to usual care (a comprehensive eye examination) among 403 high-risk older drivers,
as described in detail elsewhere [34]. Briefly, licensed drivers aged 60 years and older were eligible if
they had been the driver in a crash in the prior year, drove at least 5 days per week or at least 100 m
per week or both, had a Mini-Mental State Examination (MMSE) score of 23 or greater, and had visual
impairment. The reason for the MMSE cut-off was because KEYS was an educational intervention,
and those with significant cognitive impairment may have failed to benefit from the educational
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intervention. Visual impairment was defined as (1) visual acuity (habitual, binocular) between
20/30 and 20/60 as measured by the Early Treatment of Diabetic Retinopathy (ETDRS) chart [35],
or (2) an impairment in the useful field of view test [36] or both. Eligible and consenting participants
were randomized to usual care versus usual care plus the educational intervention. Participants were
enrolled from March 1998 through February 2000. Similar to Licensure, participants completed the
initial study visit in the Clinical Research Unit at the University of Alabama at Birmingham Department
of Ophthalmology and then completed telephone interviews at 6-month intervals for 2 years.

2.2. Measurements

At the baseline visit, standard protocols for the MMSE were administered in both studies using
the alternative administration of the attention and concentration domain, which was assessed based on
spelling “world” backward only, rather than serial seven calculations. The MMSE scale ranges from 0 to 30;
the higher the score, the better the cognitive performance. For both studies, impaired cognitive status
(overall) was defined as a MMSE score of <24 [9]. We then grouped the questions into seven cognitive
functions. Scores within each function were summed, giving one point to each correct response, and
dichotomized as follows: Orientation to time (0-3 vs. 4-5 points), orientation to place (0-3 vs. 4-5 points),
registration (immediate recall) (0-2 vs. 3 points), attention and calculation (0-3 vs. 4-5 points), recall
(0-2 vs. 3 points), language (04 vs. 5-8 points), and visual construction (0 vs. 1 point).

Information on demographic characteristics (age, gender, race, education) and visual acuity was
assessed in both studies. Visual acuity was assessed using the Electronic Visual Acuity (EVA) [37]
system in Licensure and using the Early Treatment of Diabetic Retinopathy (ETDRS) chart [35] in
KEYS. The EVA has been validated against the ETDRS chart [37]. In both studies, visual acuity testing
was administered under binocular viewing done under habitual correction (i.e., the correction the
participant used when driving). Visual acuity was expressed as logarithm of the minimum angle
resolvable (logMAR) and impairment was defined as 0.3 logMAR or greater.

The primary outcome for the present analysis was number of motor vehicle collisions during
follow-up, which was measured in both studies. Information on collisions in which the participant
was the driver was obtained from accident reports provided by the Alabama Department of Public
Safety. Of relevance, the date of the collision and at-fault status according to the police officer at the
scene was indicated on the report.

An estimate of driving status and driving exposure information during the past year was
collected in both studies using the Driving Habits Questionnaire, a valid and reliable instrument [38].
In Licensure, data were collected at baseline and during the annual telephone interviews. In KEYS,
information was collected at the initial visit and then by telephone at 6-month intervals for the
2 years subsequent to randomization. This measure was used to calculate annual miles driven and
identify participants who were current drivers and therefore were considered at risk. In Licensure,
five participants were excluded from the analysis because they reported being a current driver at
baseline, but during the follow-up reported a date of driving cessation prior to study entry. Therefore,
the current analysis included data from 1995 Licensure participants. The mileage reported during each
interview was summed while the participants were considered at-risk to calculate total mileage during
the study. Participants were considered no longer at risk due to driving cessation or death.

Date of death was confirmed by searching the Social Security Death Index or newspaper obituaries.
Participants were considered at-risk for MVC involvement until the earliest of death, driving cessation,
or the end of each study period.

The Institutional Review Board at the University of Alabama at Birmingham approved this study.

2.3. Statistical Analysis

Demographic, visual, driving, and MMSE domain characteristics were compared between
Licensure and KEYS samples. T-tests and chi-square tests were used to compare continuous and
categorical variables, respectively. Poisson regression was used to estimate the association between



Geriatrics 2018, 3, 10 4 0f 10

each area of cognitive functioning on the MMSE and future crash rates among Licensure participants.
Separate models were used to examine the association with future at-fault crash rates. An offset term
was used to account for annual miles driven. Models were adjusted for age, gender, race, education,
and visual acuity impairment status. These analyses were then replicated using the follow-up data
from KEYS. Models were adjusted for the same covariates as in Licensure. In KEYS, models were not
adjusted for randomization assignment since this was not related to any of the independent variables,
so was not considered a confounder. The adjusted rate ratio (RR) and 95% confidence interval (CI) are
reported for the MMSE overall and for each area.

