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Executive Summary

Older adults represent a substantial and increasing proportion of the U.S. licensed driver
population and have unique challenges related to driving safety and mobility. Research over the
past 20 years has focused on topics related to older driver safety and performance, spanning
older drivers’ crash risk relative to drivers of other ages to approaches to improving driving
safety through various behavior change strategies. This report on older drivers presents a
comprehensive review of key research findings.

The research team conducted literature searches to identify peer-reviewed articles and articles
from government agencies and nonprofit organizations with internal review procedures
published since 2000. Four databases were used: PsycINFO, PubMed, SafetyLit, and TRID.
Articles were also identified through other published reviews. After applying inclusion/exclusion
criteria for eligibility, the research team selected 225 articles that reported safety and/or
performance outcomes for drivers 65 and older published from 2000 to 2020 and related to a
series of pre-selected topics.

First, the systematic review identified patterns and trends of older-driver crashes in the United
States since 2000. During this period older drivers’ fatal crash rates declined, though older-driver
crash rates remain elevated compared to drivers in their 30s, 40ss, and 50s. The crash rates of
older drivers in their 70s, 80s, and older are similar to the crash rates of young drivers (drivers in
their teens and early 20s); however, the exact magnitude and pattern of differences between older
drivers and drivers of other ages differs depending on the methods used to calculate crash risk.
Older-driver crashes occur most often under ideal conditions (i.e., daytime, clear, and dry).

Next, the systematic review examined diverse techniques and procedures for identifying risk
factors and predicting older-driver crash risk in both research settings and real-world practice.
Research on older drivers across several countries indicated that measures of cognition, vision,
and physical function are related to driving safety and performance. The research team
supplemented the systematic review with a quantitative meta-analysis to determine the strength
of the relationship between these functional abilities and driving measures. Conservative
estimates showed that cognition is the strongest predictor of driving safety and performance in
older drivers; vision and physical function also predicted on-road performance in the meta-
analysis, although these findings may be viewed with lower confidence based on fewer studies.
Other measures, obtained using driving simulators and self-reports of driving difficulties or crash
experience, showed less evidence as valid indicators of driving safety, though few such studies
met the inclusion criteria for the present review.

Reviewers considered driving assessments that occur in State driver license agencies and in
clinical settings. The results suggested safety benefits for an in-person license renewal
requirement for older drivers, while support was less clear for other age-based requirements such
as vision tests and shorter renewal cycles. Healthcare professionals, including doctors, nurses,
and occupational therapists, also conduct driving assessments and interventions for older adults
as part of their care. Only one eligible article was identified in the present review examining
medical referral and driving safety, though other cited reviews describe the role of medical
professionals in driving assessment.



Third, the present review supplements a 2018 literature review on medical conditions and driving
with a focus on medical conditions prevalent among drivers 65 and older. The prevalence of
medical conditions increases with age, and some medical conditions and the medications used to
treat these conditions may affect a person’s ability to drive safely. The present review cites
evidence that benzodiazepines, selective serotonin reuptake inhibitors and Z-drug
(nonbenzodiazepines) medications are related to crash risk among older drivers. Untreated or
moderate eye disease and Alzheimer’s disease or general dementia were associated with crash
risk and driving performance, respectively, while evidence relating to driving outcomes was
mixed for arthritis, diabetes, and glaucoma. Several challenges exist for determining the
association between medical conditions and medications, on the one hand, and driving safety on
the other. Key among these challenges is that medications may be metabolized differently for
different people; the difficulty of distinguishing a medical condition from the effects of a
medication used to treat the condition; and some people with medical conditions may reduce
their driving exposure.

Finally, there have been a variety of approaches to changing driver behavior with the goal of
improving older driver safety. While older drivers report avoiding driving situations perceived to
be riskier, such as driving at night and on high-speed highways, it remains unclear the extent to
which such self-imposed limits on exposure and mobility result in safety benefits among drivers
65 and older. Some States issue restricted driver licenses that restrict older people to driving only
in certain situations, such as during the daytime or within a prescribed proximity to home. There
is some evidence supporting safety benefits of license restrictions for older drivers, but this is an
underused strategy that has not been extensively studied. Research has also examined the effects
of skills-training approaches. The research team found some evidence for driving performance
benefits of simulator, on-road, and cognitive training, though few eligible studies included safety
measures in their assessment of training benefits. The use of active safety systems and automated
vehicle technologies is an emerging area of research. Although no eligible articles confirmed
safety or performance benefits for older drivers, simulator studies have demonstrated limited
benefits of active safety systems (e.g., blind spot and lane departure warnings).

Overall, this report may serve as a reference for a variety of audiences including State Highway
Safety Offices, healthcare practitioners, researchers, and officials involved in licensing decisions.



Chapter 1: Preface and Methods

Preface

Drivers 65 and older represent a substantial portion of the total driving population in the United
States. In 2020 about 47.7 million licensed drivers, or 21% of all licensed drivers in the United
States, were 65 and older (National Center for Statistics and Analysis, 2023). Getting older does
not necessarily imply diminishing driving safety, but certain changes associated with the normal
aging process can affect older drivers. While declining vision, memory loss, and other normal
age-related changes in functional ability, as well as the onset or progression of medical
conditions, can place older drivers at greater risk of a crash and increase the severity of injuries
they suffer, older drivers appear to modify their driving behavior in the face of these changes—
and, by some metrics, may be safer than drivers of other ages. Various stakeholders, including
State driver licensing agencies and healthcare providers, apply behavioral countermeasures to
promote older driver safety through screening, assessment, and interventions.

Since 2000 a considerable research effort has targeted issues surrounding older driver safety with
the goal of maintaining independent mobility by extending safe driving through older adulthood.
The present systematic review is focused on a broad cross-section of this body of research. The
research is then critically evaluated, and limitations in the current body of research are identified.
In some cases, no articles were identified that met a predefined set of inclusion/exclusion criteria
for the review; this is noted when relevant.

The aim of Chapter 2 is to provide an overview of older adult driving safety patterns in the
United States and Canada. The research team reviewed how the crash involvement of older
drivers has changed in approximately 20 years. Research is presented that compares older-driver
crash rates to drivers of other ages using different metrics, such as at-fault versus not-at-fault
crashes and fatal versus non-fatal crashes. Another aim of Chapter 2 is to describe the conditions
surrounding older-driver crashes, including environmental conditions such as time of day and
behavioral variables like seat belt use. In some cases like alcohol-impaired driving, older adults
may be safer than drivers of other ages. Chapter 2 also considers research comparing differences
in crash patterns between older male and older female drivers.

While examining broad patterns of older-driver crashes is informative, variability exists within
the older driver population in driving performance and safety. Age alone is not a good indicator
of driving ability or safety; rather, functional declines associated with the normal aging process
may impact a person’s driving. A primary goal of older driver research is to identify which
functional abilities are related to driving safety and the best way to assess these abilities. Older
driver research in the last 20 years has focused on how well cognitive, physical, and visual
function predicts driving safety and performance. Beyond functional assessments, there is also an
interest in assessments of driving performance that are viewed as low-risk yet valid indicators of
real-world safety concerns. Some of these approaches, like driving simulators, are used primarily
in research labs; others are more commonly used in clinical evaluations by providers like
occupational therapists. The overall focus of Chapter 3 is the prediction of older driver
performance and safety across research, clinical, and license administration settings. Chapter 3
also includes a supplementary quantitative meta-analysis of research findings on the association
between functional measures and driving among older drivers.



Beyond the functional declines associated with normal aging, certain medical conditions (and
medications used to treat these conditions) become more prevalent with advanced age and may
also degrade functional abilities needed to drive safely. For example, eye diseases such as
cataracts and age-related macular degeneration affect visual abilities essential to safe driving.
Some of these conditions are fairly common: for example, the National Eye Institute estimated
that in 2010 about 68% of people 80 and older had cataracts, and 8% of people 80 and older had
age-related macular degeneration (National Eye Institute, 2019). Medications (like
benzodiazepines, antidepressants, and sleep aids) can affect driving through sedative effects that
become more pronounced in older adults, and there is some evidence that these medications may
impair driving performance. Combinations of medications (polypharmacy) may result in
impairments to driving performance that are not evident for one of the medications taken alone.
However, significant limitations exist in this area of research that make it challenging to draw
firm conclusions about effects on driving. The emphasis in Chapter 4 is on medical conditions
and medications that are either more prevalent among older adults or that have effects shown to
have a particular impact on older drivers. For each condition or medication, the chapter includes
a description of the condition, its prevalence among older adults, and research findings about
how it relates to driving safety or performance among this cohort.

A major goal of research in this area is to inform practices with the potential to extend the safe
driving years. A variety of approaches have been developed to improve older driver performance
and safety. Some approaches are based on reducing older drivers’ exposure to high-risk
situations, such as driving at night, while other approaches aim to enhance the skills or
knowledge needed to drive safely. It is important to evaluate whether these programs show
benefits to real-world driving. A rapidly emerging strategy to improving safety for older drivers
is the deployment of advanced driver assistance technologies, including active control systems
like automated emergency braking and alerts including blind spot and lane departure warnings.
While these technologies show promise, research has just begun to formally evaluate the extent
to which they demonstrate benefits for the safe mobility of older drivers. Chapter 5 examines the
safety and performance effects of a range of approaches for improving older driver safety.

Appendices A and B outline the criteria used to assess the quality of research included in the
systematic review and detail the methodology and results of a quantitative meta-analysis carried
out in association with Chapter 3.

Methods

The systematic literature review involved a multi-step protocol to identify eligible articles based
on predefined criteria. The first step was conducting online database searches with
predetermined search terms and filters. Research assistants conducted searches in four online
databases: PsycINFO, PubMed, SafetyLit, and TRID. When available, the following filters were
applied to searches: date of publication (January 2000 to December 2020), language (English),
population (humans), and age group (65+).

Each chapter had its own set of search terms that were repeated in each of the four databases. All
search terms followed a pattern; the third term was changed depending on the topic. The pattern
was: older® AND driv* AND (third term) OR elder* AND driv* AND (third term) OR aging
AND driv* AND (third term).



The following third terms were added for each chapter.

e Chapter 2: crash*, fatal*, injur®, accident™®

e Chapter 3: cognit*, function*®, sensorimotor*, vision*, physical*, licens*, occupational
therapist, clinic*, physician*, evaluation, fitness, and practitioner

e Chapter 4: fitness, medical*, medication*, health, physical*, polypharm*

e Chapter 5: adapt*, rehab*, educ*, licens*, train*, intervention, practice, program,
regulat®, restrict*, limit, technology, automat®, advanced driver assistance system

In total, there were 36 unique sets of search terms repeated across four databases for a total of
144 searches. Research assistants conducted the searches and a title and abstract review of each
search result to determine whether an article should be sent to full-text review. Research
assistants recorded the total number of search results, number of articles that were duplicates of
another search, number of ineligible articles based on title and abstract, and the number sent to
full review. Database searches were conducted from March to August 2020.

The second step of the systematic review was a full-text review of each article sent from the title
and abstract search. Two research assistants reviewed the full text of each article independently
for eligibility. A third reviewer resolved discrepancies between the two research assistants. The
following inclusion criteria were used in both the title and abstract review and the full-text
review.

published on or after 2000

published in English

included distinct results for drivers 65 or older

reviewed either through peer-review or State or Federal Government agency review
included a safety and/or performance outcome

Conference abstracts, dissertations, theses, commentaries, book chapters, and other reports (i.e.,
gray literature, but excluding State or Federal Government reports) were excluded in both
abstract and title review and full-text review. Articles reporting results for special populations
were also excluded, such as operators of vehicles with hand controls or who use bioptic
telescopes; experimental studies of drug- or alcohol-impairment were excluded. Articles only
with results for older passengers or pedestrians were also excluded. Additional chapter-specific
criteria are noted in each chapter’s review. Eligible articles were also identified from review
articles that had been identified in the initial database search.

Figure 1 displays a PRISMA-style diagram (Page et al., 2021) reporting the results of the
literature search and screening procedures. After full text review, 225 articles were included in
the systematic review.
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The third step of the systematic review was to extract information from each eligible article to
aid in synthesizing research findings from several articles. For each eligible article, the research
team used a qualitative quality control checklist adapted from the RTI Item Bank (Viswanathan
& Berkman, 2012), Newcastle Ottawa Scale (Wells et al., n.d.), and Cochrane Risk of Bias Scale
(Sterne et al., 2019). The team also extracted information about design, sample, and measures.
Two research assistants entered the information for each article, and any discrepancies in
information were resolved by a third reviewer. Appendix A details the criteria applied to each
article in the third step to assess study quality.
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Chapter 2: Older Drivers and Crash Involvement

Older drivers’ crash involvement compared to drivers of other ages has been a major focus of
research in the past 20 years. Though it is generally understood that older drivers are at higher
risk for crashes compared to other drivers, the extent to which older drivers’ crash involvement
differs from crashes among drivers of other ages depends on the way crash risk is calculated.
Older drivers are also a heterogeneous group, beginning at age 65 and spanning across 30 or
more years. Even within the older driver group, differences exist between drivers of different
ages and sexes. While older-driver crashes share some characteristics with drivers of other ages,
older-driver crashes also have unique patterns in the circumstances surrounding crashes. This
chapter reviews research published since 2000 on older-driver crashes in the United States and
Canada, including how older drivers’ crash involvement compares to crashes among drivers of
other ages, trends over time, and the driving situations in which older-driver crashes are most
likely to occur.

All the studies reviewed in Chapter 2 used data from older drivers in the United States and
Canada. As this section examined broad trends in older-driver crashes, studies were only
included if they used data from State and/or national databases (with one exception of examining
the low mileage bias hypothesis). The national crash data in the studies came from two primary
sources: the Fatality Analysis Reporting System, and the General Estimates System/Crash Report
Sampling System. FARS is a census of fatal crashes on public roads in the 50 States, District of
Columbia, and Puerto Rico since 1975. A crash is included in FARS if a driver, passenger,
pedestrian, or other road user involved in the crash died within 30 days of the crash. Because the
current review focuses on older drivers, the reviewed studies using FARS include data from
older drivers involved in fatal crashes, both those who survived a crash and those who died
within 30 days of the crash. Unlike FARS, CRSS (which began in 2016), and its predecessor, the
National Automotive Sampling System GES, contain a nationally representative sample of
police-reported crashes of differing severities, from property-damage-only to fatal crashes.

As described in the methods section, the research team conducted a multi-step screening of
articles published since 2000 or later extracted through searches of four databases. For Chapter 2,
the following search terms were used to identify studies across all topics: older* AND driv*
AND either “crash*,” “fatal*,” “injur®,” or “accident™®,” applied across four databases for a total
of 16 search strings. The search returned 12,552 results that were reviewed based on title and
abstract. At this step, 11,847 results were deemed ineligible based on title and abstract and 490
results were duplicates of another search. The database search yielded 215 articles to send to full
review, and four additional articles were identified from review articles, for a total of 219 articles
sent to full review. The most common reason an article was ineligible after a full text review was
that the article was not related to the topic (52 articles), the data came from a country other than
the United States or Canada (47 articles), or the article did not report distinct results for drivers
65 and older (40 articles). In total, 33 articles were eligible and included in the Chapter 2 review.

Older-Driver Crash Frequency

Improvements in vehicle safety, roadway design, post-crash medical care, and behavioral
countermeasures over time have led to a reduction in crash-related injuries and fatalities for
drivers of all ages in the United States. The present review focused on crash trends specific to
older drivers and identified studies that reported changes in crash rates over time in FARS and/or
GES/CRSS. Older drivers’ fatal crash involvement rates declined between 1983 and 1985



(Lyman et al., 2002) and between 1995 and 2012 (Cheung & McCartt, 2011; Cicchino, 2015;
Cicchino & McCartt, 2014). Older drivers’ involvement in non-fatal crashes also declined during
the same time periods, though one study reported stability in non-fatal crashes from 1983 to 1995
(Lyman et al., 2002). From 2010 to 2019 the fatal crash rate slightly declined for older drivers,
from 13.65 fatal crashes per 100,000 population in 2010 to 13.34 fatal crashes per 100,000
population in 2019 (National Center for Statistics and Analysis, 2021b). Declines were highest
for drivers 85 and older, whose fatal crash rates per population declined by 12% from 2010 to
2019.

While older-driver crashes have declined over time, differences remain in the crash involvement
of older drivers relative to drivers of other ages. The degree to which older drivers are
overrepresented in crashes differs depending on the method used to calculate crash rates. The
reviewed studies used different measures of exposure to calculate crash rate, including the
number of licensed drivers and miles driven. Thirteen of the reviewed studies compared the
crash rates per driver between older drivers and drivers of other ages. Crashes of all severities
per driver nationwide are highest for drivers 16 to 19, decline rapidly after age 19, then slowly
decline or remain steady from age 30 onward (Braver & Trempel, 2004; Lyman et al., 2002). A
study of crashes in New Jersey found that older drivers had significantly lower rates of crashes of
all severities per licensed driver than drivers from 35 to 54 (Palumbo et al., 2019). When only
fatal crashes are considered, older drivers beginning at 70 had significantly higher rates per
licensed driver compared to drivers 35 to 54. The highest fatal crash rate was among female
drivers 85 or older, who had two and a half times the fatal crash rate of drivers 35 to 54. National
studies have also found elevated fatal crash rates per licensed driver beginning at 70 (Braver &
Trempel, 2004; Lyman et al., 2002; Tefft, 2008; Williams & Shabanova, 2003).

Using the number of licensed older drivers as an exposure measure suggests that older drivers
have lower crash rates than drivers from 16 to 19, typically a high-risk group, and similar or even
lower crash rates compared to middle-aged drivers. However, using administrative license
datasets to measure the number of older drivers on the road may provide biased estimates of
crash risk (Braver & Trempel, 2004; Tefft, 2008). Administrative license datasets like the ones
maintained by the Federal Highway Administration and State licensing agencies may include
people who are licensed but are no longer driving; their inclusion has the potential to
underestimate the true crash rate for older drivers. Therefore, the two studies that used license
data to calculate crash rates may have underestimated the crash risk for active drivers (Palumbo
et al., 2019; Williams & Shabanova, 2003). However, two of the studies estimated the number of
active drivers using self-reported driving data from the Nationwide Personal Transportation
Survey (Braver & Trempel, 2004) and the National Household Travel Survey (Tefft, 2008), and
these studies found similar patterns in older drivers’ crash rates to the studies using license data.

Another way of accounting for exposure in calculating crash risk is the quasi-induced exposure
method, which produces a relative crash involvement ratio based on the number of at-fault
drivers versus not at-fault drivers from the same group. The quasi-induced exposure method for
calculating crash risk is often applied when a measure of driving mileage is not available and
assumes that crash-involved but not-at-fault drivers are a representative sample of their cohort
who happen to be ‘at the wrong place at the wrong time.” The outcome metric, relative crash
involvement ratio, represents the crash-causing propensity of a particular group. However, the
quasi-induced exposure method requires the use of a variable that is not included in all crash
datasets, like FARS: the ‘at-fault’ status of a driver. Instead, studies using FARS to conduct
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quasi-induced exposure analyses determine whether a driver has any ‘contributing factors’ to a
crash, such as making an improper turn or failure to yield the right of way. Additionally, for
quasi-induced exposure analyses, all single-vehicle crashes are typically considered at-fault
crashes (e.g., Braitman et al., 2014; Geyer & Ragland, 2005; Lombardi et al., 2017).

One study using quasi-induced exposure analyses reported differences in crash involvement
across age groups based on the FARS dataset from 2002 to 2006 (Stutts et al., 2009). Drivers
under 20 and drivers 70 to 79 had similar crash involvement ratios of approximately two (i.e.,
two drivers with contributing factors in a crash for every one driver without), which was higher
than the ratios for drivers in the middle ranges of age categories. However, drivers 80 years or
older had a crash involvement ratio of approximately four. Quasi-induced exposure analyses
were also used in other reviewed studies reported later in this section that examined whether
older drivers are over- or under-represented in crashes with respect to certain characteristics,
such as crashes with passengers in the vehicle (Braitman et al., 2014; Geyer & Ragland, 2005;
Hing et al., 2003), intersection crashes (Lombardi et al., 2017), crashes in wet or icy road
condition (Robertson & Aultman-Hall, 2001), and other roadway and environmental
characteristics (Stutts et al., 2009).

When available, a reliable measure of driving mileage is the preferred metric for calculating
exposure-based older-driver crash risk. When crash rate is calculated as the rate of crashes per
mile driven, a U-shaped curve emerges in which older drivers and young drivers have higher
crash rates, and middle-aged drivers have lower crash rates. Six studies in the current review
using FARS and/or GES provide evidence for this pattern, which exists for injury crashes
(Dellinger et al., 2004), fatal crashes (Cicchino & McCartt, 2014; Dellinger et al., 2004; Lyman
et al., 2002; Rolison & Moutari, 2018; Teftt, 2008), and all crashes regardless of severity
(Cicchino & McCartt, 2014; Li et al., 2003; Lyman et al., 2002). However, the uptick in crashes
per mile for older drivers is lessened somewhat when the outcome includes crashes of all
severity. When the outcome is fatal crashes, older drivers have comparable crash rates per mile
driven to drivers 16 to 19 (Cicchino & McCartt, 2014; Dellinger et al., 2004; Lyman et al., 2002;
Tefft et al., 2008). Crash rates calculated by driving mileage are similar to rates calculated using
the quasi-induced exposure method but are different from rates that calculate crash risk based on
the number of drivers, which do not find elevated crash rates for older drivers, except in the case
of fatal crashes for drivers 70 or older (Braver & Trempel, 2004; Lyman et al., 2002; Palumbo et
al., 2019; Tefft, 2008; Williams & Shabanova, 2003).

Yet the use of mileage to calculate crash risk may also produce biased estimates of the crash risk
of older drivers compared to drivers of other ages. Janke (1991) first introduced the idea that age
comparisons of crash risk based on crashes per mile driven may not accurately represent the
crash risk of all drivers. According to Janke, it is possible that drivers who drive the fewest miles
per year have the highest risk of crashes, and those who drive the most miles per year have the
lowest risk, not because of differences in driving competence but because of differences in
driving environment. Janke (1991) argues that high-mileage drivers tend to drive on highways
and similar limited-access roads that pose fewer crash opportunities. On the other hand, low-
mileage drivers tend to drive on congested streets that have more crash opportunities. Hakamies-
Blomgpvist et al. (2002) introduced the term low mileage bias to refer to the hypothesis that
mileage-based crash estimates across age are biased by a high number of crashes among low-
mileage older drivers. Most articles on the LMB were excluded on this topic because they
included studies from countries other than the United States or Canada (e.g., Hakamies-
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Blomgpvist et al., 2002; Langford et al., 2006), were published prior to 2000 (Janke, 1991), or did
not include crashes as an outcome (Staplin et al., 2008). After applying exclusion criteria, two
articles were included in the current review that examined the LMB in older drivers (Antin, Guo,
Fang, Dingus, Perez, et al., 2017; Rolison & Moutari, 2018).

In response to work showing that self-report mileage data used in studies supporting the LMB
can be overestimated by high-mileage drivers and underestimated by low-mileage drivers
(Staplin et al., 2008), Antin, Guo, Fang, Dingus, Perez, et al. (2017) aimed to replicate the LMB
using objective driving data. The authors used data from 802 older adult participants in the
SHRP 2 NDS. Participants in the study drove instrumented vehicles for up to 3 years, during
which information on driving mileage and crashes was collected. Antin, Guo, Fang, Dingus,
Perez, et al. (2017) found that greater annual mileage was associated with a lower risk of overall
crashes and at-fault crashes, lending support to the LMB. Additionally, the percentage of low-
mileage drivers increased with age and was higher among female than male drivers.

Rolison and Moutari (2018) explored the hypothesis that low mileage drivers have a higher crash
rate because they drive more frequently on urban roads with more opportunities for crashes, such
as intersections and environments where there are changes in traffic speed. Using FARS and
National Household Travel Survey data, the authors calculated fatal crash risk by four exposure
indices: number of trips, mileage, trip duration, and a metric that combines all three to produce a
measure of average travel time per trip. This exposure metric, risk-exposure density, has higher
values when travel distance per trip is low, but travel time per mile is high. Risk-exposure
density was significantly higher in drivers 70 or older compared to drivers 60 to 69. When using
mileage as a measure of exposure, drivers 70 or older had a higher crash risk compared to drivers
60 to 69. By contrast, when using risk-exposure density as a measure of exposure, drivers 70 or
older had a lesser but still significant increase in crash risk compared to drivers 60 to 69; the
authors suggest this slight difference may reflect the fact that older drivers are more susceptible
to fatal injury. Results from this study suggest that low-mileage drivers may experience an
elevated crash risk at least in part by a tendency to drive in areas with more opportunities for
crashes, like urban roads.

While older drivers may have a higher injurious and fatal crash involvement because they are
more likely to be involved in a crash in the first place, age-related increases in fragility lead to
older drivers being more likely to be injured or to die in a crash. Two studies examined the
relative contribution of fragility to older-driver crash outcomes using data from FARS and GES
(Cicchino, 2015; Li et al., 2003). Both studies found that older drivers had a higher rate of driver
deaths per mile than middle-aged drivers, and this higher risk could be attributed to an increased
likelihood of dying rather than to an increase in overall crash risk. For drivers 16 to 19 and 20 to
29, excessive crash involvement contributed more to their death rate per mile driven (Li et al.,
2003).

Hanrahan et al. (2009) examined injury and fatality outcomes of drivers in Wisconsin from 2002
to 2004 using linked police crash reports, emergency department and hospital discharge data, and
death certificates. Drivers 65 or older were more likely to die as a result of a crash compared to
drivers 25 to 44, and, among drivers who survived a crash, drivers 65 and older were more likely
to have a moderate or severe injury. Drivers 16 to 19 and 20 to 24 were significantly less likely
to be injured compared to drivers 25 to 44. These results suggest that older drivers involved in a
crash are at greater risk for injury and fatality compared to middle-aged drivers, possibly due to
increased fragility.
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Finally, the majority of fatalities in older-driver crashes are among the drivers themselves, and
the proportion of driver fatalities is higher for older drivers than drivers of any other age group
(Braver & Trempel, 2004; Teftt et al., 2008; Williams & Shabanova, 2003). Further, older
drivers are responsible for significantly more deaths to others per mile than middle-aged drivers
(Dellinger et al., 2004), though some work suggests that this is driven by deaths of their
passengers who may be older adults themselves and share the same risk of fatality due to
increased fragility rather than deaths of occupants of other vehicles or other road users (Braver &
Trempel, 2004; Tefft, 2008).

Risk Factors and Protective Factors for Older-Driver Crash Involvement

Though general patterns in exposure-based analyses indicate an overinvolvement of older drivers
in crashes compared to middle-aged drivers, research has identified a number of risk and
protective factors for older-driver crash involvement that provide a more nuanced picture of
older driver safety. While older drivers have an elevated crash risk in certain driving situations,
their crash risk is comparable to that of drivers of other ages in other situations. Older-driver
crash risk varies depending on the driving situation, driver behavior, and sociodemographic
differences.

Driving Situation

Environmental Characteristics

A seminal paper in 2006 reviewed the driving situations in which older-driver crashes are most
likely to occur (Mayhew et al., 2006). This review found that the majority of older-driver crashes
occur in more ideal weather, road, and lighting conditions, and their proportion of crashes in
ideal conditions is significantly higher than that of drivers of other ages. In the current review,
articles published since the 2006 review have also found that older drivers have a higher
proportion of crashes in clear weather (Davis et al., 2018; Stutts et al., 2009) and in daylight
conditions/daytime hours (Davis et al., 2018; Kim et al., 2013; Lombardi et al., 2017; NCSA,
2021b; Stutts et al., 2009), and older drivers are more likely to be at-fault in a crash in dry road
conditions (Robertson & Aultman-Hall, 2001), compared to drivers of other ages. Some authors
attribute older drivers’ higher proportion of crashes in ideal conditions to their propensity to
avoid adverse driving conditions, in general. This may be the case for weather conditions: studies
that account for exposure using quasi-induced exposure have not found an elevated risk of older
drivers being at-fault in crashes based on weather conditions (Lombardi et al., 2017; Stutts et al.,
2009). While older-driver crashes may be more likely to occur in ideal conditions than drivers of
other ages, their crashes in non-ideal conditions are not necessarily more severe. In the present
review, evidence was mixed regarding the association between lighting conditions and crash
severity. While one study found that older-driver crashes in dark conditions are more severe
(Khattak et al., 2002), other studies did not find an association between lighting condition and
crash severity (Finison & Dubrow, 2002; Zhang et al., 2000).

Older-driver crashes also differ from crashes of drivers of other ages with respect to where they
are most likely to occur. As reviewed in Mayhew et al. (2006), the majority of older-driver
crashes occur at intersections, and the proportion of older-driver crashes occurring at
intersections is higher than for drivers of other ages. The latter finding is reinforced in additional
articles identified in the current review (Lombardi et al., 2017; Stutts et al., 2009; Ulak et al.,
2018). Older drivers’ crash risk at intersections is related to the type of traffic controls regulating
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traffic movement at the site of the crash. While older drivers’ fatal intersection crashes are more
likely to occur in places with traffic controls than places without traffic controls (Lombardi et al.,
2017), crash risk varies by the type of traffic control device. Stutts et al. (2009) found that older
drivers’ fatal crash relative accident involvement ratio was higher when the traffic control device
was a stop sign or a flashing signal but lower when the device was a traffic signal compared to
all intersection crashes regardless of traffic control device. Understandably, where intersections
are without traffic controls, crashes at such locations are more likely to be fatal (Zhang et al.,
2000). Researchers have also reported that older driver intersection or driveway crashes are less
likely than non-intersection crashes to result in hospitalization or death (Finison et al., 2002;
Zhang et al., 2000). This finding may reflect slower travel speeds at intersections—and certainly
on driveways—compared to non-intersection roadway segments.

Older drivers also have a higher proportion of crashes in urban areas compared to drivers of all
other ages (Finison & Dubrow, 2002; Stutts et al., 2009). This is likely related to older drivers’
increased involvement in intersection crashes; urban roads typically have more intersections than
rural roads. Consistent with studies showing that crashes on rural roads tend to be more severe
than crashes on urban roads (Finison & Dubrow, 2002; Khattak et al., 2002), older driver fatal
intersection crashes are more likely to occur on rural roads compared to younger driver fatal
intersection crashes, which are more likely to occur on urban roads (Lombardi et al., 2017).

As reviewed by Mayhew et al. (2006), the majority of older-driver crashes occur on roads with
low posted speed limits, and older-driver crashes are more likely to occur at lower speed limits
than crashes among drivers of other ages. This finding was also confirmed in studies identified in
the current review (Khattak et al., 2002; Stutts et al., 2009; Zhang et al., 2000). Rolison and
Moutari (2018) also found that older drivers had a higher travel time per trip than drivers of other
ages, suggesting more travel in areas with greater traffic density and lower speed limits.
However, Ulak et al. (2018) found that Florida roads with higher speed limits (excluding
interstates) had significantly higher rates of older-driver crashes compared to roads with lower
speed limits, though on weekdays but not weekends. Studies consistently found that older adult
crashes on roads with greater speed limits were more likely to be severe than crashes on roads
with lower speed limits (Finison & Dubrow, 2002; Khattak et al., 2002; Zhang et al., 2000). The
increase in crash severity at higher speeds is not unique to older drivers, though crashes at higher
speeds may be especially severe or fatal for older drivers due to age-related increases in fragility.

Overall, the findings of the current review echo the findings of a prior literature review by
Mayhew et al. (2006). The majority of older-driver crashes occur in ideal conditions including
daylight, and clear weather and road conditions. Compared to drivers of other ages, older drivers
have a higher proportion of crashes at intersections, on urban roads, and on roads with lower
speed limits. However, the most severe older-driver crashes tend to occur at non-intersections, on
rural roads, and on roads with higher speed limits. Older drivers’ overinvolvement in crashes in
ideal conditions and in urban areas likely reflect a propensity to drive in these conditions, in
general, and lend support to the idea that older drivers’ crash involvement may be related to their
propensity to drive on roads with greater crash risk (e.g., Janke et al., 1991). Chapter 5 reviews
research on older drivers’ avoidance of specific driving situations.

Vehicle Age

Another factor that contributes to older-driver crash risk is vehicle age. For drivers of all ages,
the risk of fatal injury in a crash is higher for older vehicles (NCSA, 2013). Newer vehicles have
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improvements in design that reduce the likelihood of crashing and the possibility and severity of
injury as a result of a crash (Glassbrenner, 2012). The current review confirmed this finding for
older drivers in a single study that examined the association between vehicle age and fatal
crashes in California crash records. The authors found that older drivers driving vehicles more
than 10 years old were more likely to be fatally injured in a crash than older drivers driving
vehicles 10 years old or newer (Kim et al., 2013). A higher proportion of older drivers in fatal
and all crashes in the United States from 2002 to 2006 were driving vehicles 10 or more years
old compared to drivers of other ages (Stutts et al., 2009). A lower proportion of older drivers
were driving vehicles 5 or fewer years old compared to drivers of other ages. The effect of older
drivers’ increased fragility on injury and fatality risk after a crash is magnified in an older
vehicle without up-to-date occupant protection features.

Additionally, there are differences in the effects of vehicle age related to drivers’ sex. Older
female drivers in fatal crashes are more likely to be driving older vehicles compared to (all) male
drivers and middle-aged female drivers (Baker, 2003). A study using Indiana State crash records
found that older male drivers who drove vehicles less than 5 years old were more likely to be
fatally injured than those who drove older vehicles (Islam & Mannering, 2006). The association
between vehicle age and fatality was not significant for older female drivers, though driving
vehicles 6 to 10 years old and more than 10 years old was associated with increased likelihood of
injury for female drivers 25 to 64. It is unclear why the fatality risk was elevated for older male
drivers, though it is possible that older male drivers are more likely to engage in risky driving in
newer model vehicles.

Passenger Presence

The presence of passengers in the vehicle is also related to older-driver crash risk. Four papers
examined the presence of passengers as a predictor of older drivers’ crashes, three of which used
FARS data from different date ranges (Bédard & Meyers, 2004; Braitman et al., 2014; Geyer &
Ragland, 2005) and one that used Kentucky State crash data (Hing et al., 2003). Older drivers
were transporting at least one passenger in 42% of fatal crashes between 1975 to 1998 (Bédard &
Meyers, 2004) and in 37% of fatal crashes from 2002 and 2009 (Braitman et al., 2014). In
comparison, drivers 16 to 19 were transporting at least one passenger in over half of fatal crashes
during the same time periods. Generally, drivers tended to be driving passengers of similar ages
at the time of a fatal crash (Braitman et al., 2014).While young drivers with passengers are more
likely to be at-fault in a fatal crash compared to those without passengers (Bedard et al., 2004;
Braitman et al., 2014), older drivers with passengers are less likely to be at-fault compared to
older drivers without passengers (Braitman et al., 2014; Geyer & Ragland, 2005; Bédard &
Meyers, 2004), particularly male older drivers (Braitman et al., 2014). In fact, the association
between passenger presence and lower crash risk appears around age 30 to 45 (Bédard &
Meyers, 2004; Braitman et al. 2014; Geyer & Ragland, 2005).

One reason why passenger presence might be associated with a lower crash risk for older drivers
is that older drivers are less likely to engage in risky behaviors when passengers are in the
vehicle, either due to peer pressure from passengers or a sense of responsibility for passenger
safety. Geyer and Ragland (2005) found that older drivers with passengers were more likely to
be wearing a seat belt at the time of a fatal crash compared to drivers without passengers,
especially for male drivers. Older drivers with passengers were also less likely to be under the
influence of alcohol at the time of the crash. Bédard and Meyers (2004) found that older drivers
with passengers were less likely to be at fault for speeding in a fatal crash. Another possible
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reason why passengers are associated with lower odds of a crash is that passengers may assist the
driver with other tasks like navigation, adjusting the radio, and monitoring traffic during turns.
Though none of the reviewed studies directly examined the interactions between passenger and
driver, one study found that the decrease in crash risk for older drivers only exists when the
passenger is under younger than 75 (Braitman et al., 2014). The authors suggest that passengers
at more advanced ages may be less able to assist the driver. Qualitative research has also found
that older drivers receive way-finding assistance from their passengers including reading written
directions and locating traffic signs (Bryden et al., 2014).

Finally, it is possible that the relationship between passenger presence and driving safety can be
explained by the fact that safer drivers are more likely to carry passengers. All the reviewed
studies examined historical crash datasets, so they were unable to determine the direction of the
association between passengers and crash risk, or the reasons for either a protective or a
detrimental effect of passengers. Another limitation of research on passenger presence is that the
most recent data used to examine older drivers’ crash risk and passenger presence was from
2009. It is possible that advances in technology in vehicles may lessen the role of passengers in
crashes because these technologies replace the tasks that passengers would normally complete
for drivers, like navigation or blind spot monitoring.

Driver Behavior

Drivers’ behavior at the time of a crash is another major topic of interest in the study of older-
driver crash risk, particularly because these factors have such a strong relationship with crashes
and can be targeted with behavior-based countermeasures. The three major driver behavior
factors related to older-driver crashes identified in the current review are distraction,
drug/alcohol use, and seat belt use. While the safety risks of these driver behaviors are not
unique to older drivers, their prevalence among crash-involved older drivers is different from
crash-involved drivers of other ages, and there may be different safety consequences associated
with these behaviors for older drivers.

Distraction

In 2019 about 15% of all injury crashes and 9% of all fatal crashes in the United States involved
distracted drivers (NCSA, 2021a). Cellphone use was cited as the distraction in 13% of
distraction-involved fatal crashes and 7% of distraction-involved injury crashes. Among
distracted drivers in fatal crashes, 5% of drivers were 65 to 74, and 6% were 75 or older. The age
group with the highest percentage of distracted drivers in fatal crashes was drivers 25 to 34
(23%). Though special focus has been on cellphone use while driving, driver distraction also
includes interacting with climate control and music systems, eating and drinking, reaching for an
object, grooming, interacting with a passenger, and smoking (Ranney, 2008). The negative
effects of distracted driving and especially cellphone use on driving performance and safety for
drivers of all ages have been examined in several literature reviews (e.g., Ferdinand &
Menachemi, 2014; Ranney, 2008) and meta-analyses (e.g., Caird et al., 2014; Simmons et al.,
2016).

The current review identified three eligible articles that examined distracted driving among older
crash-involved drivers, two of which used FARS and/or GES (Donmez & Liu, 2015; Stutts et al.,
2009) and one of which used crash data from a single State (Finison & Dubrow, 2002). A study
using FARS and GES data from 2002 to 2006 reported the most prevalent type of distraction
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among older drivers involved in police-reported crashes of all severities was inattention/lost in
thought, present in 7% of crashes among drivers 70 to 79 and 10% of crashes among drivers 80
or older (Stutts et al., 2009). Less than 1% of drivers 70 to 79 and drivers 80 or older involved in
fatal single- and two-vehicle crashes were cited as using cellphones, compared to 1.3% of drivers
of all ages.

Two of the reviewed studies found that driver distraction was associated with crash severity. A
study of Maine crashes found that any form of distraction was associated with almost two times
greater odds of hospitalization or death among drivers 65 or older (Finison & Dubrow, 2002).
Donmez and Liu (2015) examined the odds of injury associated with specific types of distraction
among 3,704 older drivers in two-vehicle crashes in GES. Distraction from in-vehicle sources,
talking on cellphones, and dialing or texting on cellphones were associated with greater odds of
injury among older drivers, while inattention was not. However, the study’s results were limited
by the small number of older drivers distracted by dialing or texting on cellphones (4 drivers)
and by talking on cellphones (14 drivers).

There are important limitations to distraction estimates from FARS, GES/CRSS, and other
police-reported crash databases. The presence of distraction at the time of a crash may be
underreported for several reasons. First, the presence of distraction is often determined by asking
crash-involved drivers if they were distracted, and drivers may not be willing to admit that they
were distracted. Second, police may rely on witness accounts to determine driver distraction in
cases of driver fatalities; these accounts may either be unavailable or unreliable. Overall, studies
in the present review found that older drivers engage in distractions while driving at similar rates
to drivers of other ages, and distraction is associated with greater odds of injury and death.
However, the research shares the limitations associated with FARS, GES, and other police crash
reports.

Alcohol/drug Impairment

The effects of alcohol consumption on the driving performance of drivers of all ages are well-
established (Yadav & Velaga et al., 2021). The present review identified studies on the
prevalence of alcohol impairment specifically among older drivers involved in crashes. In 2019
about 8% of older drivers involved in fatal crashes in the United States were alcohol-impaired
based on blood alcohol concentrations of .08 grams per deciliter or higher (NCSA, 2021b).
Among older drivers, the percentage of alcohol-impaired older drivers in fatal crashes decreased
with age, from 12% of drivers 65 to 69 to 5% of drivers 85 or older. A study of Oregon trauma
center patients from 2000 to 2010 found a similar percentage (10%) of trauma patients 65 or
older testing positive for alcohol who were drivers in crashes (Blomberg et al., 2014). Compared
to drivers of other ages, a lower percentage of older drivers test positive for alcohol in fatal
crashes (NCSA, 2021b) and crashes with injuries (Blomberg et al., 2014). A study of fatally
injured drivers in 14 States from 2008 to 2012 found that older drivers also had a significantly
lower rate of BACs of .01 g/dL or higher compared to drivers of other ages (Rudisill, Zhu,
Abate, et al., 2016). Some studies have found that crashes in which alcohol is involved are more
likely to be more severe for drivers 65 or older (Khattak et al., 2002) and more likely to be fatal
for drivers 65 to 69 but not drivers 70 or older (Zhang et al., 2000). However, other studies using
State crash data found no association between driver alcohol use and hospitalization or death
after a crash (Finison & Dubrow, 2002) nor single-vehicle fatalities (Islam & Mannering, 2006)
among older drivers. While alcohol use may increase the risk of a crash, research has not
identified an association between alcohol use and crash severity among older drivers.
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Two studies in the present review examined drug use and older-driver crashes. From 2011 to
2012 older drivers in lowa were reported as being under the influence of drugs in less than 1% of
police-reported crashes, compared to 2% of drivers 50 to 64 (Davis et al., 2018). Rudisill, Zhu,
Abate, and colleagues (2016) examined 2008 to 2012 FARS data from 14 States with reportable
drug results for at least 80% of fatally injured drivers. Out of the total number of older drivers
with drug test results, 20% had drug-positive results (i.e., positive for at least one over-the-
counter, prescription, or illegal drug). The prevalence of drug-positive tests decreased with age,
and male and female older drivers had similar drug-positive test rates. Older drivers’ drug-
positive test rate was significantly lower than that of middle-aged drivers. Compared to drivers
30 to 50, drivers 65 or older were more likely to test positive for other drugs (which included
over-the-counter drugs), narcotics, and benzodiazepines, and less likely to test positive for
cannabinoids, stimulants, hydrocodone/oxycodone, cocaine, and methadone. However, the
difference in proportions for hydrocodone and oxycodone were less than 0.5%. Older drivers
who tested positive for drugs were less likely to be wearing seat belts than fatally injured older
drivers who tested negative for drugs.

Results of Rudisill, Zhu, Abate et al. (2016) and other studies using FARS and State drug-testing
data should be interpreted with caution. Serious limitations exist in the drug data collected by
States and compiled in FARS (Berning & Smither, 2014). First, a drug test provides information
on the presence of a drug in the body, not the level of impairment a person experienced. FARS
does not have information on the amount of a drug that was detected, and some drugs remain
detectable long after consumption. Additionally, just because a drug was detected does not mean
that it impaired a person’s driving, only that it was in the person’s body prior to a fatal crash.
Second, there are inconsistencies between and within States on drug testing and reporting
procedures. States differ in who they test, how they test, and what they test. For example, in 2012
only 52% of all drivers in fatal crashes in the United States were tested for drugs (Berning &
Smither, 2014). During the period in which this review took place, the FARS database also only
allowed for three drugs to be recorded in the database, even if more were detected in the body,
and some States will not test for other drugs if alcohol is present. FARS also does not provide
information on whether a medication was prescribed by a doctor and taken as prescribed, so
some of the drugs for which older drivers test positive may have been prescribed by their
physician.