3. Results

3.1. Baseline Characteristics in Licensure

Table 1 presents study-specific demographic and visual characteristics. On average, participants
were aged 77.2 years (SD 5.0), ranging from 70 to 92. Participants were 43.7% female and 81.9%
White. Approximately two-thirds of the sample had a high school education (or General Educational
Development (GED) equivalent) or above. Eight percent had impaired visual acuity. Overall, 2.3% of
the sample had an MMSE score <24 and the prevalence of impairment in each area of cognitive function
varied. Just over half the sample (50.7%) were impaired on delayed recall, 11.2% in visual construction,
and 4.8% in attention and concentration. Less than 2% were impaired on orientation to time (1.4%),
orientation to place (0.2%), registration (0.9%), and language (0.3%).

Table 1. Select baseline characteristics in Licensure and KEYS participants.

Licensure (n = 1995) KEYS (n = 397)
Age, mean (SD) 77.2 (5.0) 73.5(6.1)
Female, 1 (%) 872 (43.7%) 123 (31.0%)
White, 1 (%) 1634 (81.9%) 306 (77.1%)
High school or more, 1 (%) 1363 (68.4%) 285 (78.1%)
Visual acuity, logMAR (OU)
<0.0 (not impaired) 1832 (91.9%) 368 (92.7%)
>0.0 (impaired) 161 (8.1%) 29 (7.3%)
Annual mileage, mean (SD) 9534 (9583) 17,470 (21,987)
MMSE (# correct)
Overall
Impaired (<24) 46 (2.3%) 15 (3.8%)
Not impaired (>24) 1949 (97.7%) 382 (96.2%)
Orientation to time
Impaired (<4) 27 (1.4%) 5 (1.3%)
Not impaired (>4) 1968 (98.7%) 392 (98.7%)
Orientation to place
Impaired (<4) 4(0.2%) 4 (1.0%)
Not impaired (>4) 1991 (99.8%) 393 (99.0%)
Registration
Impaired (<3) 17 (0.9%) 43 (10.8%)
Not impaired (3) 1978 (99.2%) 354 (89.2%)
Attention and concentration
Impaired (<4) 96 (4.8%) 38 (9.6%)
Not impaired (>4) 1899 (95.2%) 359 (90.4%)
Delayed recall
Impaired (<3) 1011 (50.7%) 255 (64.2%)
Not impaired (3) 984 (49.3%) 142 (35.8%)
Language
Impaired (<5) 5(0.3%) 0 (0.0%)
Not impaired (>5) 1990 (99.8%) 397 (100.0%)
Visual construction
Impaired (0) 224 (11.2%) 63 (15.9%)

Not impaired (1) 1770 (88.8%) 334 (84.1%)
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3.2. Association between Area of Cognitive Function and Rates of MV C in Licensure

During the follow-up period, 249 (12.5%) drivers were involved in any crash and 129 (6.5%) were
involved in an at-fault crash. After adjusting for age, gender, race, education, and visual acuity impairment
status, impairment on the MMSE overall was not significantly associated with the crash rate (RR = 1.43,
95% Cl1 0.76-2.66) (Table 2). When the MMSE was broken down into the seven areas of cognitive function,
the rates of crash involvement were 6.14 (95% CI 1.90-19.86) times higher for those with impairment in
orientation to place compared to those without impairment. The associations between impairment in
the other six functions and rate of crash involvement were not statistically significant (Table 2). A similar
pattern of results was found with at-fault crashes. Impairment on the MMSE overall was not significantly
associated with the at-fault crash rate (RR = 1.83, 95% CI 0.87-3.88). For those with impairment in
orientation to place, rates of at-fault crash involvement were 6.39 (95% CI 1.51-27.10) times higher
compared to those without impairment. The associations between impairment on the other functions and
rate of at-fault crash involvement were not statistically significant. Zero at-fault crashes occurred among
those with impairment on the language function, so rates could not be calculated.

Table 2. Adjusted association between impairment on the MMSE domains at baseline and rate of future
MVC involvement.