Overall, the reviewed studies indicate that alcohol and drug use among older drivers involved in
fatal crashes and crashes with injuries are rare. The effects of alcohol on driving performance are
well-established, while the effects of drugs are less understood. Serious limitations exist in State
and FARS databases on drug testing in fatal crashes, so results of drug presence and older
drivers’ fatal crashes should be interpreted with caution. It was also not possible to determine
whether the drugs present in older drivers’ drug tests were prescribed by a doctor. The effects of
prescription medications on driving performance and safety are reviewed in more detail in
Chapter 4. In Chapter 4, several reviewed studies use data other than FARS to obtain information
on prescription medication use and dosage.

Seat Belt Use

Seat belt use is another behavioral variable not unique to older adults in its importance to traffic
safety. It is estimated that three-point seat belts reduce 45% of overall fatalities in passenger cars,
and 48% of driver fatalities (Kahane, 2000). Data from FARS and CRSS indicate that in 2019, a
higher proportion of drivers 65 or older involved in a fatal crash were wearing a seat belt
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compared to drivers under 65 (NCSA, 2021b). In the nationally representative 2020 National
Occupant Protection Use Survey, 92% of passenger vehicle front seat occupants 70 or older were

wearing seat belts (Enriquez, 2021). This percentage is higher than the percentage for occupants
16 to 24 (88%) but similar to that of occupants 25 to 69 (91%).

In the current review, six eligible studies were identified that specifically examined seat belt use
in older drivers. Three studies used data from State crash databases (Finison & Dubrow, 2002;
Islam & Mannering, 2006; Kim et al., 2013), two used FARS (Geyer & Ragland, 2005; Rudisill,
Zhu, Abate, et al., 2016) and one used administrative crash data from Ontario (Zhang et al.,
2000). Studies consistently found that crashes of older drivers who did not wear seat belts at the
time of collision were more likely to be more severe (Finison & Dubrow, 2002; Islam &
Mannering, 2006; Zhang et al., 2000) and fatal (Zhang et al., 2000). Several crash characteristics
associated with seat belt use were identified. Passenger presence was associated with increased
odds of seat belt use in fatal crashes among older drivers, especially male drivers (Geyer &
Ragland, 2005). On the other hand, fatally injured drivers who tested positive for drugs were less
likely to be wearing seat belts in fatal crashes (Rudisill, Zhu, Abate, et al., 2016). Overall, the
current review confirms the safety benefits of seat belt use in crashes involving older drivers.

Driver Sociodemographic Predictors

The review identified several articles that included sociodemographic predictors of driving safety
and performance including race, education, and income. However, these studies included
sociodemographic predictors as adjustment variables, not as a main focus of analysis (Emerson
et al., 2012; Keay et al., 2009, 2013; Sims, 2001). Additionally, these studies examined the
variables in small samples of participants that were not nationally representative. The results of
these studies may not be generalizable to the larger population of older drivers because they only
sample from a single geographic region (e.g., Wicomico County, Maryland; Keay et al., 2009)
rather than from the entire United States as in FARS and GES. The studies’ generalizability is
also limited by small sample sizes (e.g., 100 participants in Emerson et al., 2012) or a small
number of participants in the sample with a certain sociodemographic characteristic (e.g., 122
out of 1,115 participants identifying as African American; Keay et al., 2009). Though FARS and
GES include race and ethnicity data, no studies in the present review examined crash differences
by race or ethnicity. Education and income are not collected in FARS or GES.

Regarding the sex of drivers, important differences exist between the driving experiences of
older males and females. Studies in the present review found that, overall, there are more older
male drivers involved in crashes than older female drivers (Finison & Dubrow, 2002; Kim et al.,
2013; Lombardi et al., 2017; Stutts et al., 2009). Crash differences by sex persist after taking
driving exposure into account. Though older female drivers have lower driving exposure than
male drivers based on license rate (Palumbo et al., 2019), driving mileage (Antin, Guo, Fang,
Dingus, Perez, et al., 2017; Rolison & Moutari, 2018), and driving trip duration (Rolison &
Moutari, 2018), older male drivers’ overinvolvement in crashes persists after taking exposure
into account. Older male drivers have a higher fatal crash rate per licensed driver (NCSA, 2021b;
Palumbo et al., 2019; Williams & Shabanova, 2003) and higher crash rate regardless of severity
per licensed driver (Palumbo et al., 2019) than older female drivers. Older male drivers also have
higher fatal crash rates per trip, distance traveled, and driving time (Rolison & Moutari, 2018).
Two studies, however, found some evidence of higher crash rates for older female drivers
compared to older male drivers (Antin, Guo, Fang, Dingus, Perez, et al., 2017; Stutts et al.,
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2009). It may be noted that the Stutts et al. (2009) analyses found only small differences in crash
involvement ratios between males (1.60) and females (2.07) for 70 to 79 that disappeared at age
80+.

Antin, Guo, Fang, Dingus, Perez et al. (2017) found higher crash rates for older female drivers
compared to older male drivers in a sample of 802 older drivers, but unlike studies using national
crash data that only include police-reported crashes, this study included minor crashes involving
a collision with another object. This research suggests that it is possible that female drivers are
overrepresented in minor crashes but not in more severe, police-reported crashes; however, this
study did not compare sex differences in crash type.

Crash patterns of older female and male drivers also differ by severity. Young and middle-aged
female drivers are more physically fragile than male drivers of the same age, as evidenced by
higher fatality risk given similar physical insults (Kahane, 2013). This pattern is reversed among
older drivers, in which older females have lower fatality risk given similar physical insults
compared to older males. Studies in the present review also found evidence of greater crash
severity for older male drivers. Studies found that male older-driver crashes are more likely to be
severe (Khattak et al., 2002) and fatal (Zhang et al., 2000) than female older-driver crashes.
Older male drivers also had a higher death rate per crash than older female drivers, especially at
age 80 and older (Li et al., 2013).

One possible reason why older female drivers’ crashes are less fatal than older male crashes is
that older female drivers are less likely to drive in risky environments or engage in risky
behavior. Compared to male drivers and middle-aged female drivers, older female drivers were
underrepresented in crashes at higher speed limits (more than 45 mph; Baker et al., 2003). Given
studies showing that older-driver crashes at higher speed limits are more likely to be fatal
(Finison & Dubrow, 2002; Khattak et al., 2002; Zhang et al., 2000), it is possible that older
females’ crashes are less likely to be severe because they tend to drive in places with lower speed
limits. A higher proportion of older females in fatal crashes in 2019 were restrained compared to
older males (National Center for Statistics and Analysis, 2021b). Given known reductions in
fatalities associated with restraint use, higher prevalence of restraint use may also contribute to
lower fatality risk for older female drivers compared to older male drivers. Although one study
found that female drivers have 62% greater odds of hospitalization or death from a crash than
male drivers, it is not clear why this study did not find patterns in the expected direction (Finison
& Dubrow, 2002). Overall, research using national and State databases have found that older
male drivers have higher crash rates than older female drivers, and older male drivers’ crashes
are more likely to be more severe or fatal.

Summary

The crash data from the United States and Canada include a number of key findings related to
older-driver crash frequency and crash rates, plus risk and protective factors for this group. First,
there is broad agreement within the literature that older drivers’ fatal crash involvement has
declined over the period covered by this review (i.e., since 2000). This decline may be attributed
to improvements in vehicle safety, roadway design, post-crash medical care, or behavioral
countermeasures that led to a reduction in crash-related injuries and fatalities for drivers of all
ages. However, differences remain in the crash involvement of older drivers relative to drivers of
other ages. Crash rates based on reliable measures of exposure and those using quasi-induced
exposure methods consistently indicate rates for drivers in their 70s, and especially for those 80
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and older, that compare to rates for young drivers. Population-based analyses using
administrative license datasets do not always demonstrate the same trends, but researchers note
that these sources may underestimate older drivers’ crash rates because they include people who
are licensed but are no longer driving. However, several studies showing a higher rate of deaths
per mile for older versus middle-aged drivers attribute this higher rate to an increased likelihood
of dying rather than to an increase in overall crash risk, underscoring the impact of increased
fragility on age differences in fatal and injurious motor vehicle crash outcomes. Finally, there is
evidence that the interpretation of older-driver crash rates—both in absolute terms and in relation
to other age groups—depends upon crash location (e.g., intersection versus non-intersection
crashes) and a person’s annual miles driven, such that low-mileage drivers may appear to have
an elevated crash risk at least in part because they drive in areas with more opportunities for
crashes, like urban roadways.

Investigations of risk and protective factors provide a more nuanced picture of older driver
safety. For example, older-driver crashes occur most often under ideal conditions—i.e., in the
daytime, on dry pavement, with good visibility; this pattern may be attributed to an avoidance of
adverse conditions by older drivers through self-regulation. Older drivers also have a higher
proportion of crashes at intersections, on urban roads, and on roads with lower speed limits,
compared to young and middle-aged drivers. Researchers have documented that older drivers are
more likely to drive older vehicles; this is a risk factor because newer vehicles include design
features that may disproportionately benefit older drivers like crash avoidance technology and
superior occupant protection. Finally, studies focused on distraction suggest that older drivers are
distracted while driving at similar rates overall as drivers of other ages, but driver distraction
increases crash severity more for older drivers.

While researchers have found that alcohol and drug use among crash-involved older drivers is
rare, when drug use is indicated, prescription medications with sedating effects such as
benzodiazepines are more common among older crash-involved drivers in contrast to, for
example, cannabinoids. The literature reviewed here examined crash data prior to the legalization
of medical/recreational cannabis use in many States, so these differences may not persist.
Additionally, national observational data show a slightly higher percentage of belted vehicle
(front seat) occupants 70 and older (92%) than occupants 25 to 69 (91%) and 16 to 24 (88%).
Last, researchers have documented differences in crash involvement and crash severity
associated with the sex of older drivers, but confounding factors exist including differences by
sex in exposure, operating speed, fragility, and vehicle type.
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Chapter 3: Screening and Assessment of the Ability to Drive Safely

Based on the crash risk of older drivers, as reviewed in Chapter 2, identifying risk factors of
older-driver crashes has become a public health priority. The screening and assessment of older
drivers takes place in research settings and in real-world settings. In research studies, researchers
attempt to identify associations between measures obtained from older drivers and crash risk,
including functional measures like visual acuity and performance measures like driving
simulator assessment. In real-world practice, older drivers are evaluated by State driver licensing
authorities and clinicians, including physicians, occupational therapists, and certified driver
rehabilitation specialists. This chapter reviews the body of studies published in the past 20 years
that have examined screening and assessment of older drivers in both research and real-world
settings to identify which methods are most strongly related to driving safety and performance.

Identifying At-Risk Older Drivers as a Public Health Priority

Epidemiological Research on Predictors of Crash Risk for the Older-Driver
Population

In the past 20 years research studies have explored a variety of assessments as potential
indicators of crash risk among older drivers, including functional assessments and performance
assessments. Prominent models of functional abilities associated with older driver safety focus
on three main functional domains: cognitive, physical, and visual function (Anstey et al., 2005).
Driving is a complex task that requires the integration of these functional abilities. For example,
safe driving relies on cognitive abilities, including reaction time to safety threats and hazards;
physical abilities, including the ability to rotate the head to check blind spots and intersection
approaches; and visual abilities, including the ability to read road signs and detect path-following
cues. A priority of driver safety research is to identify which abilities most strongly relate to
older driver safety so these abilities can be targeted in screening efforts and intervention
strategies.

Unlike Chapter 2, articles in this topic were not restricted to the United States and Canada;
articles with data from all countries were considered. The search terms for this topic were
“older*” AND “driv*” AND either “cognit*,” “function*,” “sensorimotor*,” “vision*,” or
“physical*,” applied across four databases for a total of 20 search strings for this topic. There
were 8,853 search results, 6,671 of which were deemed ineligible based on title and abstract,
1,645 of which were duplicates, leaving 537 to be fully reviewed. Fifty-four articles were review
articles. The most common reason why an article was excluded at this stage was that it did not
publish distinct results for people 65 or older (60% of excluded articles). Seventy-eight eligible
articles were identified from the search strings, plus an additional four articles identified from
cross-referencing literature reviews, for a total of 82 eligible articles for this topic.

Physical Function

Physical function is a broad term that refers to a person’s capacity to perform activities in daily
life (Painter et al., 1999). In the current review, physical function refers to objective assessments
of physical performance measures. A variety of physical function assessments have been
examined as potential predictors of driving safety and performance, ranging from specific
measures of upper-limb mobility and strength like neck range of motion and grip strength to
measures of lower-limb function like walking speed. In total, the current review included 28
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articles that examined the association between physical function and driving safety and/or
performance. Sample sizes for physical function articles ranged from 45 to 1,230, with most
sample sizes between 100 and 200 participants. Seven articles reported longitudinal results, and
the longest study included outcomes at 9 years after baseline (Margolis et al., 2002). The
remaining studies were cross-sectional, and four were retrospective with an outcome of prior
crash involvement. The majority of studies assessed on-road performance as an outcome, either
in an on-road assessment by a trained assessor or naturalistic driving observation. Five studies
reported crashes as an outcome; two of these studies examined prospective crash involvement.

One of the most common assessments in the reviewed studies was the Rapid Pace Walk test.
RPW is a measure of lower limb strength, also depending upon balance and proprioception, in
which participants are scored based on the time it takes them to walk from one point to another
(typically to a point 10 feet distant and back to the starting point). Eleven articles examined RPW
as a predictor of driving safety or performance in older adults. In general, there was little support
for associations between RPW performance and either crashes or on-road performance among
healthy samples. However, there was support for an association between slower RPW time and
on-road performance among samples that included certain populations of older adults, including
people referred for a driving evaluation or people seeking driving rehabilitation services
(McCarthy & Mann, 2006; McCarthy et al., 2009; Stav et al., 2008) and people with Parkinson’s
disease (Classen et al., 2011). Two exceptions are a study by Antin, Guo, Fang, Dingus, Hankey
et al. (2017) that found that slower RPW performance was associated with a higher crash rate
ratio in a naturalistic driving study among 723 healthy participants, and a study by Classen et al.
(2013a) in which slower RPW performance predicted failing an on-road test among a sample of
294 healthy older adults.

Timed Up and Go is similar to the RPW, except it adds a component in which the participant
must rise from a chair before walking to the designated point. Ten articles examined the
association between TUG performance and driving performance or driving safety among older
drivers. None of the three studies that included crashes as an outcome found a significant
association between TUG performance and crash involvement. Similar to findings regarding
RPW and on-road performance, there was little support for an association between TUG and on-
road or simulator performance among healthy older adults. However, one study (Urlings et al.,
2018) found that slower TUG performance was correlated with failing an on-road test in a
sample of older adults specifically recruited if they presented with cognitive complaints or were
suspected of cognitive impairment by a caregiver. Kandasamy et al. (2019) stratified participants
by their score on the Montreal Cognitive Assessment, a measure of cognitive impairment, and
found that TUG was associated with on-road performance among participants with a score of 26
or higher (i.e., suggesting no cognitive impairment.) TUG was not significantly associated with
on-road performance for participants with a MoCA of 26 or lower. However, TUG was no
longer significant after controlling for age. Other studies controlling for age, education, sex, and
other covariates have failed to find an association between TUG performance and crashes
(Emerson et al., 2012) and on-road performance (Dawson et al., 2010). In general, there is little
support for TUG or RPW as a predictor of driving safety or performance among healthy older
adults.

The Functional Reach Test is a measure of dynamic balance in which the person reaches forward
as far as they can while sitting or standing. The distance between start and end position is
measured in inches; typically, the average of the last two trials is recorded. In the reviewed
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studies, this test is associated with on-road performance in people presenting with cognitive
complaints (Urlings et al., 2018) and with simulator performance in healthy samples (Thompson
et al., 2012); other studies, however, have found no association with on-road performance
(Dawson et al., 2010) or crashes (Emerson et al., 2012) in healthy samples. The evidence for
FRT is inconclusive, particularly given that only four studies have examined its association with
driving performance and safety among older adults, and the studies had limited sample sizes,
ranging from 86 to 116.

While TUG, RPW, and FRT assess gross motor abilities and balance, other assessments of
physical function assess more specific functional abilities. For example, neck range of motion
has strong face validity as a predictor of driving safety because it enables a driver to scan the
environment before turning at an intersection. Five articles measured neck range of motion as a
predictor of driving ability. On-road studies supported an association between worse neck range
of motion and worse on-road driving performance, both in healthy samples (Lacherez et al.,
2014; Wood et al., 2008) and in a sample of people referred for a driving evaluation (Stav et al.,
2008). The two studies reporting significant associations between on-road performance and neck
range of motion were from the same study and sample. Two of the studies that did not find an
association between neck range of motion and driving safety compared the neck range of motion
performance between people who had been previously involved in a crash and those who were
not (Molnar et al., 2007; Woolnough et al., 2013). Retrospective studies are limited in that the
outcome occurs before the predictor, so it is not possible to determine whether the limited neck
range of motion directly led to higher crash risk. The evidence for neck range of motion
performance and driving safety and performance is inconclusive.

Grip strength is a marker of not only upper limb function but has been identified as a biomarker
of a number of outcomes including cognition, falls, and mortality (Bohannon, 2019). Given its
association with these outcomes, it is not surprising that studies have found worse grip strength
to be associated with worse on-road performance among healthy older adults (Antin, Guo, Fang,
Dingus, Perez, et al., 2017; Lacherez et al., 2014) and older adults referred for driving evaluation
(Stav et al., 2008). Woolnough et al. (2013) did not find an association between grip strength and
crash involvement in the 2 years prior to study enrollment, though this study was limited by its
retrospective design. There were also few participants in the study with impaired grip strength
(5% of the study sample) and few participants who crashed (5%), so the study may not have been
powered sufficiently to detect differences in crash risk by grip strength impairment. Margolis et
al. (2002) also did not find an association between grip strength and crash involvement; however,
the sample for this study was all women so results cannot generalize to men. Additionally, the
outcome was State-reported crashes, so other crashes not reported to the police were not
included.

The Grooved Pegboard Test is a test of motor speed and manual dexterity in which participants
must manipulate small key-shaped pegs into holes on a board. Unlike other physical function
tests, GPT requires psychomotor speed and eye-hand coordination, so performance on the test is
thought to also reflect some cognitive function. One study found slower performance on the GPT
to be associated with worse on-road performance (Dawson et al., 2010), while another did not
(Thompson et al., 2012). A study did not find the GPT to be associated with State-reported
crashes across 3 to 7 years (Emerson et al., 2012). The evidence of GPT and driving safety and
performance among older drivers remains inconclusive, as only three studies have examined the
association, and the studies had small sample sizes (ranging from 86 to 111 older adults).
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Overall, there is some support for an association between physical function and driving
performance among older adults, though evidence is mixed. Some tests, such as the RPW and
TUG, may be more predictive of driving performance among older adults who have some
impairment. Studies of healthy older adults may not capture enough range in physical function to
see differences in driving performance. In terms of safety, there is not strong evidence that a
relationship exists between physical function and crashes. Importantly, there was only one study
supporting an association between a measure of physical function (RPW) and crashes (Antin,
Guo, Fang, Dingus, Hankey, et al., 2017). Crashes are rare outcomes, so the included crash
studies may not have been able to detect differences in crashes by physical function.

RPW and TUG were the most common measures of physical function in the reviewed studies,
followed by neck range of motion, grip strength, grooved pegboard, and the functional reach test.
There are a number of other physical function assessments included in the reviewed studies in
which evidence is inconclusive, as there are only one or two studies that have examined their
association with driving safety and performance, such as knee extension, arm curl, and timed toe
tap test. Though some measures of physical function have clear face validity to abilities required
in the driving task, such as neck range of motion and ankle strength, other assessments measure
components of physical capacity without a clear implication for driving performance and safety.
For example, there is not a clear link between balance and driving performance. Measures such
as balance and walking speed may be indirectly related to driving performance through some
other indicator of functioning or are partially explained by age alone. Further, models of physical
function are predicated on a number of factors including cognitive function, visual function, and
exercise (Painter et al., 1999). It is also possible that, in sum, measures of physical function are
simply weak predictors of driving safety and performance.

Vision

Several indicators of vision have been examined as possible predictors of driving
performance/safety. The most common measures of vision across the reviewed studies were VA,
contrast sensitivity, and visual field. VA refers to the ability to distinguish fine detail and
includes far visual acuity and near visual acuity. FVA was the most common measure of vision
in the reviewed studies of older driver safety and performance. There is little evidence to suggest
that FVA is related to driving performance and safety among older adults: 20 out of 23 articles in
the review did not find an association between FVA and driving safety or performance. FVA was
not predictive of prior crashes (Green et al., 2013; Woolnough et al., 2013) or future crashes
(Antin, Guo, Fang, Dingus, Hankey, et al., 2017; Margolis et al., 2002; Rubin et al., 2007)
among large samples of older adults, ranging from 723 to 2,000 participants. While three studies
did report significant associations between worse FVA and worse driving performance (Classen
et al., 2011; Thompson et al., 2012; Urlings et al., 2018), these studies were cross-sectional
studies with small samples of older adults (ranging from 82 to 116 participants). In the study by
Classen et al. (2011), scoring below the threshold for licensing in Florida on FVA was correlated
with failing an on-road test but not total score of an on-road test among 41 drivers. However,
only one participant scored below the threshold for FVA.

The lack of support for an association between VA and driving safety/performance among older
adults has been reported in other reviews of vision and driving among older adults (Anstey et al.,
2016; Gruber et al., 2013; Owsley & McGwin, 2010). As discussed by these authors, there may
be several reasons for a lack of association between VA and driving safety/performance. First,
people with VA impairments may drive less because of an awareness of their impairments.

26



However, studies have not found an association between VA and crashes before and after
controlling for mileage (Margolis et al., 2002; Rubin et al., 2007), suggesting that driving less
does not explain why VA is not associated with driving safety.

A related reason for studies not finding an association between VA and driving safety or
performance is that older adults with impaired vision may simply not be drivers. It is possible
that older adults with poor VA are not legally licensed to drive because State license renewal
requirements require drivers to score above certain cut-points for VA. As of 2019 about 40 U.S.
States have VA requirements of 20/40 for driving without restrictions (Graham et al., 2020).
Older drivers with impaired VA below 20/40 may be removed from the road by State restrictions
on VA and are therefore not included in studies of VA and driving safety/performance. Such
restriction of range is shown in the study by Margolis et al. (2002), where less than 5% of the
sample had a VA of 20/40 or worse. In Rubin et al. (2007), only 3% of drivers had VA worse
than 20/40. In the study by McCarthy and Mann (2006), 6% of the sample had VA of less than
20/40. And in a study by Koppel et al. (2016), only 1% of the sample scored below VA
impairment criteria for licensing in Australia. Some studies also exclude older drivers from
participating who have VA below a certain threshold (Aksan et al., 2013; Emerson et al., 2012;
Merickel et al., 2019; Stav et al., 2008, Wood et al., 2013). Decrements in VA that remain above
a certain threshold may matter less for driving safety compared to severe impairments in VA.

Finally, tests of VA are conducted in standardized, well-lit, static conditions that do not reflect
all conditions of real-world driving. Gruber et al. (2013) suggest that tests of VA in twilight
conditions, or that require mesopic (dusk/twilight) VA, may better reflect the older adults’ ability
to drive at night. Similarly, on-road assessments of driving scored by an occupational therapist or
other rater are conducted during the daytime in optimal weather conditions. Participants with
poor mesopic VA but acceptable daytime VA may not experience any driving difficulties during
optimal conditions in on-road tests.

Visual fields have been proposed as a better predictor of driving safety and performance than
VA. Visual field-testing measures how much a person can see when they focus their vision on a
central point and can include central vision and peripheral visual fields (Spector, 1990). One way
to measure visual field loss is a confrontation visual field test administered by an examiner in
which the participant looks directly at an object in front of them, such as counting the number of
fingers the examiner is holding up, while the other eye is covered. The test can also be performed
using a machine in which the participants must identify the location of flashing lights. While
confrontation visual field testing is quick and inexpensive, machines may be more sensitive at
detecting visual field impairments.

The research on visual field and older adults’ driving performance and safety is mixed. Twelve
articles included some measure of visual fields. In terms of safety, four articles examined visual
fields as related to crashes. Two of these articles used data from older adults in the SHRP2
naturalistic driving study, a large naturalistic driving study across 1 to 2 years (Antin, Guo, Fang,
Dingus, Hankey, et al., 2017; Huisingh et al., 2017). These studies found that total binocular
peripheral vision (Antin, Guo, Fang, Dingus, Hankey, et al., 2017) and peripheral vision
impairment in either eye or both eyes (Huisingh et al., 2017) as assessed by a machine were
associated with crashes. Another crash study found that binocular central and peripheral vision as
assessed by a machine was associated with State-reported crashes across 6 years in the Salisbury
Eye Evaluation study (Rubin et al., 2007). These three studies were longitudinal and used large
samples of participants (659 to 1,801 participants). In contrast, another large study of 1,230 older
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adults found no significant difference between people involved in a State-reported crash prior to
the study on a manual confrontational visual field test, though the study was retrospective
(Woolnough et al., 2013). In terms of performance, several papers from the Salisbury Eye
Evaluation study examined binocular visual fields assessed by a machine as potential predictors
of naturalistic driving performance. Keay et al. (2013) found that visual field score was
associated with rapid deceleration events, while Munro et al. (2010) found no association with
lane change failures and West et al. (2010) found no association with red light failures. Three on-
road studies used a manual confrontational visual field test (Betz et al., 2018; McCarthy &
Mann, 2006; McCarthy et al., 2009), and none of these studies found a significant association
with on-road pass/fail.

One reason for conflicting evidence on visual fields and driving may be variations in testing
protocols. Some work suggests that machine-assessed visual fields are more sensitive than
manual confrontational field testing (Johnson & Baloh, 1991). The study by Woolnough et al.
(2013) was the only crash study to find no association between visual fields and driving safety,
and it used manual visual fields by confrontation tests. Three on-road studies that used manual
confrontational visual fields also found no association between visual fields and driving
performance (Betz et al., 2018; McCarthy & Mann, 2006; McCarthy et al., 2009). However,
other studies using a machine to assess visual fields found no association between visual fields
and driving performance (Classen et al., 2011; Wood et al., 2013). Even within studies that used
a machine to assess visual fields, testing protocols varied. For example, Wood et al. (2013)
measured right and left monocular fields in central vision and scored the mean deviation of the
best and worst eye. Classen et al. (2011) defined visual fields as impaired on the basis of legal
criteria to drive in Florida at the time of the study but did not specify this value. Also, only four
out of the 82 participants had a peripheral visual field impairment, which is unsurprising as the
study required participants to be legally licensed to drive in Florida.

Similar arguments to VA have been made to explain why visual field testing does not predict
driving safety and performances: namely, that visual field tests do not reflect real-world driving
(Gruber et al., 2013; Owsley & McGwin, 2010). Visual field tests require the head and eyes to be
stationary and focused on one point, whereas in the real-world drivers move their head to
actively scan the environment when driving. Owsley and McGwin (2010) note that drivers with
impaired visual field may compensate by moving their head and eyes more. However, machine-
assessed visual field testing may still be more predictive of real-world driving than manual tests
of visual fields by confrontation, though variations in testing protocols make it difficult to make
comparisons across studies.

Another measure of vision, contrast sensitivity refers to the ability to distinguish objects from
their background at varying levels of contrast and at varying spatial frequencies. High spatial
frequency targets encountered while driving have sharp edges, for example, letters on highway
signing. Low spatial frequency objects have blurred or indistinct edges, such as faded pavement
markings at the edge of a road. It is also important to note that the human visual system is more
sensitive to differences in contrast (between an object and its background) when adapted to a
high level of ambient illumination, as occurs in daytime driving.

CS is often measured via the Pelli-Robson chart, which includes a series of black letters on a
white background that fade to gray as the test progresses. Research findings on CS’s association
with driving safety among older adults are mixed. Out of the 27 reviewed articles that examine
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CS and driving safety among older adults, 16 found no association with any measure of driving
safety, while 11 found some significant associations.

Most of the articles that reported significant findings with CS and driving safety used cross-
sectional methods. In contrast, there are several large longitudinal studies that have found no
association between CS and driving safety, including naturalistic driving performance (Chevalier
et al., 2017) and State-reported crashes (Emerson et al., 2012; Margolis et al., 2002; Rubin et al.,
2007). However, a naturalistic driving study spanning up to 2 years in a sample of 723 older
adults found that lower CS was significantly associated with a greater likelihood of crashes
(Antin, Guo, Fang, Dingus, Hankey, et al., 2017). This study used a machine to measure CS,
which tests CS in several spatial frequencies and conditions (day, night, and night glare). This
test may be more sensitive to real-world challenges associated with CS because not all driving
occurs in well-lit, daytime conditions, and CS challenges may be more relevant to night driving.
Guo et al. (2015) also tested CS at different spatial frequencies and found significant associations
with naturalistic crashes and near-crashes. Other tests, such as the Pelli-Robson test, are tested in
good lighting conditions and in one spatial frequency.

A related challenge in assessing the relationship between CS and driving performance is that on-
road tests are typically conducted in good weather and daytime conditions. Drivers with poor CS
may be particularly affected by nighttime driving or in other conditions with poor light, and these
challenges may not appear in daytime driving tests. However, some on-road studies have found
significant associations between CS and on-road performance. These studies may have also
found significant results because they had a high prevalence of participants with CS impairment.
For example, in the study by Classen et al. (2011), 36% of people without Parkinson’s disease
and 51% of people with Parkinson’s disease were classified as CS impaired. In the study by
Huisingh et al. (2017), 10% of people were classified as CS impaired in the better eye and 37%
of people were classified as CS impaired in the worse eye. Though Urlings et al. (2018) do not
report the number of people with impaired CS, they found elevated numbers with such deficits in
a sample of people referred for a driving evaluation; studies drawing on this population may
include a higher prevalence of impairment compared to other sampling methods. In contrast, the
study by Rubin et al. (2007) had 3% of the sample with a CS impairment, and a study by Koppel
et al. (2017) had only one out of 199 people with a CS impairment; neither of these studies found
significant results.

In summary, while driving may be strongly dependent on visual information processing, there is
not strong evidence for an association between measures of sensory visual function and driving
safety in older adults. In particular, studies have consistently failed to find significant
associations between VA measures and driving safety or performance. Findings regarding CS
and visual fields are mixed, with some work showing that impaired CS and/or visual fields is
associated with decrements in driving performance and increased crash risk. There are several
possible explanations for mixed findings regarding vision and driving. Some authors have argued
that older adults with visual impairments may self-regulate. Older adults with visual impairments
may drive less because they are aware of their impairments. If this were the case, studies
adjusting for driving exposure would not find an association between vision and driving.
However, crash analyses adjusting for driving exposure have found that visual field (Antin, Guo,
Fang, Dingus, Hankey, et al., 2017; Huisingh et al., 2017; Rubin et al., 2007) and CS (Antin,
Guo, Fang, Dingus, Hankey, et al., 2017; Green et al., 2013; Huisingh et al., 2017) are associated
with crash risk among older adults. Another possible reason why some studies have not found
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associations between vision and driving is that visual impairments are not common in studies.
Particularly for visual fields and VA, which are tested as part of licensing renewal requirement in
some States, older adults with severe vision impairments may be excluded from driving. Studies
with small numbers of people with visual impairments simply may not be adequately powered to
detect differences in driving safety or performance.

Finally, tests of vision and tests of driving performance are not typically reflective of real-world
driving conditions. Tests of VA, visual field, and CS are conducted under standardized, well-lit
conditions. Difficulties in vision may not appear in static, well-lit conditions but may present
difficulties for driving in poor visibility. On-road driving tests are also conducted during well-lit
conditions in good weather as part of standardization efforts. One unique study that was
excluded from the current review because it included people in their early sixties tested older
adults at nighttime on a closed-road circuit including glare conditions (Kimlin et al., 2017). The
authors found that CS tested under photopic (i.e., daytime) conditions was not associated with
driving performance, but CS assessed under mesopic (dusk/twilight) conditions was associated
with worse driving performance. VA tested under mesopic and photopic conditions was
associated with worse driving performance in the nighttime driving test. The difficulties that
arise from poor VA and CS may appear during nighttime driving where the visual system is less
well adapted to distinguish between lower differences in contrast between objects and their
background.

Cognitive Function

Cognitive function refers to performance on tests of cognitive ability that span two or more
domains. The cognitive domains examined in the reviewed studies as possible predictors of
driving performance and safety include executive function, speed of processing, attention,
memory, and dementia status. The most common tests or test batteries examined in studies of
older driver safety and performance were the Trail-Making Test B (TMT-B, 41 studies), useful
field of view (UFOV, 26 studies), Mini Mental State Exam (MMSE, 23 studies), the Trail-
Making Test A (TMT-A, 19 studies), and the clock drawing test (10 studies).

By far, the TMT was the most common test used to predict older driver safety and/or
performance. TMT is a timed test in which a person must connect circles with a line drawn either
on paper or on a computer. In TMT-A, each circle contains a number (the integers 1 through 25)
that a person must connect in sequential order, as fast as possible, beginning at 1. TMT-A is
thought to measure processing speed and often has a ceiling effect because healthy people tend
to complete this task quickly. In TMT-B, the circles contain an alternating sequence of numbers
and letters; a person must connect the circles in the alternating sequential order 1, A, 2, B, etc.
TMT-B is thought to measure visual search with divided attention or executive function and has
face validity to the task of driving that requires divided attention in navigating a complex
environment. A variety of scores can be obtained with TMT, including TMT-A completion time,
TMT-B completion time, TMT-A and TMT-B errors, and TMT-B completion time minus TMT-
A completion time.

Out of the 19 articles that examined TMT-A, only about a quarter (26%) found a significant
association between worse performance (longer test completion time) and driving safety or
performance. Three out of the five studies that found a significant association with TMT-A
included a sample with either self-reported cognitive complaints (Urlings et al., 2018) or MMSE
scores indicating cognitive impairment (Duncanson et al., 2018; Szlyk et al., 2002). Because
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their samples were more likely to contain drivers with cognitive impairments, these studies may
not have had ceiling effects with TMT-A, increasing the probability of a significant association
between TMT-A and driving performance.

There were 41 articles identified in the review that assessed the association with TMT-B and
driving safety and/or performance in older adults, nine of which examined a safety outcome and
31 of which examined a performance outcome. In terms of safety, slower TMT-B performance
was associated with greater likelihood of prior self-reported crash involvement (Lafont et al.,
2008; Rozzini et al., 2013) and future State-reported crash involvement (Emerson et al., 2012;
Friedman et al., 2013; Staplin et al., 2014). Sample sizes for crash studies were large, ranging
from 100 to 2,000 participants, including two studies of people completing their driver license
renewal, which may be more representative of the general population than studies recruited
through community advertisements. However, other studies have found no association between
TMT-B and future State-reported crashes (Margolis et al., 2002) or naturalistic (Antin, Guo,
Fang, Dingus, Hankey, et al., 2017), or prior State-reported crash involvement (Bieri et al., 2014;
Woolnough et al., 2013). These studies also had large sample sizes with the exception of the
study by Bieri et al. (2014), which had 55 participants.

In terms of performance, there is substantial evidence that slower TMT-B is associated with
worse driving performance in older adults. The majority of studies with performance outcomes
found significant associations with poorer on-road, naturalistic, or simulator performance,
including large naturalistic driving studies like the Salisbury Eye Evaluation study of 1,242
people (Keay et al., 2013; Munro et al., 2010; West et al., 2010), the LongROAD study of 2,774
people (Eby et al., 2019), and the SHRP2 study of 659 people (Huisingh et al., 2017).
Interestingly, another examination of the SHRP2 NDS study found no association between
TMT-B and crash involvement (Antin, Guo, Fang, Dingus, Hankey, et al., 2017). This study
included participants 65 and older, while Huisingh et al. (2017) included only participants 70 and
older. It is possible that TMT-B is more predictive of crashes in older people. This is supported
by the fact that the reviewed studies that found an association between TMT-B and driving
performance tended to restrict sample age to older participants, many of which only included
people 70 and older, whereas studies finding no association often recruited people 65 and older.

Three studies identified in the review attempted to create cut-points for TMT and/or calculate the
specificity of the test for predicting driving safety/performance. In a study of older adults
referred for a driving evaluation, TMT-A speed was more predictive of failing an on-road test in
older adults with cognitive impairment, defined by an MMSE score of less than 25, compared to
TMT-B speed (Duncanson et al., 2018). Errors on TMT-B, but not on TMT-A, were predictive
of on-road performance in the cognitive impairment group. Though sensitivity was high, the
identified cut-score of 24 items completed had a high false positive rate. In drivers with no
cognitive impairment, defined by an MMSE score of 25 or higher, TMT-B speed was more
predictive of on-road performance than TMT-A speed. Errors on TMT-B, but not on TMT-A,
were associated with on-road driving, though the cut-point of 24 items completed for TMT-B
had inadequate sensitivity and specificity.

In another sample of 404 older adults, including people with suspected cognitive impairment
based on their MoCA score, TMT-A and TMT-B completion time significantly classified older
adults with poor on-road driving performance based on area under the curve analysis (Vaucher,
Herzig, et al., 2014). Finally, a study examined TMT-A and TMT-B as predictors of State-
reported crashes across 18 months in a sample of 692 older adults recruited from licensing
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centers (Staplin et al., 2014). In this study, TMT-A and TMT-B error-compensated completion
time had better sensitivity and specificity for predicting future crashes than completion time
alone, suggesting that accounting for errors in TMT may provide better predictive power for
driving safety than completion time alone.

Of all the cognitive measures included in reviewed studies, the UFOV test—with a particular
emphasis on subtest 2—has the strongest evidence for prediction of older adults’ driving safety
and/or performance, with 22 of 26 articles finding a significant association between better UFOV
performance and better driving safety or performance. The UFOV test consists of four subtests
completed on a touch-screen computer, which increase in difficulty using a staircase
methodology. In each subtest, participants are asked to respond to object(s) displayed on a screen
with and without distractors for a brief amount of time. Display duration adjusts depending on
participant performance, and a participant’s score is the duration in milliseconds in which the
participant can perform the subtest at 75% accuracy. UFOV-1 assesses processing speed, UFOV-
2 assesses divided attention, UFOV-3 assesses selective attention, and UFOV-4 is a more
difficult assessment of selective attention.

Some work suggests that UFOV as a continuous measure is not related to driving performance
and safety, but instead, there is a threshold for UFOV below which older adults are at greater risk
for crashes (Huisingh et al., 2017). A threshold of less than 350ms to complete UFOV-2 is
sometimes used as a cut-point for impairment and is associated with decreased driving safety
(Friedman et al., 2013). One study compared TMT-B and UFOV and found UFOV-2 risk cut-
points to be significantly better predictors of passing versus failing an on-road driving test
compared to TMT-B cut-points (Classen et al., 2013b). Studies have found that the UFOV-2
subtest is predictive of prior self-reported crash involvement (Edwards et al., 2008; Friedman et
al., 2013; Horswill et al., 2010) and future crash involvement in a naturalistic study (Antin, Guo,
Fang, Dingus, Hankey, et al., 2017). Studies have also found associations between lower scores
on a composite of UFOV-1, UFOV-2, and UFOV-3, and prior (De Raedt & Ponjaert-
Kristoffersen, 2001) and future (Kosuge et al., 2017; Rubin et al., 2007) crash involvement.
Studies have consistently found that the UFOV-2 and UFOV-3 subtests are predictive of driving
performance (Bélanger et al., 2010, 2015; Classen et al., 2013a, 2013b; Cuenen et al., 2016;
Dukic Willstrand et al., 2017; Huisingh et al., 2017; Urlings et al., 2018). Overall, the review
found strong evidence for an association between the UFOV test and driving performance and
safety.

The exploration of biomarkers of preclinical Alzheimer’s disease as predictors of driving
performance and safety is an emerging area of research. Four papers from three separate studies
identified in the review examined how biomarkers predict safety and/or performance (Babulal et
al., 2017, 2018; Gorrie et al., 2007; Roe et al., 2017). Biomarkers obtained from brain imaging
and cerebrospinal fluid can indicate the presence of changes in the brain, which may indicate
Alzheimer’s disease. A small study from 2007 found that fatally injured older drivers were more
likely to have neuritic plaques, a marker of possible Alzheimer’s disease in the brain, than
controls who died from other causes (Gorrie et al., 2007). In the last few years researchers have
begun examining the prospective association between biomarkers and driving performance in
healthy older adults. Three papers from two studies found that worse on-road driving
performance was associated with positivity for Alzheimer’s disease biomarkers among healthy
older adults without cognitive impairment (Babulal et al., 2017, 2018; Roe et al., 2017).

32



Meta-Analysis: Effects of Cognitive, Physical, and Sensory Function on Driving
Safety/performance

After reviewing the literature describing individual studies examining physical, visual, and
cognitive predictors of driving safety/performance, the research team considered a broader
question: Across this body of literature, which driver characteristic has the largest effect size
(strongest relationship) with driving safety/performance: cognition, physical functioning, or
sensory (visual) functioning?

The research team carried out a meta-analysis exploring this research question. Given prior
work, the research team hypothesized that cognition, vision, and physical functioning would
each be related to both self-reported and objective measures of driving. The team hypothesized
that cognition would have the strongest relationships, physical functioning the second strongest
relationships, and vision significant, but weaker, relationships with the outcomes. The team
also anticipated that performance-based measures of driving would have the strongest
relationships with the predictors. Finally, given the prior literature, the team predicted that age
and sex would be significant moderators for performance-based and self-report driving
outcomes.

For additional detail about meta-analysis procedures and results, please see Appendix B.
Articles were eligible for the meta-analysis if they met the inclusion/exclusion criteria for the
systematic review, and if the article reported sufficient statistics to conduct a meta-analysis.
Sixty-two articles examining the association between cognition and driving safety or
performance met eligibility criteria, 35 examining vision, and 23 examining physical function.
Two levels of analysis were carried out, yielding results at higher and lower levels of
confidence. A first set of analyses that examined associations of predictor and outcome
variables, as well as possible moderator effects on such relationships, followed conservative
guidelines requiring a sample size of at least 10 articles (van Wely, 2014); relationships
indicated by the results of these analyses could be interpreted with higher confidence. A second
set of exploratory analyses supported by evidence from five-to-nine articles focused on main
effects only (i.e., no moderator effects examined); the results of these analyses could be
interpreted with a lower but still acceptable level of confidence (Valentine et al., 2010).

The Comprehensive Meta-Analysis software program (Biostat, Englewood, NJ) was used to
carry out the meta-analyses. Predictor variables were categorized into cognitive, sensory, and
physical domains. The cognitive domain was then further divided, with the goal to assess the
strength of relationships between specific constructs (e.g., speed of processing/attention,
executive function, and dementia status) and our outcomes. For the sensory and physical
domains, there were too few studies to further divide into subdomains. Outcomes were
categorized into crashes, on-road performance, and simulated driving performance. The first
category included studies with self-reported or State-reported crashes. The second category
included studies using instrumented vehicles, naturalistic driving studies, and studies including
an on-road assessment scored by an occupational therapist, driving specialist, or other observer.
The final category included studies using a driving simulator, with a particular focus on metrics
clearly related to driving safety such as crashes, lane exceedance, and gap acceptance (i.e., not,
for example, standard deviation of steering inputs). Where permitted, moderator analyses
considered variables including the percentage of the sample that were women, the average age
of the sample, and whether the sample was intended to generalize to a larger population.
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In the analyses based on 10 or more articles, there was a significant association such that better
cognitive function was positively associated with better on-road driving performance
(correlation = .261, p <.001). Moderator analysis for this effect revealed that studies with a
smaller percentage of women (b =-.005, p <.001) and those with samples with poor
generalizability had significantly larger effect sizes (b = .145, p <.001). The average sample
age (b=-.012, p = .20) did not significantly moderate the cognition/on-road driving
performance effect size. Cognitive subdomain analyses found a significant association such that
better speed of processing/attention was positively associated with better on-road driving
performance (correlation =.236, p <.001) and a significant association such that better
executive function was positively associated with better on-road driving performance
(correlation = .260, p <.001). Neither average sample age nor sample recruitment
strategy/generalizability significantly moderated the associations with either of these cognitive
subdomains, while studies with a smaller percentage of women had significantly larger effects
sizes for the executive function subdomain only. There were insufficient studies to examine the
association between the cognitive subdomain dementia status and on-road driving performance
at this level of confidence. There was limited evidence of publication bias as determined by
funnel plots (not shown).