Any MVC in Licensure Any MVC in KEYS
MMSE (Impaired vs. Not Impaired)
Adjusted 3 RR 95% CI Adjusted 3 RR 95% CI
Overall 1.43 0.76-2.66 0.63 0.15-2.60
Orientation to time 1.35 0.55-3.30 — —
Orientation to place 6.14 1.90-19.86 6.37 2.26-17.92
Registration 0.38 0.05-2.74 0.81 0.38-1.71
Attention and concentration 1.12 0.67-1.85 0.69 0.27-1.75
Recall 1.29 1.01-1.66 1.52 0.93-2.49
Language 0.93 0.13-6.73 — —
Visual construction 1.01 0.68-1.48 1.38 0.76-2.52
At-fault MVC in Licensure At-fault MVC in KEYS
Adjusted 3 RR 95% CI Adjusted 3 RR 95% CI
Overall 1.83 0.87-3.88 1.05 0.25-4.44
Orientation to time 1.48 0.47-4.72 — —
Orientation to place 6.39 1.51-27.10 10.58 3.67-30.54
Registration 0.67 0.09-4.83 0.62 0.22-1.77
Attention and concentration 1.52 0.82-2.82 0.60 0.18-2.02
Recall 1.31 0.92-1.87 1.89 0.98-3.63
Language — — — —
Visual construction 1.36 0.82-2.23 1.54 0.72-3.30

3 Adjusted for age, gender, race, education, and visual acuity impairment status. An offset term was used to adjust
for annual mileage. Abbreviations: CI, confidence interval; RR, rate ratio; MMSE, mini-mental state examination.

3.3. Validation of Findings from Licensure in the KEYS Dataset

The KEYS sample differed from the Licensure sample (Table 1). The mean participant age
was younger (73.5 vs. 77.2 years) and a lower percent were female (31.0% vs. 43.7%) and White
(77.1% vs. 81.9%) compared to the Licensure sample. A higher percentage of participants had a high
school education or above (78.1% vs. 68.4%) and KEYS participants reported driving more miles per
year than Licensure participants. Visual acuity impairment was similar in both samples. Despite the
eligibility criterion of having a MMSE score of 23 or greater in KEYS, the sample had 3.8% with an
MMSE score of <24 compared to 2.3% in the Licensure sample. In general, the pattern of impairment on
the specific areas of cognitive function was similar in the KEYS sample. About two-thirds of the sample
(64.2%) were impaired on the delayed recall domain. Visual construction was impaired in 15.9%.
About 10% were impaired on the registration and attention and concentration domains. About 1%
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were impaired on orientation to time (1.3%) and orientation to place (1.0%) domains. No participants
were impaired on the language domain.

Among the KEYS participants, 74 (18.6%) were crash-involved and 48 (12.1%) were deemed to
be at-fault for the crash during the follow-up period. After adjusting for age, gender, race, education,
and visual acuity impairment status, impairment on the MMSE overall was not significantly associated
with the crash rate (RR = 0.63, 95% CI 0.15-2.60) (Table 2). When the MMSE was broken down into
the seven areas of cognitive functioning, the rates of crash involvement were 6.37 (95% CI 2.26-17.92)
times higher for those with impairment in the orientation to place compared to those without
impairment. The associations between impairment on the other six areas of cognitive function and
rate of crash involvement were not statistically significant (Table 2). A similar pattern of results
was found with at-fault crashes. Impairment on the MMSE overall was not significantly associated
with the at-fault crash rate (RR = 1.05, 95% CI 0.25—4.44). Impairment on the orientation to place
function was significantly associated with increased rates of at-fault crash involvement (RR = 10.58,
95% CI 3.67-30.54) compared to those without impairment. The associations between impairment
on the other areas of function and rate of at-fault crash involvement were not statistically significant.
Rates could not be calculated for those with and without impairment in the language function.

Finally, as an aid to interpreting our findings, we examined the mean total MMSE score achieved
by those with and without impairment in the seven areas of cognitive functioning (Table 3). Those with
impairment in the spatial orientation and language domains had far worse total MMSE scores than
those with impairments in the remaining domains.

Table 3. Overall MMSE score by MMSE domain impairment status.

Mean (SD) Min Max

Orientation to time
Impaired (<4) 21.7 (4.1) 10 27
Not impaired (>4) 28.3(1.7) 18 30

Orientation to place
Impaired (<4) 18.0 (5.6) 10 23
Not impaired (>4) 28.2 (1.8) 11 30

Registration
Impaired (<3) 24.6 (4.3) 11 28
Not impaired (3) 28.2 (1.9) 10 30
Attention and concentration
Impaired (<4) 24.2 (3.3) 10 28
Not impaired (>4) 28.4 (1.6) 18 30
Delayed recall
Impaired (<3) 27.1(2.0) 10 29
Not impaired (3) 29.3(0.9) 23 30
Language

Impaired (<5) 17.4 (4.0) 11 22
Not impaired (>5) 28.2(1.8) 10 30

Visual construction
Impaired (0) 25.9(2.9) 10 29
Not impaired (1) 28.5 (1.5) 18 30

4. Discussion

The purpose of this study was to examine the association between the cognitive domains on
the MMSE and rates of crash and at-fault crash involvement. When the cognitive aspects of mental
function were parsed out, rates of future crash and at-fault crash involvement were more than six
times higher for those with impaired spatial orientation compared to those without impairment.
The other areas of cognitive function were not associated with crash or at-fault crash involvement
after adjusting for several potentially confounding variables. The findings were then validated in an
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independent sample of high-risk older drivers and a similar pattern was observed, suggesting the
findings are robust.

Our results suggest that impairment in the orientation to place domain is particularly germane to
understanding crash risk in older drivers. The precise mechanism that underlies this association is
not clear. One possibility is that impaired spatial orientation may be a marker of dementia severity.
Supporting this interpretation, the mean MMSE score of participants with impaired spatial orientation
was quite low at 18 points out of 30 (Table 3). Disorientation is a major component of dementia
including Alzheimer’s disease, and is an indicator of decline in the disease spectrum [29,39,40]. In fact,
the evolution of cognitive decline over time in those with Alzheimer’s disease starts with decline
in word recall and orientation to time followed by attention and concentration, orientation to place,
language, visual construction, and finally registration [29]. If impaired spatial orientation is a marker
of advanced disease severity, it would be reasonable to expect functions that become impaired at a
more severe stage of disease to also be associated with crash risk. However, in the current study,
none of the other domains were associated with MVC involvement. More than two decades ago,
studies on driving safety by Marottoli et al. and Johansson et al. reported an association with the copy
design task (draw intersecting polygons) [26,32], but this association has not been observed in any
subsequent reports [13,23-25]. While this task requires higher-order thinking skills necessary for safe
driving, it may be that older drivers with some visuospatial or motor difficulty were already making
adjustments in their driving behavior by limiting their driving to less challenging conditions, resulting
in no association with crash events. The fact that impaired registration, one of the last functions to
decline in dementia, appeared to have a protective association for crash risk, albeit not statistically
significantly, supports this possibility.

Another possibility is that loss of sense of place may represent a confused state which in turn may
impede understanding of road sign or controlled intersection instructions and may contribute to the
incidence of crash involvement [41]. Impairment in spatial orientation is associated with other types of
health outcomes in older adults such as poor rehabilitation outcomes [42], increased falls risk [41,43],
as well as the development of delirium [41]. It is interesting to note that falls have also been associated
with increased MVC risk [32,44,45], so there may be shared risk factors for mobility impairment.

From a clinical perspective, examining the specific areas of function on the MMSE may be
important in the development of brief tests for primary care clinicians and geriatricians [25]. Physicians
are often asked to assess an older adult’s fitness to drive, but do not always know what cut-point to
use to initiate that conversation. Results from the current study suggest that noting the areas in which
patients “lose” their points on the MMSE may assist with identifying high-risk older drivers. For those
responding incorrectly to two or more questions on the spatial orientation domain, the clinician should
consider discussions on driving safety. Notably, our studies were conducted in generally healthy
community-dwelling adults in which the frequency of spatial orientation impairment was quite low.
It is likely that screening of persons diagnosed with early stage dementia, who often are most difficult
to evaluate with a brief screener to estimate driving fitness, would yield a higher rate of “true positive”
cases for crash risk using spatial orientation as a benchmark.

Strengths of this analysis include use of a large population-based sample of older drivers aged
70 years and older and the validation of findings in an independent sample of high-risk drivers.
Information on several important factors known to affect crash risk were included and adjusted for
in the analysis. The study was strengthened by its prospective design and the use of police-accident
reports to objectively define the outcome and assess at-fault status. Some limitations should be
considered. Although specific cognitive functions were associated with crash risk, the exact timeframe
of impairment onset is unknown. Another limitation is the low prevalence of impairment on certain
cognitive domains, including orientation to place. Consequently, point estimates for the measure of
association are susceptible to imprecision.
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5. Conclusions

In summary, this study found that impairment in orientation to place measured at baseline was
associated with future rates of crash and at-fault crash involvement in older drivers per mile driven.
Greater attention to individual MMSE components or dimensions may prove useful to researchers and
clinicians. Assessing the spatial orientation MMSE domain may assist in identifying patients at-risk
for future crash involvement.

Acknowledgments: Funding: R0O1AG04212, R0O1EY18966, P30AG22838, the American Recovery and Reinvestment
Act of 2009, the EyeSight Foundation of Alabama, the Able Trust, and Research to Prevent Blindness.