All other analyses were based on sets of five-to-nine articles. To begin, nine studies supported
an analysis showing a significant association such that better performance on dementia status
tasks was positively associated with better on-road driving performance (correlation = .308, p <
.001). Across all cognitive domains, based on five studies there was a significant but weak
association such that better performance on cognitive tasks was positively associated with fewer
crashes (correlation = .034, p <.001). In addition, based on six studies there was a significant
association such that better performance on cognitive tasks was positively associated with better
simulated driving performance (correlation = .237, p <.001); five of these six studies supported
an analysis of the cognitive subdomain speed of processing/attention, revealing a significant
association such that better speed of processing/attention performance was positively associated
with better simulated driving performance (correlation = .236, p <.001).

Meta-analyses of vision and physical function as predictors were possible only for the outcome
on-road driving performance, and in neither case were sufficient data available to examine
associations at the subdomain level. Based on seven studies, there was a significant association
such that better visual performance was positively associated with better on-road driving
performance (correlation =.182, p <.001). Also based on seven studies, there was a significant
association such that better physical function was positively associated with better on-road
driving performance (correlation = .147, p <.001).

The most common studies included in the meta-analyses were those that examined the
association between driving behaviors and cognition. Within the domain of cognition, speed of
processing/attention, executive function, and dementia status were the most commonly
examined sub-domains. Memory, situational awareness, and everyday cognition were less
commonly examined. Overall, studies that included measures of visual function tended to use
VA most frequently, followed by CS. In terms of physical function, there was a trend towards
using complex lower limb function (e.g., balance and gait); however, there were also studies
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that examined static strength and range of motion measures. On-road driving performance was
the most commonly examined outcome in this meta-analysis.

Several originally proposed questions were not able to be addressed using the more
conservative cutoff of 10 or more studies. While there is support for conducting analyses with
fewer studies (Valentine et al., 2010), results from analyses with fewer articles should be
interpreted with caution. The research team did not conduct any analyses if there were fewer
than five studies.

On-road driving performance was the only driving outcome examined across all predictors
(cognitive, vision, physical). From the largest to the smallest effect size, on-road driving
performance was associated with dementia status (cognitive sub-domain; correlation = .31),
overall cognition (correlation = .26), speed of processing/attention (cognitive sub-domain;
correlation = .24), vision (correlation = .18), and physical function (correlation = .15).

Cognition was the only predictor that spanned several driving outcomes and was associated
with on-road driving performance (correlation = .26), simulated driving performance
(correlation =. 24), and crashes (correlation = .03). The somewhat weaker associations with the
latter driving outcomes may be driven by the smaller number of eligible studies for this
analysis. It is also possible that the smaller associations were partly driven by publication bias,
as there was greater evidence of bias for both simulated driving performance and crashes but
not on-road driving performance.

When examining sub-domains within cognition, associations tended to be stronger for higher
order domains (e.g., executive function and dementia status) and on-road driving performance
compared to lower order cognitive domains (e.g., speed of processing/attention). Importantly,
lower order cognitive domains typically support higher order domains. Furthermore, based on
the results of the moderator analyses, the magnitude of the association between cognition was
largely unaffected by sample characteristics, specifically the percent of women, the average
sample age, and whether the recruited sample was intended to generalize to a larger population.

A more detailed description of meta-analysis procedures and results is presented in Appendix
B, including all predictor and outcome variable definitions and measures, at the domain and
subdomains levels, as sourced from each individual article included in the meta-analysis.
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Test Batteries

Several test batteries incorporating several domains of cognitive function have been developed,
with the goal of predicting older driver safety. Because they yield composite scores, it is difficult
to associate safety or performance differences with any particular indicator of functional status.
Therefore, research involving these batteries is considered separately from the preceding
discussion of univariate relationships. One of the most frequently used batteries in older-driver
safety research is the MMSE. The MMSE is a 30-point test used in clinical practice as a
screening tool for possible cognitive impairment/dementia. The MMSE includes several
domains: orientation to time, orientation to place, three-word registration, attention and
calculation, three-word recall, language, and visual construction. Some criticisms of the MMSE
are that it was not originally designed to assess driving safety, and it may not be as sensitive as
other measures in detecting cognitive impairment. The MMSE also has demonstrated ceiling
effects in which most older adults score in the higher range.

In this review, 23 articles were identified that examined MMSE as a predictor of driving safety
and/or performance. In terms of safety, three longitudinal studies did not find an association
between MMSE and future crash involvement (Lesikar et al., 2002; Margolis et al., 2002,
Rozzini et al., 2013), though one large longitudinal study found worse MMSE performance to be
associated with future crash involvement in 1,995 older adults (Huisingh et al., 2018). In terms
of driving performance, evidence was mixed: nine studies reported a significant association
between worse MMSE score and driving performance, while 10 did not. Two of the studies
examining the MMSE and driving performance noted that while the test was significantly
associated with driving performance, its accuracy to predict passing or failing an on-road test
was poor (Crizzle et al., 2012; Ferreira et al., 2012). Longitudinal studies generally did not find
significant associations between baseline MMSE score and driving performance (West et al.,
2010) or crashes (Huisingh et al., 2018; Lesikar et al., 2002; Margolis et al., 2002; Rozzini et al.,
2013). One longitudinal study, however, found that MMSE decline, measured as a decrease of
one point or more on the MMSE over 1 year, was associated with a higher risk of at-fault crash
involvement across 3 years (Huisingh et al., 2018). The authors note that while MMSE
performance assessed at one time may not be a good predictor of driving safety, substantial
declines in MMSE over time may indicate greater crash risk. Overall, the current review did not
find strong evidence for the use of MMSE as a predictor of driving performance or safety.

Other test batteries of cognitive impairment used to predict driving safety and performance in
older adults include the MoCA and the CDT that is a subtest of the MoCA. Four out of six
studies did not find a significant association between the MoCA and driving safety or
performance, and six out of 10 studies did not find a significant association between CDT and
driving safety or performance. Both articles that found a significant association between poor
MoCA performance and driving performance found that participants who scored below 26 on the
MoCA were more likely to have worse on-road driving performance (Kandasamy et al., 2019;
Vaucher, Herzig, et al., 2014). In comparison, three of the four studies that found no association
between MoCA and driving used continuous MoCA scores to predict driving (Bieri et al., 2014;
Cuenen et al., 2019; Koppel et al., 2017). Though MoCA performance may not be a strong
predictor of driving safety and performance, cut-off values indicating possible cognitive
impairment may be more predictive than continuous scores.

Another test battery that combines measures across functional domains is the Assessment of
Driving-Related Skills developed by the American Medical Association in cooperation with
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NHTSA. This battery gives healthcare providers an indicator of their patients’ crash risk through
tests of vision, cognition, and physical function. This review identified two articles that assessed
the relationship between ADReS measures and driving safety. One study found no association
with ADReS and crashes in the past 2 years (Woolnough et al., 2013). Another study found that
while the ADReS identified 100% of people who were scored as unsafe on an on-road test, it
also identified 32% of the sample as being unsafe even though they passed the road test
(McCarthy et al., 2009). While there is little evidence that the ADRes predicts driving safety or
performance among older adults, only two studies were identified that met the review inclusion
criteria.

Validity of Driving Ability Measures

While some research aims to identify functional tests that can predict driving safety and
performance, another avenue of research is identifying measures of driving performance that can
predict driving safety. The ultimate goal of driving safety research is to prevent crashes, but
crashes are rare events that cannot always be captured in research studies. Research has therefore
used a number of driving measures as indicators of driving safety and performance, including
on-road assessments, driving simulators, and self- or proxy-reported driving safety/performance.
While there were no specific search strings designed to capture articles examining the validity of
driving safety assessments for older drivers, the literature search identified 11 articles that aimed
to define the validity of proxy measures of driving safety/performance.

On-road driving evaluations carried out by a professional such as a driving instructor or an
occupational therapist—ideally, a CDRS—are considered the “gold standard” of driving risk
assessment for older adults (Dickerson et al., 2014; Koppel et al., 2016). Such on-road
assessments involve an older adult driving either on a closed course, a standardized route in real
traffic conditions, or a route chosen by the older driver to reach a destination specified by the
driving evaluator. On-road assessments can be scored based on number of errors or a holistic
rating by the professional, such as safe or unsafe. Only two studies examined the predictive
validity of older drivers’ on-road assessments for crashes. A small study of 56 older drivers in
New Zealand aimed to determine the validity of an on-road assessment for predicting State-
reported crashes across 2 years, but no State-reported crashes occurred in the 2-year follow-up
period (Hoggarth et al., 2013). The on-road assessment also failed to predict self-reported
crashes or traffic offenses across the 2-year interval. Another study examined the validity of an
on-road assessment in predicting crashes in a sample of 488 older Australian drivers (Anstey et
al., 2009). In this study, the on-road assessment did not significantly predict either self-reported
or State-reported crashes across 12 months. Both studies recruited healthy participants from the
community, so it is possible that performance on on-road assessments is only predictive of future
crashes among people with an elevated crash risk due to functional decline. However, the review
only identified two articles that reported the validity of on-road assessments for predicting older-
driver crashes in healthy samples, so it is difficult to make conclusions about whether on-road
assessments indeed represent a gold standard of driving risk assessment.

Driving simulators are another method used to assess older driver performance and predict older
adults’ driving safety in real-world conditions. Driving simulators involve a computer-generated
display showing a dynamic traffic situation to which research participants must respond using
traditional brake, accelerator, and steering wheel controls. Driving simulators provide varying
levels of ‘realism,” conceptualized as low-fidelity or high-fidelity simulators. Cheaper and less
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time-consuming than on-road assessments, driving simulators are also safer than on-road studies
because there is no risk of crashes. For this reason, simulators can expose drivers to more
challenging traffic conditions than on-road assessments, such as heavy rain or nighttime driving.

The review identified one study that attempted to establish the validity of a simulator assessment
for older drivers (Eramudugolla et al., 2016). The study, conducted in Australia, found a
moderate correlation between simulator errors and occupational therapist-rated driving safety
scores. However, simulator performance, simulator sickness, and age only explained about 28%
of the variance in on-road driving safety scores. While the simulator assessment did have
acceptable sensitivity and specificity, one difficulty highlighted in this study was simulator
sickness, or feelings of discomfort associated with driving in a simulator. Simulator sickness (or
“simulator adaptation syndrome”) is a common issue in driving simulator studies that causes
participants to be unable to complete parts or all of a study. This problem may be exacerbated
among older people, leading to a concern that older adults who are worse drivers will drop out of
simulator studies and skew results. However, one small study identified in the review found that
older adults who dropped out of studies due to simulator sickness had significantly better on-road
driving performance than older adults who completed the studies (Mullen et al., 2010).

Another proxy measure for driving safety involves ratings by older adults of their driving
performance and driving difficulties. The validity of a self-reported measure of driving depends
on the type of assessment and the identity of the rater. Older adults, and people in general, are
not very accurate when reporting their own driving performance, as evidenced by one study
identified in the review that asked older adults to rate their driving compared to others their age:
drivers who considered themselves better than others their age were more likely to have worse
simulator performance than drivers who rated themselves similar or worse than others their age
(Freund et al., 2005). In fact, in this study, only one out of 47 drivers rated themselves as worse
than others their age. A more detailed self-screening instrument focused on health conditions and
their impact on specific measures of driving safety found small to moderate correlations between
the self-screening results and on-road driving performance (Molnar et al., 2010).

Some research suggests that proxy raters such as caregivers and clinicians may be more accurate
than older adults’ own self-ratings of driving performance. One such screening instrument
identified in this review is the Fitness-to-Drive Screening Measure, a web-based screening
instrument for proxy raters, who rate the older driver on their performance on a set of specific
driving behaviors. An evaluation of the measure found that while drivers’ own ratings were not
predictive of their performance in an on-road test, caregivers’ ratings were (Classen et al., 2015).

While some studies obtain official crash records from State authorities to obtain objective
measures of driving safety, other studies ask participants to self-report their own crash
involvement. On the one hand, there may be State-reported crashes that are not reported by older
adults because they either forget the crash or do not wish to admit crash involvement to
researchers. On the other hand, there may be more crashes reported by participants than in
official State records because not all crashes are reported to the State, such as crashes in which
the police are not called to the scene or where there is no bodily injury. Two of the reviewed
studies examined the agreement between older drivers’ self-reports of crashes and State-reported
crashes. One study found high agreement between older drivers’ self-reports of crashes and State
reports of crashes in a sample of 1,747 Alabama drivers 70 to 96 years old (Singletary et al.,
2017). Over 3 years, there were 208 crashes reported among participants, whereas 225 crashes
were recorded in State crash records. Another study found low agreement between older drivers’
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self-reports of crashes and State reports in a sample of 488 Australian drivers 69 to 95 (Anstey et
al., 2009). In this study, participants reported 47 crashes over 1 year, whereas there were only
three official crash records during the same period. Importantly, the authors report that
participants who did not consent to having their official crash records released had higher self-
reported crashes than people who consented. The prevalence of State-reported crashes in the
sample may therefore be biased toward people with fewer State-reported crashes.

The low prevalence of crashes in the study by Anstey et al. (2009) is echoed in other studies that
include both self- and State-reported crash outcomes. In a small New Zealand study of 56
healthy older adults, there were five self-reported crashes and no State-reported crashes across 2
years (Hoggarth et al., 2013). These findings highlight another challenge with using crashes as
an outcome: crashes, particularly State-reported crashes, are rare in typical samples. However,
because only two studies examined the correspondence between self-reported and State-reported
crashes and the studies were conducted in different countries with potentially different reporting
guidelines, the evidence remains inconclusive. Self-reported and State-reported crashes may be
considered complementary measures that can provide a fuller picture of older driver safety.

State Driver Licensing Policies in North America to Detect Drivers Who Are Unfit
to Drive

Moving from research settings to real-world settings, one of the goals of State licensing agencies
is to detect drivers who are unfit to drive. State licensing agencies use different tools to detect
these drivers, including the length of time between license renewals, requiring in-person
renewals, and age-based testing at renewal. The length of time between renewals varies widely
within the United States. As of 2019 renewal cycle length in the United States ranged from 1
year to 12 years (Graham et al., 2020). In some States, length of renewal cycle becomes shorter
for older drivers. For example, Illinois’ 4-year renewal cycle is reduced to 2 years for drivers 81
to 86 and to 1 year for drivers 87 and older.

States also have different policies regarding whether licenses must be renewed at a licensing
center or whether they can be renewed online or via mail. One of the reasons for a State to
require in-person license renewal is to provide license center counter staff with the opportunity
for trained observers to flag potentially unsafe applicants. As of 2019 there were 45 States in the
United States required in-person renewal for older drivers (Graham et al., 2020). Another reason
to require in-person license renewal is to conduct screening tests for driver safety. Screening
tests specific to older drivers are referred to as ABT. The most common ABT requirement is
passing a vision test that measures VA and, sometimes, horizontal visual field. While some
States mandate that vision testing is conducted at licensing centers at renewal, other States allow
older adults to complete vision testing at doctors’ offices and provide certificates reporting they
passed the test. A much less common version of ABT is a road test administered at a licensing
office. Only Illinois requires older drivers to pass road tests to renew their licenses; this
requirement begins at age 75 according to the Office of the Illinois Secretary of State and is
coupled with a decreasing interval between renewals (2 years) for those 81 to 86, with a further
reduction to a 1-year renewal cycle for those 87 and older.

This section of Chapter 3 includes articles examining the impact of such licensing policies on
driver safety in the United States and Canada; articles with data from other countries were
excluded. The following search string was used to find articles related to DMV practices: older*
AND driv* AND licens*. The search string was applied across four databases, yielding 1,421
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total search results. Out of the total search results, 1,135 were ineligible based on title and
abstract, and 242 were duplicates of another search, leaving 44 articles to be fully reviewed. Six
were review articles. The most common reason for not including an article was that it did not
publish results for a sample of people 65 and older. Four articles were eligible but only one was
relevant to the topic. Six additional articles were identified from other search strings, leading to
seven eligible articles for the topic of State driver licensing policies. Four articles used data from
FARS, two articles used State crash records, and one article used crash-related hospitalizations
as safety outcomes. The crash data reported in the reviewed studies includes data from as far
back as 1985 to as recent as 2009. All but one study used retrospective analysis of historic crash
records to explore the association between license renewal policies and older-driver crashes.

Although some States have renewal requirements based on vision, observational research
(reviewed earlier in this chapter) has failed to find associations between VA and crashes among
older drivers. A longitudinal study of license renewal policies in 46 showed that States from
1986 to 2011 found that an in-person renewal requirement was associated with fewer fatalities
only among drivers 85 and older (Tefft, 2014). When in-person renewal was not required,
requiring results of a vision test from a healthcare provider at mail or online renewal was
associated with fewer fatalities for drivers 85 and older. However, when in-person renewal was
required, additional testing at renewal, whether a vision test, knowledge test, or on-road test, was
not associated with fewer fatalities. These study results suggest that requiring older adults to
renew their license in-person may be more relevant to preventing crashes than requiring specific
age-based testing at renewal.

Another study of fatal crashes in the United States from 1990 to 2000 found that vision testing
and road testing at renewal were not significantly associated with fatalities (Grabowski et al.,
2004). The only licensing policy associated with fatalities among older drivers was, again,
whether a State had in-person renewal requirements. The association between requiring in-
person renewal and fewer crashes is supported by an additional study that found that requiring
in-person renewal for older drivers was significantly associated with fewer daytime fatalities,
though only for drivers 85 and older (Morrisey & Grabowski, 2005). However, studies have not
found consistent evidence of fewer crashes in States with shorter overall renewal cycles
(Grabowski et al., 2004; Morrisey & Grabowski, 2005; Tefft, 2014). One study found that longer
in-person renewal cycles were associated with higher rates of crashes for drivers 70 and older
(Sharp & Johnson, 2005), though another study found that, after controlling for hospitalization
rates of drivers 55 to 59, in-person renewal was not significantly associated with crash-related
hospitalization for drivers 65 and older (Agimi et al., 2018).

Four studies found no significant effects of requiring a road test at renewal on crashes (Sharp &
Johnson, 2005) or fatal crashes (Grabowski et al., 2004; Morrisey & Grabowski, 2005; Tefft,
2014). One study did find requiring a road test at renewal was significantly associated with a
greater likelihood of crash-related hospitalizations among older drivers 85 and older but was not
associated with crash-related hospitalizations for younger drivers, after controlling for the
hospitalization rate of drivers 55 to 59 (Agimi et al., 2018). However, the incident rate ratio was
small: drivers 85 and older who lived in a State that required a road test at renewal had 1.01
times the rate of crash-related hospitalizations compared to drivers 85 and older who lived in a
State that did not require a road test at renewal. The authors note that only two States required a
road test during the study period, and as noted above only Illinois currently requires a road test
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for license renewal for older adults. There is currently not enough evidence to draw conclusions
about the safety benefits of road testing at renewal for older driver safety.

Two studies identified in the review examined the impact of a change in a single State’s
licensing law. McGwin et al. (2008) examined crash fatalities before and after implementation of
a Florida State law requiring drivers 80 and older to submit a vision test before renewing their
license (previously, only people applying in-person had to take a vision test). While the crash
fatality rates among all Florida drivers increased pre-post law, and fatality rates in neighboring
States for drivers 80 and older did not increase, fatality rates among drivers 80 and older in
Florida decreased. The authors concluded that the addition of a vision test requirement for
drivers who did not apply for license renewal in-person led to reduced fatalities.

Camp (2013) examined a pilot program in California conducted in 2007 that involved
administering a 3-tier assessment system to drivers 70 and older at the time of license renewal.
The first tier consisted of screening for impairment in cognition, physical function, and/or vision.
The second tier added a written rules-of-the-road test and a perceptual response test. The third
tier added a standardized road test. Each tier also included educational materials associated with
each of the measures. The authors compared crashes among drivers 70 and older before and after
implementation of the program and in other regions in California without the program during the
same time period. The authors found no significant differences in time to first crash for drivers in
the pilot program compared to baseline or drivers in nearby regions.

Evidence from the seven reviewed articles provides limited support for an association between
license renewal policy and older-driver crash risk in the United States. One limitation of the
reviewed studies is that all but one were retrospective analyses of historic crash records. While
studies can control for possible factors related to older-driver crash risk, it is impossible to
determine with retrospective studies whether any changes in older-driver crash rates are directly
caused by changes in license renewal policy. Camp (2013) noted that the California license
renewal policy provides stronger evidence than retrospective studies as it used quasi-random
assignment to prospectively examine State-reported crash risk before and after participation in a
pilot license renewal program. However, the study did not find differences in crash risk between
drivers who participated in the program and drivers who did not. Another methodological
difference in licensing studies relates to the way crashes are defined. Most of the studies looked
at fatal crashes or State-reported crashes as outcomes of license renewal policy. As reviewed
earlier, State-reported crashes are rare in healthy samples, and fatal crashes are even rarer. It is
possible that license renewal policies may be related to a reduction in less severe crashes among
older drivers that is not captured in the reviewed studies. Among all licensing renewal policies,
the reviewed studies suggest that requiring older drivers to renew their license in-person may be
the most salient predictor of fatal crashes and State-reported crashes among older drivers.

Managing Older-Driver Crash Risk

Assessments and interventions by clinicians offer another avenue for managing older drivers’
crash risk. Preserving older people’s ability to drive safely is within the scope of services
provided by doctors, nurses, occupational therapists, and other healthcare professionals (Staplin
et al., 2017). Supported by NHTSA, the American Geriatrics Society published Clinician’s
Guide to Assessing and Counseling Older Drivers, 4th edition (Pomidor et al., 2019). This guide
specifies the roles of different types of clinicians in assessing older drivers. Primary care
providers, such as physicians and nurse practitioners, perform medical evaluations to diagnose
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medical conditions. If the patient is diagnosed with a medical condition that may affect their
ability to drive safely, the primary care provider can discuss the potential impact the medical
condition has on driving, recommend treatment for the medical condition, and/or refer the patient
for a comprehensive driving evaluation. Occupational therapists provide assessment and
intervention for functional impairments to support older adults’ driving mobility. Some
healthcare professionals, called driver rehabilitation specialists, specialize in assessing older
drivers’ fitness-to-drive. Other members of the clinical team perform important roles in assessing
and managing older driver safety risk, including nurses, pharmacists, and social workers.