Author Contributions: C.H.: conception of the work, analysis, interpretation of data, manuscript preparation.
C.O.: data acquisition, interpretation of data, manuscript preparation. V.G.W.: interpretation of data, manuscript
preparation. G.M.].: data acquisition, interpretation of data, manuscript preparation

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design of
the study; in the collection, analysis, or interpretation of data; in the writing of the manuscript, and in the decision
to publish the results.

References

1.  Federal Highway Administration. Distribution of Licensed Drivers by Sex and Percentage in each Age Group
and Relation to Population, 2016 (DL-20). Available online: https://www.fhwa.dot.gov/policyinformation/
statistics /2016/d120.cfm (accessed on 23 January 2018).

2. U.S. Census Bureau. 2016 American Community Survey 1-Year Age and Sex Estimates. Available online:
https:/ /factfinder.census.gov/bkmk/table/1.0/en/ACS/16_1YR/S0101 (accessed on 2 January 2018).

3. National Center for Health Statistics. 2015 Older Population Fact Sheet. Available online: https://crashstats.
nhtsa.dot.gov/Api/Public/ViewPublication/812372 (accessed on 23 January 2018).

4. Insurance Institute for Highway Safety (IIHS). Fatality Facts 2011, Older People. Available online: http:
/ /www.iihs.org/research/topics/older_people.html (accessed on 23 January 2018).

5. Friedland, R.P; Koss, E.; Kumar, A.; Gaine, S.; Metzler, D.; Haxby, J.V.; Moore, A. Motor vehicle crashes in
dementia of the Alzheimer type. Ann. Neurol. 1988, 24, 782-786. [CrossRef] [PubMed]

6.  Drachman, D.A.; Swearer, ].M.; Group, C.S. Driving and Alzheimer’s disease: The risk of crashes. Neurology
1993, 43, 2448. [CrossRef] [PubMed]

7. Cooper, P].; Tallman, K.; Tuokko, H.; Beattie, B.L. Vehicle crash involvement and cognitive deficit in older
drivers. J. Safety Res. 1993, 24, 9-17. [CrossRef]

8. Dubinsky, R.M.; Williamson, A.; Gray, C.S.; Glatt, S.L. Driving in Alzheimer’s disease. |. Am. Geriatr. Soc.
1992, 40, 1112-1116. [CrossRef] [PubMed]

9.  Folstein, M.; Folstein, S.; McHugh, P. “Mini-mental state”. A practical method for grading the cognitive state
of patients for the clinician. J. Psychiatr. Res. 1975, 12, 189-198. [CrossRef]

10. Tombaugh, T.N.; McIntyre, N.J. The mini-mental state examination: A comprehensive review. |. Am. Geriatr. Soc.
1992, 40, 922-935. [CrossRef] [PubMed]

11.  Atchison, T.B.; Massman, P.J.; Doody, R.S. Baseline cognitive function predicts rate of decline in basic-care
abilities of individuals with dementia of the Alzheimer’s type. Arch. Clin. Neuropsychol. 2007, 22, 99-107.
[CrossRef] [PubMed]

12.  Margolis, K.; Kerani, R.; McGovern, P; Songer, T.; Cauley, ].; Ensrud, K. Risk factors for motor vehicle crashes
in older women. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2002, 57, M186-M191. [CrossRef]

13. Lesikar, S.E.; Gallo, ].J.; Rebok, G.W.; Keyl, PM. Prospective study of brief neuropsychological measures to
assess crash risk in older primary care patients. . Am. Board Family Med. 2002, 15, 11-19.

14. Gilley, D.W,; Wilson, R.S.; Bennett, D.A; Stebbins, G.T.; Bernard, B.A.; Whalen, M.E.; Fox, ].H. Cessation
of driving and unsafe motor vehicle operation by dementia patients. Arch. Intern. Med. 1991, 151, 941-946.
[CrossRef] [PubMed]

15. Lucas-Blaustein, M.].; Filipp, L.; Dungan, C.; Tune, L. Driving in patients with dementia. . Am. Geriatr. Soc.
1988, 36, 1087-1091. [CrossRef] [PubMed]

16. Trobe, J.D.; Waller, P.F,; Cook-Flannagan, C.A.; Teshima, S.M.; Bieliauskas, L.A. Crashes and violations
among drivers with Alzheimer disease. Arch. Neurol. 1996, 53, 411-416. [CrossRef] [PubMed]


https://www.fhwa.dot.gov/policyinformation/statistics/2016/dl20.cfm
https://www.fhwa.dot.gov/policyinformation/statistics/2016/dl20.cfm
https://factfinder.census.gov/bkmk/table/1.0/en/ACS/16_1YR/S0101
https://crashstats.nhtsa.dot.gov/Api/Public/ViewPublication/812372
https://crashstats.nhtsa.dot.gov/Api/Public/ViewPublication/812372
http://www.iihs.org/research/topics/older_people.html
http://www.iihs.org/research/topics/older_people.html
http://dx.doi.org/10.1002/ana.410240613
http://www.ncbi.nlm.nih.gov/pubmed/3207361
http://dx.doi.org/10.1212/WNL.43.12.2448
http://www.ncbi.nlm.nih.gov/pubmed/8255438
http://dx.doi.org/10.1016/0022-4375(93)90047-Q
http://dx.doi.org/10.1111/j.1532-5415.1992.tb01799.x
http://www.ncbi.nlm.nih.gov/pubmed/1401695
http://dx.doi.org/10.1016/0022-3956(75)90026-6
http://dx.doi.org/10.1111/j.1532-5415.1992.tb01992.x
http://www.ncbi.nlm.nih.gov/pubmed/1512391
http://dx.doi.org/10.1016/j.acn.2006.11.006
http://www.ncbi.nlm.nih.gov/pubmed/17174522
http://dx.doi.org/10.1093/gerona/57.3.M186
http://dx.doi.org/10.1001/archinte.1991.00400050087017
http://www.ncbi.nlm.nih.gov/pubmed/2025142
http://dx.doi.org/10.1111/j.1532-5415.1988.tb04394.x
http://www.ncbi.nlm.nih.gov/pubmed/3192886
http://dx.doi.org/10.1001/archneur.1996.00550050033021
http://www.ncbi.nlm.nih.gov/pubmed/8624215

Geriatrics 2018, 3, 10 90f 10

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zuin, D.; Ortiz, H.; Boromei, D.; Lopez, O.L. Motor vehicle crashes and abnormal driving behaviours in
patients with dementia in Mendoza, Argentina. Eur. J. Neurol. 2002, 9, 29-34. [CrossRef] [PubMed]
Harvey, R.; Fraser, D.; Bonner, D.; Warnes, A.; Warrington, E.; Rossor, M. Dementia and driving: Results of a
semi-realistic simulator study. Int. |. Geriatr. Psychiatry 1995, 10, 859-864. [CrossRef]

Fox, G.K,; Bowden, S.C.; Bashford, G.M.; Smith, D.S. Alzheimer’s disease and driving: Prediction and
assessment of driving performance. J. Am. Geriatr. Soc. 1997, 45, 949-953. [CrossRef] [PubMed]

Rebok, G.W.; Keyl, PM.; Bylsma, EW.; Blaustein, M.].; Tune, L. The effects of Alzheimer disease on
driving-related abilities. Alzheimer Dis. Assoc. Disord. 1994, 8, 228-240. [CrossRef] [PubMed]

Odenheimer, G.L.; Beaudet, M.; Jette, A.M.; Albert, M.S.; Grande, L.; Minaker, K.L. Performance-based
driving evaluation of the elderly driver: Safety, reliability, and validity. J. Gerontol. 1994, 49, M153-M159.
[CrossRef] [PubMed]

Marottoli, R.; Richardson, E.; Stowe, M.; Miller, E.; Brass, L.; Cooney, L., Jr.; Tinetti, M. Development of a test
battery to identify older drivers at risk for self-reported adverse driving events. J. Am. Geriatr. Soc. 1998, 46,
562-568. [CrossRef] [PubMed]

Joseph, P.G.; O’donnell, M.].; Teo, K.K.; Gao, P.; Anderson, C.; Probstfield, J.L.; Bosch, J.; Khatib, R.; Yusuf, S.
The Mini-Mental State Examination, clinical factors, and motor vehicle crash risk. J. Am. Geriatr. Soc. 2014,
62,1419-1426. [CrossRef] [PubMed]

Gallo, J.J.; Rebok, G.W.; Lesikar, S.E. The driving habits of adults aged 60 years and older. J. Am. Geriatr. Soc.
1999, 47, 335-341. [CrossRef] [PubMed]

Molnar, EJ.; Marshall, S.C.; Man-Son-Hing, M.; Wilson, K.G.; Byszewski, A.M,; Stiell, I. Acceptability and
concurrent validity of measures to predict older driver involvement in motor vehicle crashes: An emergency
department pilot case—Control study. Accid. Anal. Prev. 2007, 39, 1056-1063. [CrossRef] [PubMed]
Johansson, K.; Bronge, L.; Lundberg, C.; Persson, A.; Seideman, M.; Viitanen, M. Can a physician recognize
an older driver with increased crash risk potential? J. Am. Geriatr. Soc. 1996, 44, 1198-1204. [CrossRef]
[PubMed]