The purpose of this section was to review studies on clinical examination and counseling for
fitness to drive by clinicians, comprehensive driving evaluation by DRS, and their association
with driving safety and performance in the United States and Canada. Articles using data from
other countries were excluded. Search strings for this topic were “older®” AND “driv*” AND
one of the following: “occupational therapist,” “clinic*,” “physician*,” “evaluation,” or
“practitioner.” There were 4,949 search results, 3,929 of which were deemed ineligible based on
title and abstract and 902 of which were duplicates of a previous search, leaving 118 to be fully
reviewed. After excluding articles that were ineligible for other reasons (73) and review articles
(26), only one article relevant to this topic was identified (Agimi et al., 2018); it is discussed
below under clinical examination and counseling.

Clinical Examination and Counseling for Fitness to Drive

The American Medical Association believes that physicians are in important positions to address
older driver safety. Physician’s interactions with older drivers can occur within or outside of a
licensing context. As of 2019 all 50 States allow physicians to voluntarily report medically at-
risk drivers, though only six States mandate such reporting (Graham et al., 2020). Medical-
fitness-to-drive evaluation protocols are implemented through medical advisory boards in a
majority of States (Lococo & Staplin, 2005); however, variations from State to State make it
difficult to compare States. A review of all-inclusive physician reporting forms in 2008 found
that no two States had the same medical evaluation form (Meuser et al., 2012). For example,
only five States used forms that prompt physicians to obtain the patient driving histories, and 27
States’ forms prompt physicians to provide license restriction recommendations. Another
challenge of physician reporting is a lack of training: physicians report that they do not feel as
though they have adequate training and/or knowledge to make fitness-to-drive assessments (Jang
et al., 2007; Meuser et al., 20006).

Only one eligible study was identified in the review that looked at the association between
physician reporting and driver safety. The study examined the risk of crash-related
hospitalizations in all drivers 65 and older involved in a crash in 37 States from 2004 to 2009
(Agimi et al., 2018). The authors found that there was no difference in crash-related
hospitalization based on whether the driver lived in a State with mandated physician reporting to
license authorities, nor by whether the driver lived in a State with protected physician reporting.
Though there is great emphasis placed on clinician assessment of older driver safety, there were
no studies that examined how clinician assessments are related to driving performance or how
clinician counseling is related to future driving safety that met the inclusion criteria for the
review.
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Comprehensive Driving Evaluation by a (C)DRS

DRS are another type of professional that interacts with older drivers. A DRS is usually, but not
exclusively, an occupational therapist that is qualified to carry out a comprehensive driving
evaluation and provide counseling and training services to maintain and enhance mobility for
older drivers. A DRS provides a clinical assessment of older drivers, including a review of
driving history; in-clinic cognitive, physical, and visual assessments; and a comprehensive on-
road driving evaluation (Dickerson, 2013). Based on assessment results, the DRS provides
recommendations to older drivers about potential interventions to reduce driving risk, including
vehicle modifications and/or driving instruction. In many States, DRSs also provide similar
information to the licensing authority.

The current review did not identify any qualifying articles that examined the validity of DRS
assessments for driving safety or performance, though many of the physical, visual, and
cognitive status measures reviewed earlier as predictors of driving safety or performance are
used by a DRS when assessing medical (functional) fitness to drive. The review did identify
three additional systematic reviews that examined interventions that are within the scope of
occupational therapy but not necessarily provided by occupational therapists (Golisz, 2014;
Justiss, 2013; Unsworth & Baker, 2014). For example, Unsworth and Baker (2014) conclude that
there is evidence that skill training, simulator training, and education-based approaches, which
can be used by occupational therapists, improve on-road performance among drivers of all ages.

Summary

Research over the past two decades has examined diverse techniques and procedures for
identifying risk factors among older drivers that can diminish performance and increase their
likelihood of crash involvement. Epidemiological studies have focused largely on the extent to
which measures of functional status can predict safety and performance outcomes. These include
measures of vision, cognition, and physical function. Cognitive status—particularly subdomains
of cognition including attention, speed of processing, and executive function—has been shown in
both retrospective and prospective analyses, and in the meta-analysis conducted here, to be the
strongest predictor of safety and performance outcomes, although researchers have also found
evidence that visual sensory impairments and a loss of lower limb strength and mobility are
significantly associated with increased risk. Test batteries incorporating several (cognitive)
measures, and sometimes several functional domains, have shown some promise in identifying
older drivers scored as unsafe on road tests and have been promoted in guidelines to clinicians
and healthcare providers as useful resources for counseling their older patients on issues relating
to aging and driving. There are questions about the validity of older driver safety indices other
than crashes; yet performance on a comprehensive driving evaluation by a (certified) driver
rehabilitation specialist is widely regarded as the ‘gold standard’ for risk assessment. Self-reports
of driving difficulties are likely to be not as reliable as those provided by family members or
caregivers. Among the various approaches used by State driver license agencies to detect people
who are medically/functionally unfit to drive, the strongest evidence for a safety benefit is
associated with a requirement for in-person renewal by older drivers; the introduction of vision
tests and shorter renewal cycles with advancing age are additional policies adopted by several
States, though differences exist across jurisdictions regarding what age such practices are
implemented.
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Chapter 4: Medical Conditions, Medications, and Other Health
Considerations

In general, the prevalence of medical conditions increases with age. Certain medical conditions
that are more common among older adults, as well as the medications used to treat these
conditions, can affect the ability to drive safely through effects on cognition, vision, and physical
function. Lococo et al. (2018) prepared a review of peer-reviewed articles and other technical
reports published between 2000 and 2011 relevant to medical fitness to drive, with special
emphasis on older drivers. This section summarizes the Lococo et al. (2018) review, referred
throughout Chapter 4 as “the 2018 review,” and notes any new peer-reviewed or agency-
reviewed papers identified in the current search that examined driving safety or performance,
medical conditions, and medications among drivers 65 or older.

The search terms for Chapter 4 were a combination of “older*” and “driv*” and one of the
following terms: fitness, medical*, medication*, health, physical*, and polypharm*. Out of 7,379
search results, 6,777 were excluded based on title and abstract, 365 were duplicates of another
search, and 237 were sent to full review. An additional article was identified from a literature
review, leading to 238 articles being fully reviewed for eligibility. At this step, 173 were
excluded. The most common reason an article was excluded was that it did not report results for
a sample of people 65 and older (101 articles). The next most common reason was that it did not
report a safety or performance outcome (37 articles). Twenty-six eligible articles were identified
from the full article review, and six additional articles were pulled from other chapters that were
originally excluded during full abstract review. In total 32 articles were eligible and included
here. The articles in Chapter 4 were not restricted by country.

Arthritis

Arthritis refers to the swelling of the joints, associated with more than 100 conditions and
characterized by joint pain, stiffness, and other symptoms. Specific types of arthritis common
among older adults include osteoarthritis, rheumatoid arthritis, fibromyalgia, and gout.
Osteoarthritis is the most common type of arthritis among older adults. Osteoarthritis is
characterized by the breakdown of cartilage over time; symptoms of osteoarthritis include pain,
stiffness, and swelling at the feet, hands, knees, and other joint areas. Rheumatoid arthritis is
caused by the immune system attacking the joints, resulting in inflammation, swelling, and
potential joint damage. From 2013 to 2015, an estimated 54 million adults in the United States
had some form of arthritis diagnosed by a doctor (Barbour et al., 2017).

Though arthritis can occur at any age, the majority of adults with arthritis are over the age of 65,
and almost half of adults 65 and older, or 22 million people, have arthritis. Arthritis is also more
prevalent among women than men. A large study of drivers hospitalized after a crash in New
South Wales, Australia from 2003 to 2012 reported an incidence rate of 11.8 hospitalized car
drivers 70 and older with arthritis per 10,000 licensed drivers; this rate was much higher than the
rate for drivers 50 to 59 (Mitchell et al., 2020). These rates provide an estimate of the number of
drivers 70 and older hospitalized because of a crash that have the specific medical condition, but
the rates do not account for the number of drivers with the specific condition not involved in a
crash that required hospitalization.

As described in Lococo et al. (2018) pain and stiffness in the joints associated with arthritis can
affect several abilities needed for safe driving, including turning the steering wheel and using the
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pedals. The 2018 review identified one study that examined the driving performance of older
drivers with arthritis. This study by Zhang et al. (2007) found that reporting pain in the feet, hips,
or legs, or receiving current treatment for arthritis was associated with slower brake reaction
speed. The current review identified one additional study of driving performance and arthritis.
This large naturalistic driving study of 980 older drivers did not find an association between a
history of arthritis and lane-change failures (Munro et al., 2010).

The 2018 review cites three studies examining arthritis and crashes, one of which is also
included in the present review (McGwin et al., 2000). In this study, arthritis history was
significantly associated with being a driver in a police-reported at-fault crash in the past 5 years,
but only among female drivers. However, a study of female older drivers also included in the
present review did not find osteoarthritis history to predict future police-reported crashes
regardless of fault across 7 years (Margolis et al., 2002). Both studies adjusted for age and
driving mileage, both were large studies, and prevalence of arthritis in both studies ranged from
43 to 59%. However, Margolis et al. (2002) specifically asked participants if they had been
diagnosed with osteoarthritis, while McGwin et al. (2000) asked about general arthritis.
Therefore, it is possible that the association between crashes and arthritis in the study by
McGwin et al. (2000) was driven by people with other forms of arthritis such as rheumatoid
arthritis. Discrepancies in findings between the two studies may also be attributed to how crashes
were assessed. While both studies asked participants if they had ever been told by a healthcare
professional that they had arthritis, McGwin et al. (2000) assessed whether prior arthritis
diagnosis was associated with crash involvement in the 5 years prior to the study. Because the
date of arthritis diagnosis was not assessed, it is possible that some drivers crashed prior to
arthritis diagnosis. In comparison, Margolis et al. (2002) assessed crash risk for 7 years
following the study. This prospective assessment of crash risk provides stronger evidence for an
association between arthritis and crash risk.

Overall, the present review does not find strong evidence of impaired driving performance and
safety associated with a diagnosis of arthritis among older adults. Only three studies were
identified in the present review, and two large prospective studies did not find an association
between a history of arthritis and driving performance or safety. However, the three reviewed
studies do not provide information on arthritis symptoms or severity. Therefore, it is possible that
participants in the reviewed studies had mild arthritis that did not interfere with their driving. It is
also possible that medications participants took to manage arthritis, such as steroids, narcotics,
and non-steroidal anti-inflammatory drugs, may partly explain the relationship observed in one
study between arthritis and driving safety and performance, as these medications have potentially
driver impairing effects.

Diabetes

Diabetes mellitus, or diabetes, refers to a group of diseases that affect blood glucose levels. Type
I and Type II diabetes are the most common types of diabetes among older adults in the United
States. Type I diabetes is a chronic autoimmune condition in which the pancreas does not make
enough insulin and is commonly diagnosed in childhood or adolescence. Type II diabetes is
characterized by insulin resistance in the body and is more commonly diagnosed in people older
than 40. Between 2013 and 2016, an estimated 13% of adults in the United States had diabetes
(Centers for Disease Control and Prevention, 2020). Both Type I and Type II diabetes can
develop at any age, though the prevalence of diabetes was much higher among people 65 and
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older (27%) than among people between 18 and 44 (4%). Mitchell et al. (2020) reported that
18.1 drivers 70 and older with diabetes were hospitalized after a crash per 10,000 total licensed
drivers, three times the rate for hospitalized drivers 50 to 59 and higher than the rates for arthritis
and dementia.

As described in the 2018 review, both acute events and chronic complications related to diabetes
can affect driving. Hypoglycemia is an acute condition in which blood glucose levels are lower
than normal and may be triggered by certain medications used to manage diabetes. Several
symptoms of hypoglycemia may be potentially driver-impairing, including impaired cognitive
function, double or blurry vision, fainting, and seizures. Hypoglycemia can be treated by
consuming sugar, though medical attention may be required for severe hypoglycemia. Chronic
complications of uncontrolled diabetes may also affect safe driving performance. Diabetes
increases the risk of nerve damage or neuropathy, particularly in the legs, which can affect the
driver’s ability to operate a vehicle, and eye damage or retinopathy, which can lead to
decrements in VA and peripheral vision. People with diabetes are also more likely to develop
cataracts and open-angle glaucoma, both of which can impair driving performance.

None of the studies examined driving performance and diabetes. The 2018 review cited several
studies of diabetes diagnosis and driving performance and safety that were excluded from the
present review because they included drivers of all ages. The 2018 review concluded that
simulator performance of drivers with Type II diabetes is worse than that of drivers without
diabetes, especially in a state of hypoglycemia. Some evidence suggests that drivers with Type I
diabetes do not have impaired driving performance compared to drivers without diabetes even in
cases of hypoglycemia. However, some evidence suggests that drivers with Type I diabetes with
a history of hypoglycemic incidents while driving may have impaired driving performance.
These conclusions from the 2018 review are based on studies that included people under 65, so it
is unclear whether the findings would apply to older drivers with diabetes.

While some studies reviewed in Lococo et al. (2018) found evidence of higher crash risk for
drivers with diabetes, most studies did not. The present review also did not find evidence for an
association between self-reported diabetes and prior (Lafont et al., 2008; McGwin et al., 2000) or
future crash involvement (Margolis et al., 2000) among older drivers, with and without
adjustment for driving mileage. A large insurance claims database study of adults with Type 11
diabetes did not find a difference in crash risk between older drivers with and without a history
of hypoglycemia requiring medical care, though the study may have been limited by the small
number of people who crashed (Signorovitch et al., 2013). The crash risk of people under 65
with Type II diabetes with a hypoglycemic history was significant, consistent with the findings
of the 2018 review.

As stated earlier, antidiabetic medication may cause hypoglycemia that can impair driving
performance. Three studies in the present review examined antidiabetic medication and crash
risk among older drivers. A case-crossover study did not find insulin or use of an anti-
hyperglycemic drug 14 days prior to a crash to be related to crash risk after adjusting for total
number of medications (Rudisill, Zhu, Davidov, et al., 2016). A study of self-reported oral
hyperglycemic prescription also found no association with crash risk (McGwin et al., 2000).
Hemmelgarn et al. (2006), on the other hand, found evidence for an association between certain
antidiabetic medications and crash risk. In their study, insulin use and a combination of two oral
hypoglycemics (but not either medication alone) were associated with a small increase in crash
risk for older drivers. The 2018 review cites a case-control study of physician-patient visits and
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an insurance database of people 50 and older that examined the crash risk associated with
medications (LeRoy & Morse, 2008). The case-control study found significantly higher odds of a
crash for people taking insulin (OR = 1.80) and for several hypoglycemics (ORs 1.35 to 1.49).

Overall, the present review did not find strong evidence for an association between diabetes and
driving safety among older drivers. Antidiabetic medications and hypoglycemia resulting from
these medications may impair driving safety, though their effects may be more pronounced in
drivers under 65. It is possible that older drivers with diabetes have more time to learn to adapt
their driving in response to their diagnosis. Further, it is possible that some effects of diabetes on
older drivers stem from complications of diabetes specific to older adults, such as cognitive
dysfunction and vision impairment (Kirkman et al., 2012). However, no eligible studies were
identified in the present review that examined the driving safety and performance effects of
specific diabetic complications.

Dementia and Mild Cognitive Impairment

Dementia is a general term referring to impaired cognitive ability that interferes with daily
functioning. AD is the most common type of dementia in the United States, though several other
types of dementia with varying symptomology exist, including vascular dementia,
frontotemporal dementia, and dementia with Lewy bodies. In 2019 about six million people in
the United States had AD, 81% of whom were 75 or older (Alzheimer’s Association, 2019). The
prevalence of AD increases with age: an estimated 10% of people 65 and older and 32% of
people 85 and older have AD. A higher percentage of people with AD are female, likely due to
females’ higher life expectancy. Mitchell et al. (2020) report a crash-related hospitalization rate
of 3.6 drivers 70 and older with AD per 10,000 licensed drivers, higher than the rate for
hospitalized drivers 50 to 59 but lower than rates for other medical conditions.

As reviewed by Lococo et al. (2018), a variety of dementia symptoms can affect driving.
Memory impairment is a prominent early symptom of dementia and can impact driving
performance and safety, particularly when there are changes in familiar environments. Apraxia is
another symptom of AD and refers to a deterioration of the ability to execute skilled movements.
Drivers with dementia experiencing apraxia may have difficulty using vehicle controls such as
the steering wheel and pedals. Drivers with AD may also experience impaired judgment and
impulsivity that can impact the ability to determine when it is safe to turn across an intersection
or make a lane change.

The 2018 review identified impaired driving performance in drivers with AD compared to
drivers without AD. The present review identified three additional articles that examined AD and
driving performance. Consistent with the 2018 review, new articles from the present review
found that drivers with AD had worse naturalistic driving performance (Paire-Ficout et al., 2018)
and driving simulator performance (Etienne et al., 2013) compared to drivers without AD.

The present review identified two studies that examined crash risk of older drivers with AD. A
large study of electronic health records found that drivers with AD and similar dementias had
significantly lower police-reported crash risk compared to drivers without AD and similar
dementias (Fraade-Blanar et al., 2018). In contrast, a 2-year study of 1,649 older people found
that drivers diagnosed with dementia at follow-up were three times more likely to self-report a
crash in the 5 years prior to study baseline compared to drivers without dementia (Lafont et al.,
2008). Unlike Fraade-Blanar et al. (2018) this study controlled for driving frequency. It is likely
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that the lower crash risk for drivers with dementia in the Fraade-Blanar et al. (2018) was partly
due to overall lower driving exposure among drivers with dementia. However, the study by
Lafont et al. (2008) was limited in that the measure of crashes was self-report and retrospective.
Drivers with dementia may have difficulty recalling crashes that occurred in the past 5 years,
which may partially explain the lack of a significant difference in crash risk based on dementia
diagnosis at baseline.

The role of driving exposure in the crash risk of drivers with dementia is supported by a study
cited in the 2018 review (Ott et al., 2008). The study examined the crash risk of 128 drivers 40 to
90 with and without early AD across 3 years (Ott et al., 2008). The study reported significantly
fewer crashes among drivers with AD compared to drivers without AD, but crash differences
disappeared after adjusting for driving mileage. However, the drivers with AD were still
significantly more likely to fail an on-road test 18 months from baseline assessment than drivers
without AD.

Only one study in the present review examined driving safety or performance of older drivers
with a dementia type other than Alzheimer’s disease. Yamin et al. (2015) examined older drivers
with DLB, a form of dementia with similar symptoms to Alzheimer’s disease and additional
symptoms such as sleep disturbances, hallucinations, and motor impairment. DLB accounts for
five to 10% of dementia cases in the United States, though it more commonly presents in
conjunction with AD pathology (Alzheimer’s Association, 2019). Yamin et al. (2015) compared
the driving simulator performance of 15 people diagnosed with mild DLB to 21 control drivers
without a DLB diagnosis. Drivers with DLB performed significantly worse than controls on all
measures of simulated driving performance.

MCl is a condition that sometimes but not always progresses to dementia. People with MCI may
exhibit changes in memory and/or cognitive performance that are often noticed first by friends
and family. While MCI can be an indicator of early AD, MCI can also be related to, for example,
a medication change and can be reversible. The Alzheimer’s Association (2019) estimates that
15 to 20% of people 65 and older have MCI.

The 2018 review included three studies of drivers with MCI that were excluded from the present
review because they were either not peer-reviewed or included drivers under 65. The studies
cited by the 2018 review found that the driving performance of drivers with MCI is worse than
drivers without MCI but better than drivers with AD. The present review identified two studies
that compared the driving performance of older drivers with and without MCI. The articles found
significantly worse simulator (Devlin et al., 2012) and on-road (Anstey et al., 2017) performance
among older drivers with MCI compared to older drivers without MCI.

However, differences between MCI and control drivers on simulators or on-road tests may not
have a meaningful impact on driving safety. Anstey et al. (2017) note that drivers with MCI only
scored an average of one point lower on an on-road test with a maximum score of 10, which may
not be a meaningful difference in safety. Though the average scores were lower for MCI drivers
than control drivers, scores for both groups varied widely, suggesting that a diagnosis of MCI
alone may not provide enough information to predict how well a person will perform on driving
performance. The drivers with MCI in the sample also had similar numbers of crashes in the past
5 years compared to control drivers. Devlin et al. (2012) only found significant differences in
simulator performance for one measure (number of brake applications) out of six examined, in
only one out of three driving scenarios.
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The findings of the present review echo the findings of the 2018 review showing that drivers
with dementia, on average, have worse driving performance than drivers without dementia.
However, as noted by some authors, a diagnosis of MCI or dementia may not be sufficient in
determining whether a driver is safe or not. People with MCI have varying levels of cognitive
ability, and dementia can range from very mild to severe. The 2018 review discusses some
studies finding that the driving performance of people with AD may differ depending on the
clinical dementia rating. However, none of the studies in the present review used clinical
dementia rating values to group participants or compared the driving performance or safety of
people with dementia of different severities.

The present review only identified one article that examined driving performance or safety
among older drivers with a dementia other than Alzheimer’s disease. Piersma et al. (2016)
conducted a comprehensive review of driving and different etiologies of dementia among drivers
of all. The authors note that the driving safety and performance among people with dementias
other than AD or with MCI is not well understood. One reason may be that MCI is an ambiguous
condition that may or may not progress to dementia and can be reversible. There are many
articles on the driving safety/performance of drivers with dementia or MCI, but these articles
typically include younger samples. In the present review, there were over 30 articles that would
have been eligible for the review on dementia/MCI that were excluded because they included a
sample under 65.

Parkinson’s Disease

Parkinson’s disease is a progressive neurological disorder characterized by motor dysfunction. In
2017, an estimated one million people in the United States had a diagnosis of PD (Yang et al.,
2020). The majority of people with PD are older than 65, and the prevalence of PD increases
with age. In 2017 an estimated 1% of people 65 to 74 and 2% of people 75 and older had PD. PD
is more prevalent in males than females.

People with PD experience motor symptoms including tremor, muscle rigidity, and slowed
movement. People with PD may also experience cognitive impairment, visual impairment, and
daytime sleepiness that may be exacerbated by medications used to treat PD. Motor and
cognitive symptoms of PD can affect the ability to drive safely. The 2018 review identified
impaired simulator and on-road driving performance of drivers with PD compared to drivers
without PD, especially while driving with distractions. Only one small study cited by Lococo et
al. (2018) compared the crash risk of drivers with PD and drivers without PD, including drivers
under 65 in age; there were no significant differences in crash risk between drivers with and
without PD.

The present review identified one article on driving safety and one article on driving
performance of older drivers with PD. Lafont et al. (2008) examined the association between PD
and self-reported crashes in the previous 5 years in a sample of 2,104 drivers in France. There
were no significant differences in the crash involvement of drivers with PD versus drivers
without PD. However, drivers with PD were 17 times more likely to have ceased driving in the
past 5 years compared to drivers without PD. It is likely that older adults with PD who may have
been at risk for crashing had already ceased driving prior to the 5-year retrospective period of
this study.
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Aksan et al. (2015) recruited three groups of older drivers: drivers with probable AD, drivers
with PD, and drivers without AD or PD who served as controls. Compared to drivers with AD,
drivers with PD committed more safety errors at stop signs during the on-road drive but
otherwise did not significantly differ on any of the other subtasks or total on-road score, as rated
by a certified driving instructor. Drivers with PD and AD as a combined group performed
significantly worse on total safety errors while distracted and while not distracted, as well as on
lane observance. The authors did not report the statistical significance of tests pertaining to
driving performance between drivers with PD and controls; however, descriptive data tables
indicate that drivers with PD committed numerically more safety errors than controls.

The association between a PD diagnosis and driving safety and performance among older drivers
is not well understood. There is a body of work examining driving performance and safety of
drivers with PD, but these articles often include drivers younger than 65. In the present review,
several articles were excluded because they included drivers under 65 that would have otherwise
been included.

Eye Disease

Cataracts

Cataracts are a common condition among older adults in which cloudy areas appear in the lens of
the eye. Cataracts affect visual abilities related to driving, including acuity, CS, color
discrimination, and depth perception. According to the National Eye Institute (2019), around
17% of adults 40 and older in the United States had cataracts in 2010. The prevalence of
cataracts increases with age: 25% of adults 65 to 69 have cataracts, while 68% of people 80 and
older have cataracts. The prevalence of cataracts is higher for females compared to males.
Mitchell et al. (2020) report the highest rate of crash-related hospitalization for drivers with
vision disorders, at 27.6 drivers 70 and older hospitalized after a crash for every 10,000 licensed
drivers. This was much higher than the rate for drivers 50 to 59 with vision disorders (one
hospitalization for every 10,000 licensed drivers) and the highest rate for all medical conditions.

Lococo et al. (2018) reviewed studies showing that drivers with cataracts have impaired driving
performance and a higher crash risk compared to drivers without cataracts. Studies cited in the
review suggest that decrements in driving safety and performance among drivers with cataracts
can be mostly attributed to impairments in CS. This finding is consistent with the studies
reviewed in Chapter 3 of the present review that identify CS as the visual ability most
consistently associated with driving safety and performance. Studies cited in the 2018 review
also indicate that cataract surgery was associated with improvements in driving safety; these
improvements could also be attributed to improved CS.

The present review identified two studies of self-reported cataract history and crashes and a
study of crash risk before and after cataract surgery. A large representative study of patients 65
and older receiving first eye cataract surgery in Ontario from 2006 to 2010 found improvements
in driving safety after surgery (Schlenker et al., 2018). The crash risk after cataract surgery was
especially reduced for patients older than 75 and female and rural patients. However, two studies
using a measure of self-reported cataract history did not find significant differences in crash
involvement of older drivers with and without cataracts (Margolis et al., 2002; McGwin et al.,
2000). These studies did not include information on whether participants had ever had cataract
surgery. Given demonstrable improvements in driving safety after cataract surgery, it is possible
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that some of the participants in the self-report studies had a history of cataracts but had received
cataract surgery prior to study entry.

The present review provides additional support to the findings of the 2018 review that cataract
surgery is associated with improvements in driving safety. The present review did not identify
any articles on driving performance and cataracts among older drivers. Several articles were
identified in the search process, including some of the articles cited in the 2018 review, but these
articles were excluded because they included participants under the age of 65. Additionally,
Wood & Black (2016) suggest early cataract surgery as a crash reduction intervention. While
cataract surgery has been shown to be associated with fewer crashes and improved driving
performance among drivers 50 and older, it is unclear whether cataract surgery also results in
performance and safety improvements for drivers 65 and older.

Glaucoma

Glaucoma refers to a group of eye conditions that damage the optic nerve. The most common
type of glaucoma in the United States is open-angle glaucoma. Glaucoma results in gradual
reduction of the peripheral visual field over time and can lead to a total loss of vision. The
National Eye Institute (2019) estimates that in 2010, 2% of adults 40 and older had open-angle
glaucoma. The prevalence of open-angle glaucoma was highest among adults 80 and older, 8%
of whom had open-angle glaucoma in 2010.

The 2018 review reports impaired driving performance of drivers with glaucoma compared to
drivers without glaucoma. The 2018 review also identified studies showing that drivers with
glaucoma have a higher crash risk than drivers without glaucoma, though some work suggests
that crash risk is only higher for people with glaucoma with a high degree of visual field loss.

The present review includes one study of driving performance and two studies of crash risk of
drivers with glaucoma. Wood et al. (2016) found that older drivers with glaucoma had
significantly lower safety ratings and committed more critical errors on an on-road test than
drivers without glaucoma. Kwon et al. (2016) found that drivers with a glaucoma diagnosis had a
65% greater at-fault crash rate in the 5 years before participating in the study compared to drivers
without a glaucoma diagnosis. In contrast, McGwin et al. (2000) did not find significant
differences in prior crash involvement between people with self-reported glaucoma history and
people without.

The present review identified some evidence for impaired driving performance and safety among
older drivers with glaucoma, though the safety evidence was limited by retrospective analyses.
The 2018 review identified a large number of articles looking at crash risk and driving
performance of drivers with glaucoma, but all the articles included a sample of people younger
than 50, with the exception of two articles published prior to 2000 that were excluded from the
present review. There is some evidence for impaired driving performance and safety among
older drivers with glaucoma identified in the present review, but only one article each supporting
these findings. Wood & Black (2016) note in their review of ocular diseases and driving that
crash risk of drivers with glaucoma is only elevated in cases of moderate to severe loss in vision.
The association between driving safety and glaucoma may be even more elevated in older adults
as glaucoma is a progressive disease. However, none of the reviewed studies included
information on disease severity.
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Age-Related Macular Degeneration

Age-related macular degeneration occurs when aging causes damage to the central region of the
retina, resulting in deficits in central vision. According to the National Eye Institute, an estimated
2% of adults 50 and older in the United States have AMD (2019). The highest prevalence of
AMD is among adults 80 and older, in which 12% of the population has AMD. In comparison,
the prevalence of AMD among people 65 to 69 is less than 1%. A higher proportion of people
with AMD are female, likely due to the greater life expectancy of females.

The 2018 review cites studies showing that drivers with AMD had worse driving performance
and safety compared to drivers without AMD, all of which were published prior to 2000. Only
one study on AMD and older driver safety/performance was identified in the current review.
Consistent with the findings of the 2018 review, drivers with AMD received significantly lower
on-road driving scores and committed more errors compared to drivers without AMD (Wood et
al., 2018). When separated by disease severity, drivers with intermediate AMD had significantly
more critical errors than controls, while drivers with early AMD had similar error rates to
controls. There were no studies identified in the current review that examined the relationship
between AMD and crashes.

Medications

Some medications commonly prescribed to older adults have side effects that can impair driving
performance. The present review identified studies on the potential driving safety and
performance effects of medications that are either commonly prescribed in older adults or have
side effects that may be more driver-impairing for older drivers due to age-related changes in
how the body processes medications. The literature search as described at the beginning of
Chapter 4 yielded eligible studies on the potential driving safety and performance effects of three
categories of medications for older drivers: benzodiazepines, antidepressants, sleep medications,
and combinations of these medications. The present review identified 10 articles that included
measures of medication use and measures of either driving safety or performance among older
drivers.

Benzodiazepines

Benzodiazepines are a class of sedating medications that target the central nervous system.
Benzodiazepines are classified into two categories: long-acting benzodiazepines, which are
processed more slowly in the body, and short-acting benzodiazepines, which are processed more
quickly in the body. Benzodiazepines are approved by the Food and Drug Administration to treat
a number of conditions including generalized anxiety disorder, insomnia, seizures, social phobia,
and panic disorder. Benzodiazepines may also be used to treat endocrine and musculoskeletal
diseases like diabetes and rheumatoid arthritis. The American Geriatrics Society recommends
avoiding the use of benzodiazepines in older adults due to increased risk of cognitive
impairment, delirium, falls, fractures, and motor vehicle crashes (Pomidor et al., 2019). Despite
this recommendation, many older adults in the United States are prescribed benzodiazepines,
most often for insomnia and anxiety (Marra et al., 2015). The prevalence of benzodiazepine use
in the United States increases with age and is higher among females than males. In 2008, 11% of
women 65 to 80 and 6% of men 65 to 80 had a benzodiazepine prescription (Olfson et al., 2015).
Long-acting benzodiazepine use also increases with age and is higher among females than males.
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Benzodiazepines have a number of potentially driver-impairing side effects that may be
exaggerated in older adults. Sedation and drowsiness are common side effects of
benzodiazepines that can impair driving performance. Older adults are particularly at risk for
cognitive and psychomotor side effects of benzodiazepines (Pomidor et al., 2019), which can
interfere with the ability to use vehicle controls and react to the driving environment. Side effects
of benzodiazepines may appear several hours or the next morning after taking the medication,
sometimes called “hangover effects” (Couper & Logan, 2014).

The present review identified five articles that examined benzodiazepines and crash risk; no
articles examined driving performance. Three crash studies used either case-control or case-
crossover methods to assess the crash risk associated with benzodiazepine exposure in older
drivers. Case-control and case-crossover methods are epidemiological approaches to analyze the
effect of exposure on an outcome. Case-control designs compare the exposure of a risk factor
between people who have experienced an outcome (cases) and people who have not (control).
Case-crossover designs compare people to themselves at different windows of time to determine
whether exposure during the window in which an outcome occurred (case window) was atypical
compared to exposure during the window in which the outcome did not occur (control window).

Two studies used data from the Quebec government health insurance board (Régie de 'assurance
maladie du Québec, RAMQ), which contains information on physician and hospital visits and
prescription medications for residents enrolled in Quebec’s public health insurance plan. Case-
control analyses in these studies identified an increased crash risk associated with long-acting
benzodiazepine prescriptions (Fournier et al., 2015; Hebert et al., 2007) and a smaller increase
(Fournier et al., 2015) or no increase (Hebert et al., 2007) in crash risk associated with short-
acting benzodiazepine prescriptions. Hebert et al. (2007) also did not find an association between
short-acting benzodiazepines and crash risk in case-crossover analyses. However, a case-
crossover analysis found 57% greater crash risk among older adults who were infrequent users of
long-acting benzodiazepines (Hebert et al., 2007). Another case-crossover study did not find a
significant difference in crash risk by benzodiazepine use (Rudisill, Zhu, Davidov, et al., 2016).
However, the study did not distinguish between long-acting and short-acting benzodiazepines,
and the power to detect differences in crash risk may have been limited by the small number of
drivers (21 out of 611) who had a benzodiazepine prescription. Two questionnaire-based studies
also failed to find a significant association between self-reported benzodiazepine use and self-
reported crash history (Lafont et al., 2008) or State crash records (McGwin et al., 2000).
However, the strength of evidence from these two studies is limited by a retrospective measure
of crashes and no information on whether benzodiazepines were short-acting or long-acting.

The present review included two large studies using well-established statistical techniques that
demonstrated elevated risk of crashes among older drivers taking long-acting benzodiazepines.
The sedating effect of benzodiazepines may be compounded when taken in conjunction with
other medications, as detailed later in this chapter. None of the reviewed studies on
benzodiazepines included a measure of driving performance, so no conclusions can be made
about the association between benzodiazepine use and driving performance among older adults.
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Antidepressants

Antidepressants are a commonly prescribed medication in the United States, and the prevalence
of people taking antidepressants increases with age and is higher for females. Between 2015 and
2018, an estimated 24% of women and 13% of men 60 and older were prescribed an
antidepressant medication (Brody & Gu, 2020). Commonly prescribed antidepressant
medications include SSRIs, tricyclic antidepressants, serotonin and norepinephrine reuptake
inhibitors, and monoamine oxidase inhibitors. Antidepressants may have sedating side effects
that impair driving, and the sedating side effects may be aggravated when taken with other
medications such as benzodiazepines (Pomidor et al., 2019).

The present review identified five articles that examined antidepressants and driving. Three
studies used either case-crossover or case-control analysis, two of which used data from different
years of the RAMQ. Orriols et al. (2013) conducted a case-crossover analysis of people 66 to 84
from 1988 to 2000. Fournier et al. (2015) conducted a nested case-control analysis of people
from 67 to 84 from 1990 to 2000. Both studies found an increased risk of police-reported crashes
associated with filling an SSRI prescription, ranging from 13 to 35% higher odds of experiencing
a crash associated with an SSRI prescription. Neither study found a significant association of
TCA exposure and crash risk. Similar to findings regarding benzodiazepines, the self-report
studies (McGwin et al., 2000; Lafont et al., 2008) and the case-crossover analysis (Rudisill, Zhu,
Davidov, et al., 2016) did not find associations between any antidepressant or SSRI prescription
and crashes using case-crossover analysis. Similar limitations in the studies may have affected
the results of these studies (i.e., retrospective outcomes and small samples of people taking the
medication).

The present review identified two large case-control studies reporting increased crash risk of
older drivers taking SSRI antidepressants. As mentioned above, the sedating effect of
antidepressants may be enhanced when taken in conjunction with benzodiazepines (Fournier et
al., 2015). A limitation of the findings of the present review is that none of the reviewed studies
included a measure of depressive symptomology or depression diagnosis. It is possible that the
association between antidepressants and crashes is driven partly by the association between
depressive symptoms and crashes. It is not possible from the reviewed studies to determine the
relative contribution of antidepressants versus depressive symptoms to driving safety. Orriols et
al. (2013) suggest that depressive symptoms may play a role in driving safety given that the
association between antidepressants and driving safety was strongest when there was a larger gap
in between case and control periods (i.e., when there was likely a greater difference in depressive
symptoms). There were no studies investigating the association between antidepressant use and
driving performance.

Non-Benzodiazepine Sleep Aids

Sleep aids are a category of sedative and hypnotic medication used to induce or maintain sleep
by suppressing central nervous system activities. From 2005 to 2010 an estimated 4% of all
people 20 and older and 7% of people 80 and older in the United States used a prescription sleep
aid (Chong et al., 2013). A greater proportion of people who use sleep aids are female.
Prescription sleep aids include benzodiazepines, doxepin, suvorexant, and “Z-drugs” (zolpidem,
zopiclone, and zaleplon). The American Geriatrics Society (Pomidor et al., 2019) recommends
avoiding use of Z-drugs in older adults because they have minimal benefits to sleep and can have
serious adverse effects, including delirium, falls, fractures, emergency room visits, and motor
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vehicle crashes. Sleep aids have the potential to be especially dangerous because their residual
next-day effects on cognition and psychomotor function can affect driving performance, as a
consequence of reduced coordination and drowsiness.

The present review identified three studies of non-benzodiazepine sleep aids and driving among
older drivers, with varying methodological approaches. The study with the strongest
methodology was a double-blind randomized experimental study of the effects of two different
doses of suvorexant compared to zopiclone and a placebo group (Vermeeren et al., 2016).
Participants were assessed by an on-road drive in an instrumented vehicle with a driving
instructor the morning after their medication use. There was no significant difference in standard
deviation of lane position or standard deviation of speed between participants taking 15 or 30 mg
of suvorexant compared to a placebo group. The group taking 7.5 mg zopiclone had a
significantly greater standard deviation of lane position the morning after taking the medication
compared to placebo.

Booth et al. (2016) examined the 5-year crash history of people taking zolpidem in a sample of
2,000 Alabama drivers 70 and older. There was a significant difference in crash rate between
people taking zolpidem and people not taking zolpidem, but only among females and among
people 80 and older. People 80 and older taking zolpidem had a crash rate of 12.74 crashes per
million person miles, while people 80 and older not taking zolpidem had a crash rate of 5.45
crashes per million person miles. Study results should be interpreted with caution, as the study
examined how zolpidem prescriptions at the time of the study predicted crashes in the 5 years
before the study. Rudisill, Zhu, Davidov, and colleagues (2016) also examined zolpidem
prescriptions and crashes but did not find a significant association. Like findings regarding other
medications and medical conditions in this study, findings on zolpidem and crash risk may have
been limited by small sample size; only 10 patients were taking zolpidem.

The present review identified strong experimental evidence of impaired driving performance
among older drivers after taking a prescription Z-drug for sleep. There was some evidence of
higher crash risk associated with a prescription Z-drug among drivers 80 and older and among
female drivers, though the study was limited by its retrospective design. As cited in Booth et al.
(2016), zolpidem is cleared from the body more slowly in older females than older males
(Greenblatt et al., 2014). Older females may be especially at risk for adverse driving safety
effects of Z-drugs, though only one study in the present review examined this issue. It is also
possible that the association between sleep medication and crash risk was partly driven by the
effects of insomnia or lack of sleep (for which the medication was prescribed) rather than the
medication itself. However, none of the reviewed studies included a measure of insomnia
diagnosis or sleep quality and duration or matched medicated drivers with sleep disturbances to
unmedicated ones.

Polypharmacy

Polypharmacy refers to the use of two or more medications, either prescription or over-the-
counter. The adverse effects of some medications may be enhanced when taken in combination
with other medications or create new adverse effects with drug interactions. Polypharmacy is
more common among older adults compared to people of other ages; in the United States
between 2015 and 2017, some 35% of people 60 to 79 were taking five or more prescription
drugs during a 30-day period, compared to 15% of people 40 to 59 (Hales et al., 2019). In
particular, drugs that target the central nervous system, including antidepressants, antipsychotics,
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and Z-drugs, when used in combination, can result in increased risk of falls in older adults
(Pomidor et al., 2019). In the context of driving, medications used in combination can result in
impaired driving safety and performance.

The search terms aimed at locating articles on polypharmacy and older drivers (polypharm*)
only yielded one article that was excluded because the study described in the article included
participants under 65 (Staplin et al., 2008). The article also reports descriptive results from the
PharMetrics Patient-Level Database, a database of people enrolled in prescription medication
insurance plans in the United States from 1998 to 2002. The average number of potentially driver
impairing medications prescribed to crash-involved drivers 65 and older was 1.63, and 40% of
crash-involved drivers 75 and older were prescribed two or more potentially driver impairing
medications.

Two studies on polypharmacy and older-driver crash risk were identified from other search
terms. Fournier et al. (2015) identified a 43% increase in crash risk for older drivers with
concurrent prescriptions of long-acting benzodiazepines and antidepressants compared to older
drivers not taking either medication. The increase in crash risk associated with medications in
combination was higher than the increase associated with either long-acting benzodiazepines
alone (21%) or antidepressants alone (8%). Long-acting benzodiazepines and TCAs was
associated with 54% higher crash risk, while long-acting benzodiazepines and SSRIs was
associated with a 37% higher crash risk. Henderson et al. (2016) examined the association
between sedative medications and 12-month prior crash involvement among 76 older drivers in a
hospital emergency department. Participants received a sedative load score based on the sedative
medications they were currently taking, as assessed by a medication checklist. Medications with
sedation as a prominent side effect, including SSRIs, opioids, and antihistamines, were assigned
a sedative load score of one. Medications with a primary sedation effect were assigned a score of
two and included hypnotics (zolpidem), TCA, and anxiolytics (alprazolam, diazepam, and
lorazepam). Sedative load was calculated by the total sedative load of all medications and ranged
from zero to two or higher. There was no significant difference in the crash involvement or
driving mileage of drivers with a sedative load of zero, one, or two or higher. This study was
limited by a retrospective, self-reported outcome and by a small number of participants reporting
a crash (seven out of 76). Specific combinations of medications were not examined because a
sedative load score of two could either indicate use of two or more medications or the use of one
medication with prominent sedating effects. One advantage to this study over studies using
prescription medication databases is that it included over-the-counter medications that may be
potentially driver impairing such as first-generation antihistamines.

The present review identified evidence for impaired driving performance and higher crash risk
associated with some medications commonly prescribed for older adults. Specifically, older
adults taking long-acting benzodiazepines and SSRIs have an elevated crash risk. Z-drugs,
prescribed as sleep aids, were associated with increased crash risk for female drivers and drivers
80 and older and associated with impaired on-road driving performance in the morning after use.
Only one study examined driving performance associated with medication exposure.

A limitation of administrative datasets used in some of the reviewed studies is that they provide
information on which medication was prescribed but not whether the patient adhered to the
medication. The association between crash risk and medication may be diluted by participants
who are prescribed a medication but are not compliant in their use of the medication as
prescribed.
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Summary

Overall, the results of the present review were consistent with findings from Lococo and
colleagues’ 2018 literature review on medical conditions and driving. The strongest evidence for
an association with crash risk among older drivers was identified for long-acting
benzodiazepines, SSRIs, Z-drugs, and untreated or moderate eye disease. The strongest evidence
for an association with driving performance of older drivers was identified for Alzheimer’s
disease or general dementia, though evidence for increased crash risk in the presence of these
conditions was mixed. Medical conditions with conflicting findings regarding their association
with driving safety or performance included arthritis, diabetes, and glaucoma. There was some
evidence for greater odds of a crash for certain medications in combination (insulin and other
diabetic medication, antidepressants, and long-acting benzodiazepines) than the medications
alone, though no significant interactions were found. Importantly, individual differences affect
how medications are absorbed in the body. The same medication may affect people differently
depending on their age, sex, and other factors.