Rubin, G.; Ng, E.; Bandeen-Roche, K.; Keyl, P.; Freeman, E.; West, S. A prospective, population-based
study of the role of visual impairment in motor vehicle crashes among older drivers: The SEE study.
Investig. Ophthalmol. Vis. Sci. 2007, 48, 1483-1491. [CrossRef] [PubMed]

Reger, M.A.; Welsh, RK.; Watson, G.; Cholerton, B.; Baker, L.D.; Craft, S. The relationship between
neuropsychological functioning and driving ability in dementia: A meta-analysis. Neuropsychology 2004, 18,
85-93. [CrossRef] [PubMed]

Henneges, C.; Reed, C.; Chen, Y.-F; Dell’Agnello, G.; Lebrec, J. Describing the sequence of cognitive decline
in Alzheimer’s disease patients: Results from an observational study. J. Alzheimer’s Dis. 2016, 52, 1065-1080.
[CrossRef] [PubMed]

Logsdon, R.G,; Teri, L.; Larson, E.B. Driving and Alzheimer’s disease. J. Gen. Intern. Med. 1992, 7, 583.
[CrossRef] [PubMed]

Hunt, L.; Morris, J.C.; Edwards, D.; Wilson, B.S. Driving performance in persons with mild senile dementia
of the Alzheimer type. J. Am. Geriatr. Soc. 1993, 41, 747-753. [CrossRef] [PubMed]

Marottoli, R.; Cooney, L.; Wagner, R.; Doucette, J.; Tinetti, M. Predictors of automobile crashes and moving
violations among elderly drivers. Ann. Intern. Med. 1994, 121, 842-846. [CrossRef] [PubMed]

Owsley, C.; McGwin, G.; Searcey, K. A population-based examination of the visual and ophthalmological
characteristics of licensed drivers aged 70 and older. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2013, 68, 567-573.
[CrossRef] [PubMed]

Owsley, C.; McGwin, G.; Phillips, ].M.; McNeal, S.E; Stalvey, B.T. Impact of an educational program on
the safety of high-risk, visually impaired, older drivers. Am. J. Prev. Med. 2004, 26, 222-229. [CrossRef]
[PubMed]

Ferris, EL.; Kassoff, A.; Bresnick, G.H.; Bailey, I. New visual acuity charts for clinical research. Am. |. Ophthalmol.
1982, 94, 91-96. [CrossRef]

Ball, K.; Owsley, C.; Sloane, M.; Roenker, D.; Bruni, . Visual attention problems as a predictor of vehicle
crashes in older drivers. Investig. Ophthalmol. Vis. Sci. 1993, 34, 3110-3123.

Beck, R.; Moke, P,; Turpin, A.; Ferris, F; SanGiovanni, J.; Johnson, C.; Birch, E.; Chandler, D.; Cox, T.;
Blair, R; et al. A computerized method of visual acuity testing: Adaptation of the early treatment of diabetic
retinopathy study testing protocol. Am. J. Ophthalmol. 2003, 135, 194-205. [CrossRef]


http://dx.doi.org/10.1046/j.1468-1331.2002.00296.x
http://www.ncbi.nlm.nih.gov/pubmed/11784373
http://dx.doi.org/10.1002/gps.930101008
http://dx.doi.org/10.1111/j.1532-5415.1997.tb02965.x
http://www.ncbi.nlm.nih.gov/pubmed/9256847
http://dx.doi.org/10.1097/00002093-199408040-00002
http://www.ncbi.nlm.nih.gov/pubmed/7888153
http://dx.doi.org/10.1093/geronj/49.4.M153
http://www.ncbi.nlm.nih.gov/pubmed/8014389
http://dx.doi.org/10.1111/j.1532-5415.1998.tb01071.x
http://www.ncbi.nlm.nih.gov/pubmed/9588368
http://dx.doi.org/10.1111/jgs.12936
http://www.ncbi.nlm.nih.gov/pubmed/25040793
http://dx.doi.org/10.1111/j.1532-5415.1999.tb02998.x
http://www.ncbi.nlm.nih.gov/pubmed/10078897
http://dx.doi.org/10.1016/j.aap.2007.02.003
http://www.ncbi.nlm.nih.gov/pubmed/17854579
http://dx.doi.org/10.1111/j.1532-5415.1996.tb01369.x
http://www.ncbi.nlm.nih.gov/pubmed/8855998
http://dx.doi.org/10.1167/iovs.06-0474
http://www.ncbi.nlm.nih.gov/pubmed/17389475
http://dx.doi.org/10.1037/0894-4105.18.1.85
http://www.ncbi.nlm.nih.gov/pubmed/14744191
http://dx.doi.org/10.3233/JAD-150852
http://www.ncbi.nlm.nih.gov/pubmed/27079700
http://dx.doi.org/10.1007/BF02599195
http://www.ncbi.nlm.nih.gov/pubmed/1453241
http://dx.doi.org/10.1111/j.1532-5415.1993.tb07465.x
http://www.ncbi.nlm.nih.gov/pubmed/8315186
http://dx.doi.org/10.7326/0003-4819-121-11-199412010-00003
http://www.ncbi.nlm.nih.gov/pubmed/7978696
http://dx.doi.org/10.1093/gerona/gls185
http://www.ncbi.nlm.nih.gov/pubmed/22982690
http://dx.doi.org/10.1016/j.amepre.2003.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15026102
http://dx.doi.org/10.1016/0002-9394(82)90197-0
http://dx.doi.org/10.1016/S0002-9394(02)01825-1

Geriatrics 2018, 3, 10 10 of 10

38.

39.

40.

41.

42.

43.

44.

45.

Owsley, C.; Stalvey, B.; Wells, J.; Sloane, M.E. Older drivers and cataract: Driving habits and crash risk.
J. Gerontol. Ser. A Biol. Sci. Med. Sci. 1999, 54A, M203-M211. [CrossRef]

Guerrero-Berroa, E.; Luo, X.; Schmeidler, J.; Rapp, M.A.; Dahlman, K.; Grossman, H.T.; Haroutunian, V.;
Beeri, M.S. The MMSE orientation for time domain is a strong predictor of subsequent cognitive decline in
the elderly. Int. ]. Geriatr. Psychiatry 2009, 24, 1429-1437. [CrossRef] [PubMed]

Sevigny, J.J.; Peng, Y.; Liu, L.; Lines, C.R. Item analysis of ADAS-Cog: Effect of baseline cognitive impairment
in a clinical AD trial. Am. J. Alzheimer’s Dis. Other Demen. 2010, 25, 119-124. [CrossRef] [PubMed]

Lou, M.E; Dai, Y.T.; Huang, G.S.; Yu, PJ. Postoperative cognitive changes among older Taiwanese patients.
J. Clin. Nurs. 2003, 12, 579-588. [CrossRef] [PubMed]

Hershkovitz, A.; Kornyukov, N.; Brill, S. Place orientation and visual construction subdomains of the Mini
Mental State Examination test as predictors of rehabilitation outcome of post-acute hip-fractured patients.
Disabil. Rehabil. 2017, 39, 2339-2345. [CrossRef] [PubMed]

Ramirez, D.; Wood, R.C.; Becho, J.; Owings, K.; Espino, D.V. Mini-Mental State Exam domains predict falls
in an elderly population: Follow-up from the Hispanic Established Populations for Epidemiologic Studiesof
the Elderly (H-EPESE) Study. Ethn. Dis. 2010, 20, 48. [PubMed]

Huisingh, C.; McGwin, G.; Orman, K.A.; Owsley, C. Frequent falling and motor vehicle collision involvement
of older drivers. J. Am. Geriatr. Soc. 2014, 62, 123-129. [CrossRef] [PubMed]

Sims, R.; McGwin, G.; Pulley, L.; Roseman, J. Mobility impairments in crash-involved older drivers.
J. Aging Health 2001, 13, 430—438. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/gerona/54.4.M203
http://dx.doi.org/10.1002/gps.2282
http://www.ncbi.nlm.nih.gov/pubmed/19382130
http://dx.doi.org/10.1177/1533317509350298
http://www.ncbi.nlm.nih.gov/pubmed/19949163
http://dx.doi.org/10.1046/j.1365-2702.2003.00753.x
http://www.ncbi.nlm.nih.gov/pubmed/12790872
http://dx.doi.org/10.1080/09638288.2016.1225230
http://www.ncbi.nlm.nih.gov/pubmed/27670283
http://www.ncbi.nlm.nih.gov/pubmed/20178182
http://dx.doi.org/10.1111/jgs.12594
http://www.ncbi.nlm.nih.gov/pubmed/24279730
http://dx.doi.org/10.1177/089826430101300306
http://www.ncbi.nlm.nih.gov/pubmed/11813734
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Participants 
	Licensure Sample 
	KEYS Sample 

	Measurements 
	Statistical Analysis 

	Results 
	Baseline Characteristics in Licensure 
	Association between Area of Cognitive Function and Rates of MVC in Licensure 
	Validation of Findings from Licensure in the KEYS Dataset 

	Discussion 
	Conclusions 
	References