There are several possible reasons for conflicting evidence in the identified studies. First, in most
of the studies it was difficult or impossible to distinguish the possible driver-impairing effects of
medical conditions from that of the medications used to treat the conditions. No studies were
identified that examined treated versus untreated medical conditions. Another possible reason for
conflicting findings is that medical conditions can vary in severity. Most studies did not include a
measure of severity, and it is possible that a medical condition only affects driving when it is
moderate to severe. Studies of driving safety also may find different associations depending on
whether the study accounts for driving exposure. Research has shown that older drivers with
certain medical conditions are more likely to reduce or give up driving, including diabetes
(Dugan & Lee, 2013), Parkinson’s disease (Lafont et al., 2008), dementia (Lafont et al., 2008;
Stout et al., 2018), and glaucoma (Blane, 2016). The crash risk for a given medical condition
may be underestimated if most of the drivers with the condition drive very little.

Some medical conditions did not have enough evidence to support strong conclusions on driving
safety and performance. In particular, the safety and performance of older drivers with non-AD
dementias, MCI, PD, and AMD is not well understood. Some of these medical conditions have
been well studied in drivers younger than 65, but few articles were identified that examined
driving safety and performance among older drivers. The effects of age-related medical
conditions on driving may be more pronounced among older drivers because diseases and their
symptoms can progress with age. Finally, no study specifically examined combinations of
medical conditions. However, it is possible that older drivers with several medical conditions
have specific safety and performance challenges.
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Chapter 5: Changing Driving Behavior to Extend the Safe Driving
Years

Given research on safety issues for older drivers and predictors of safety, a major goal of
research and practice is to extend the number of years an older person can drive safely.
One of the main approaches to improving older driver safety is by changing driver
behavior. There have been various approaches to changing driver behavior, including
reducing exposure to high-risk situations, training abilities related to driving, and using
active safety systems and driving automation features to aid behind-the-wheel
performance.

Reducing Exposure to High-Risk Situations

The first aim of this chapter was to review research on strategies to reduce exposure to high-risk
situations. Research on driving avoidance and licensing restrictions on when and where older
adults can drive are considered in the following discussion.

Driving Avoidance

One approach to improving older driver safety is through driving avoidance. Driving avoidance
refers to the process of refraining from challenging driving situations. Common situations older
adults report avoiding include driving at night, in unfamiliar areas, during rush hour, and on the
freeway (Molnar et al., 2018). Some authors consider self-regulation to be a special case of
driving avoidance in which the driver intentionally avoids challenging situations or drives less to
safely preserve mobility in the community (Molnar et al., 2013). A key component of self-
regulation is that the older driver is aware of their limitations and intentionally changes their
driving patterns accordingly. For example, an older adult driver may limit driving at night
because they believe their visual ability will impair their driving safety. Driving avoidance, on
the other hand, may be for other reasons such as a change in preferences or lifestyle. In the
current review, the term driving avoidance is used to refer to any type of driving avoidance,
including self-regulation. There is a large body of work reporting predictors of driving avoidance
such as age, sex, medical conditions, and cognitive function (e.g., Kandasamy et al., 2018; Keay
et al., 2018; O’Connor et al., 2012; Ross et al., 2009). However, it is important to examine
whether driving avoidance results in improved driving safety, and whether interventions that aim
to increase driving avoidance among older adults have safety benefits.

The purpose of the current section is to review articles identified in the literature review focused
on driving avoidance and driving safety. The relationship between driving avoidance and safety
was examined via two main research questions: (1) Is driving avoidance associated with safety
and/or performance outcomes? and (2) Do interventions that promote driving avoidance, and
show measurable behavior change, result in safety improvements? In general, studies and
analyses that reported only measures of driving avoidance as outcomes were not considered;
however, studies where driving avoidance data were used to predict performance or safety
outcomes were eligible for review.

The research team conducted a multi-step screening of articles published in 2000 or later
extracted through searches of four databases. Each search consisted of three terms: “older®* AND
driv*,” and either “adapt®,” “self-regulat®,” “restrict®,” or “limit*,” for a total of four unique
search strings. All four search strings were repeated in the four databases, for a total of 16
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searches. See Methods for additional details of our literature search activities. These searches
yielded 2,434 results, 271 of which were duplicates, and 2,081 of which were deemed ineligible
based on title and abstract, resulting in 82 articles that underwent full-text review. Of those, 15
were review articles, and 60 were ineligible based on a full review of the paper. The primary
reason why articles were excluded is that they did not report a safety/performance outcome (n =
28). The secondary reason why articles were excluded was because they did not publish distinct
results for a sample of adults 65 or older (n = 19). Additionally, 10 articles did not fit the scope
of this review. Four articles identified through the driving avoidance search terms were deemed
eligible for a different section of the review. Two additional articles were found in a different set
of Chapter 5 search terms not originally designed to capture driving avoidance articles (older*
AND driv* AND educ*), resulting in a total of five articles eligible for inclusion in the final
review based on a full review of the article. Articles in this subtopic were not restricted by
country.

Two out of the five studies on driving avoidance measured driving safety via retrospective self-
reports of crashes in the prior 12 months (De Raedt & Ponjaert-Kristoffersen, 2000b; Betz &
Lowenstein, 2010), while one study measured driving safety prospectively by obtaining State
records on moving violations and crashes during the 3 to 7-year study period (Emerson et al.,
2012). Two studies measured driving performance by an on-road observational score from a
trained observer (Classen et al., 2013a; Koppel et al., 2016); these studies were cross-sectional in
design. Sample sizes across all five studies ranged from 84 to 1,678 participants. Four studies
recruited participants from the general community, while one study recruited participants who
had been referred for a fitness-to-drive evaluation by a physician or insurance company.

Overall, the five reviewed articles did not find strong evidence of an association between driving
avoidance and safety outcomes in older adults. Only one study found a significant association
between driving avoidance and safety (De Raedt & Ponjaert-Kristoffersen, 2000b). This study of
84 Belgian drivers 65 to 96 found that drivers who performed worse on the on-road assessment
but were crash-free in the past 12 months reported more driving avoidance than drivers who
performed worse on the road test but had crashed in the past 12 months. The association between
driving avoidance and crash involvement was not significant among older drivers with higher
on-road assessment scores. The authors concluded that older adult drivers who have worse
driving performance compared to other older drivers are able to avoid crashes by processes of
driving avoidance. Generalizability of the results of this study is limited, as the study was
conducted on a small sample of healthy drivers who were primarily men (71%). However, this
was the only study to include a sample referred to a fitness-to-drive evaluation center by a
physician or insurance company. The remaining studies on driving avoidance in the present
review recruited samples from the general community-dwelling older adult driver population.
Driving avoidance and crashes may be more prevalent among drivers referred for evaluation; this
may partially explain why the study by De Raedt and Ponjaert-Kristoffersen (2000b) was the
only reviewed study to find significant associations between driving avoidance and driving
safety/performance.

One challenge with the study of driving avoidance and driving safety/performance is that the
association between the two may be in either direction or bidirectional. While the purpose of the
present review is to identify whether driving avoidance leads to driving safety benefits, it is also
possible that driving safety may lead to driving avoidance. For example, an older adult driver
who has been in a recent crash at night may avoid driving at night in fear of being involved in
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another crash. This may have been the case in the two reviewed studies using driving avoidance
to predict retrospective crash involvement in the past 12 months (Betz & Lowenstein, 2010; De
Raedt & Ponjaert-Kristoffersen, 2000b). Experimental and longitudinal studies provide more
support for directionality of associations, but four out of the five studies in the present review
were cross-sectional or retrospective in design. One study was longitudinal in design and
followed 100 Iowa older drivers for 3 to 7 years (Emerson et al., 2012). The study did not find an
association between baseline driving avoidance and time to a State-reported moving violation or
a crash after controlling for age, sex, education, and baseline weekly driving mileage.

Only one paper specifically examined self-regulation as a specific type of driving avoidance,
which was assessed by the Driving Habits Questionnaire (Emerson et al., 2012). The Driving
Habits Questionnaire asks participants whether they have driven in certain situations in the past 2
months (driving avoidance), followed by asking whether they avoided these situations because of
visual problems (self-regulation). The study did not find an association between either baseline
driving avoidance or self-regulation and time to a State-reported moving violation or crash, after
controlling for age, sex, education, and baseline weekly driving mileage. A study using on-road
observations from the Candrive/Ozcandrive study found that while drivers with higher scores on
driving performance reported significantly lower driving frequency in specific driving situations,
they did not report intentionally avoiding these situations (Koppel et al., 2016). The authors did
not ask if drivers avoided certain situations, so it is not possible to determine whether the
avoidance assessed was self-regulation or not. This may be a larger issue for the study of self-
regulation, as measuring self-regulation necessitates asking about the intentions behind specific
behaviors that are not always assessed in studies of older drivers (e.g., Betz & Lowenstein, 2010;
Classen et al., 2013a; De Raedt & Ponjaert-Kristoffersen, 2000b; Koppel et al., 2016).

The literature search identified one systematic review out of the 15 identified reviews that
examined driving avoidance and driving safety (Nef et al., 2015). The systematic review also
only found one article that reported safety outcomes of driving avoidance among drivers 65 and
older, which is already included in the current review (De Raedt & Ponjaert-Kristoffersen,
2000b). Most observational studies examining self-regulation were excluded from the present
review because they did not report a safety and/or performance outcome. These studies provide
important information on which older adults practice driving avoidance but do not report
whether this driving avoidance has safety benefits. Two studies were excluded because they
reported safety and/or performance as a predictor of driving avoidance (Okonkwo et al., 2007,
2008). In these studies, the number of crashes in the past 5 years was not significantly associated
with current driving avoidance across all participants (Okonkwo et al., 2008) but was significant
within men only (Okonkwo et al., 2007). While sex may play a role in driving avoidance, the
review did not identify any prospective studies examining whether sex differences in driving
avoidance predict driving safety.

Though one of the aims of the present review was to review intervention studies aimed at
promoting driving avoidance, the research team did not find any eligible articles that reported
safety/performance results for this type of intervention. Some intervention studies promoting
driving avoidance were excluded either because the sample age was younger than 65 years
(Owsley et al., 2003, 2004) or because they relied on self-reported driving mobility and/or
driving avoidance as outcomes (Coxon et al., 2017; Jones et al., 2011; Levasseur et al., 2015).

The literature reviewed in this area does not demonstrate strong evidence for safety/performance
benefits of driving avoidance among adults 65 and older. Given the absence of an association
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between driving avoidance and safety, it is not clear whether interventions that promote driving
avoidance among healthy samples will also lead to safety benefits. Avoiding driving without
demonstrated safety benefits may unnecessarily reduce older driver mobility. Given the negative
outcomes associated with driving cessation among older adults (Edwards et al., 2009; Freeman et
al., 2006; Marottoli et al., 1997; Ragland et al., 2005), it is important to establish the safety
benefits of driving avoidance. It is also unclear whether driving avoidance leads to driving
safety, or whether unsafe older drivers are more likely to engage in driving avoidance compared
to safe older drivers. The current evidence remains inconclusive on whether encouraging driving
avoidance is an effective strategy for improving older driver safety.

Licensing Restriction

Another way to reduce older drivers’ exposure to high-risk situations is through licensing
restrictions. Agencies may place such restrictions on driver licenses, including restrictions to
drive only during the day, restricting driving to roads with a designated posted maximum speed
limit, and combinations of restrictions. The goal of a restricted driver license is to prevent older
drivers from driving in situations in which they may be more at-risk for crashes. The research
question for the following section is: Are licensing restrictions associated with safety and/or
performance outcomes?

Here, only articles using data from the United States and Canada were considered. The search
terms for this were “older® AND driv*” followed by either “licens*” or “restrict®,” repeated
across four databases. The eight search strings yielded 2,126 results, 1,855 of which were
deemed ineligible based on title and abstract and 203 of which were duplicates from a prior
search, leaving 68 results to be fully reviewed. Out of the 68 articles reviewed, 55 were deemed
ineligible, most commonly because the article did not report a safety/performance outcome. Ten
articles were review articles, and three articles were relevant to another section.

The review yielded only one eligible article that examined safety outcomes of restricted licensing
for older drivers. The authors examined insurance claims crash records of all older drivers in
British Columbia from 1999 to 2006 (Caragata Nasvadi & Wister, 2009). Older drivers with
restricted licenses had more crash-free days from license renewal compared to older drivers with
unrestricted licenses. However, restricted licenses are uncommon: in the study by Caragata
Nasvadi and Wister (2009), only 2% of all drivers had restrictions placed on their driver license.
A review of restricted licensing policies in lowa, Virginia, Florida, and Maryland found that very
few drivers had license restrictions, ranging from 0.05—1.70% of the total licensed older adult
population (Joyce et al., 2018). Several literature reviews identified in the current systematic
review also examined literature on licensing restrictions for older drivers and report some
positive safety benefits of restricted licenses for older adults in a small number of studies
(Asbridge et al., 2017; Stav, 2008, 2014). Similarly, NHTSA’s Countermeasures That Work
(Venkatraman et al., 2021) rates “License Restrictions” as a countermeasure that has been
determined to be effective. However, the studies included in these prior reviews were not
included in the current study because of the inclusion criteria of the current subtopic, including
driver age, country (i.e., United States or Canada), year of publication, peer-reviewed status, and
lack of a safety/performance outcome. Two of the reviews included a study on license
restrictions in lowa drivers 70 and older (Braitman et al., 2010); however, this study reported
crashes and moving violations prior to license restriction and was excluded from the present
review. Therefore, since the present review only identified one eligible article on this topic, there
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is not enough evidence within this review to make conclusions regarding the safety benefits of
restricted driver licenses for older adults.

Skills Training

Driver Rehabilitation

The focus of this section is on skills training approaches to improving older driver safety/
performance, including driving rehabilitation and driver improvement programs. Driver
rehabilitation approaches include training of visual attention and cognitive abilities with transfer
to driving safety, physical training including aerobics and flexibility with transfer to driving
safety, and the use of adaptive equipment such as hand controls and pedal extenders. Driver
improvement programs include classroom, simulator, and behind-the-wheel educational
programs, as well as the CarFit program. The main research question for this was: Do driver
rehabilitation and driver improvement programs demonstrate benefits to older driver
safety/performance?

The research team conducted a multi-step screening of articles published in 2000 or later
extracted through searches of four databases. Each search consisted of three terms: “older® AND
driv*,” and either “rehab*,” “educ*,” “train*,” “intervention,” “practice,” or “program,” for a
total of six unique search strings. All six search strings were repeated in the four databases, for a
total of 24 searches. See methods for additional details of our literature search activities. The 24
search strings returned 6,726 results, 6,009 of which were deemed ineligible based on title and
abstract and 528 of which were duplicates from a previous search. A total of 174 empirical
articles and 15 review articles were sent for full review. The most common reasons articles were
excluded was that they did not publish distinct results for a sample 65 years or older (n = 57).
The second most common reason was that the article did not report a safety/performance
outcome. An additional three articles were eligible for other Chapter 5 topics. Two articles were
taken from other Chapter 5 searches, and two additional articles were identified during NHTSA’s
review of drafts. In total, 21 empirical articles were deemed eligible for inclusion in the review
for this section. No eligible articles were identified that examined the association between
adaptive equipment (e.g., pedal extenders) and driving safety. A systematic review of
intervention approaches used by occupational therapists found a single intervention using
adaptive equipment, but the study was a case study of a patient with traumatic brain injury
(Unsworth & Baker, 2014). Articles on skills training and older drivers were not restricted based
on country.

Cognitive training interventions train cognitive abilities related to driving with the goal of
transferring training gains to gains in driving safety/performance. Four articles examined the
results from cognitive training approaches to driving safety (Ball et al., 2010; Hay et al., 2016;
Nouchi et al., 2019; Staplin et al., 2013). The cognitive abilities trained in the interventions
reported include processing speed, reasoning, attention, executive function, and memory. All
four studies reported interventions that were adaptive, meaning that the difficulty of the
intervention protocol increased as participant performance improved. Sample sizes ranged from
60 to 908 participants, and all four studies recruited healthy community-dwelling participants. In
general, interventions with a processing speed component showed benefits to driving safety
including reduced at-fault collision involvement over 6 years (Ball et al., 2010) and better on-
road driving performance (Nouchi et al., 2019) compared to controls.
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Only two eligible articles were identified that used physical training to improve driving safety
(Marottoli, Allore, et al., 2007; Staplin et al., 2013). In one study, 178 older drivers with physical
impairments were randomized to either an intervention delivered by a physical therapist that
exercised physical abilities related to driving or a control group that received educational
materials. The physical exercise group had significantly greater improvement in on-road
assessment scores compared to the control group; this difference was especially apparent in
participants who scored the lowest on the on-road assessment at baseline (Marottoli, Allore, et
al., 2007). Staplin and colleagues (2013) also compared performance on an on-road assessment
between a physical exercise intervention group and a control group among drivers 70 and older.
Unlike the study by Marottoli and colleagues, this study used a smaller sample of 30 participants
and did not specifically recruit participants with physical impairments. This study did not find a
significant difference in on-road performance between the physical exercise and control groups.

Driver Improvement Programs

Driver improvement programs take a variety of educational approaches to improving driving
safety, including training in a classroom, simulator, and on-road environment. In simulator
training studies, participants receive feedback or instructions on their simulated driving during or
after their simulated drive. The present review identified eight articles that presented the results
of a simulator-based intervention. Sample sizes for the articles ranged from 21 to 79, and all
eight articles presents results from a healthy community-dwelling sample of older drivers. In
general, the reviewed simulator training studies show benefits to simulator performance (Cuenen
et al., 2019; Selander et al., 2019) and benefits to specific measures of on-road performance such
as checking blind spots (Lavalliére et al., 2012) and secondary glances when making turns
(Romoser & Fisher, 2009; Romoser, 2013; Schneider et al., 2020) for older drivers. However,
simulator sickness, or feelings of discomfort during and after exposure to virtual environments
including nausea and vomiting, is a limitation of simulator training studies. In the reviewed
studies, dropout rates due to simulator sickness ranged from 9% of participants (Lavalli¢re et al.,
2012) to 62% (Romoser & Fisher, 2009). Research suggests that older adults may be particularly
susceptible to simulator sickness from driving simulators compared to younger adults
(Keshavarz et al., 2018). Driver improvement programs that use driving simulators to train
driving performance may not be feasible for all older drivers.

Driver improvement programs also take the form of educational programs outside of the
simulator, including classroom-based education and on-road education. One of the largest older
driver educational programs is 55 Alive/Mature Driving. Because the scope of this systematic
review was limited to papers reporting results of drivers 65 and older, some articles reporting
results of the 55 Alive/Mature Driving program were excluded. However, three studies in the
present review reported the results of the program for attendees 65 and older. One study reported
the results of the 55 Alive/Mature Driving program for attendees in British Columbia 75 and
older from 2000 to 2003 (Nasvadi & Vavrik, 2007). After participating in the program, 46
program participants were involved in a State-reported crash, compared to 31 participants in a
control group matched for the number of crashes prior to the program. Older drivers who
attended the program did not have significantly different crash rates after the program compared
to the control group. In fact, men who attended the program had significantly higher crashes after
the program compared to controls. This study does not provide evidence for the 55 Alive/Mature
Driving program’s impact on driving safety. Two studies added an individualized on-road
training component to the 55 Alive/Mature Driving program (Bédard et al., 2008; Porter et al.,
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2013). These studies found significant improvement in on-road performance in the intervention
group compared to a waitlist control group (Bédard et al., 2008) and a group that only received
the 55 Alive/Mature Driving program (Porter, 2013). The on-road performance benefits of on-
road plus classroom education have been found in other studies as well (Marottoli, Ness, et al.,

2007), though potentially only in drivers with low on-road scores at baseline (Anstey et al.,
2018).

The results of studies comparing classroom education programs with on-road components to
classroom education programs alone suggest that individualized on-road training may be more
effective in improving driving performance compared to classroom education. Two studies in the
present review also suggest that on-road education may be more beneficial for on-road
performance than simulator-based education. Gagnon and colleagues (2019) and Sawula and
colleagues (2018) conducted separate studies that compared three intervention groups: classroom
education, classroom plus on-road education, and classroom plus on-road plus simulator
education. In both studies, the education plus on-road plus simulator groups and the education
plus on-road groups had higher on-road scores compared to education alone. However, the
education plus on-road plus simulator group did not have significantly better on-road
performance compared to the education plus on-road group. Results of these two studies suggest
that simulator-based education may not provide any additional benefit beyond that of on-road
training. However, the authors of both studies note that many participants in the education plus
on-road plus simulator group did not receive the full simulator training component due to
simulator sickness, 50% in Sawula et al. (2018), and 53% in Gagnon et al. (2019). This may have
contributed to the lack of significant training effects in the intervention group with a simulator
component. Additionally, it is not clear whether the improvement in on-road test performance
transferred to driving safety. Only one study compared crash rates between an educational
program and a control group and did not find significant differences (Nasvadi & Vavrik, 2007).

The main research question for this subtopic was: Do driver rehabilitation and driver
improvement programs demonstrate benefits to older driver safety/performance? The present
review found support for driving performance benefits of several driver rehabilitation and driver
improvement program approaches. Moving further, which programs seem to be the most
effective at improving driving safety and performance? One way to help answer this question is
to look at results of studies that compare different intervention approaches within the same
sample. Staplin and colleagues (2013) compared four different intervention approaches to a
control group in a sample of 80 community-dwelling older adults 65 to 85. The study compared
four interventions: a classroom plus on-road education program, a cognitive training program
based on speed of processing and divided attention, an occupational therapist-administered visual
skills training program with clinical and on-road components, and a physical functioning and
conditioning program. The group who received the occupational therapist-administered
intervention had a higher percent of drivers scoring high at baseline and maintaining their high
score compared to drivers in the control group. The occupational therapist group also had a
higher percent of drivers who scored lower at baseline and then improved, as did the group who
received classroom and on-road education. The study found support for an occupational
therapist-administered training and an educational training that included an on-road program but
did not find benefits of a cognitive training intervention or a physical exercise intervention.
However, the study did not formally compare different intervention approaches, so it is not
possible to determine whether the occupational therapist intervention had greater benefits than
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the on-road intervention. Additionally, the training benefits in the occupational therapist group
and educational group were not apparent at a 3-month follow-up.

Looking at the studies in the present review, different intervention approaches may benefit
different drivers. Simulator-based interventions, while potentially effective, may not work for all
older adults due to a high chance of simulator sickness. Older adults who are susceptible to
simulator sickness may benefit from a different type of intervention approach. Physical exercise
interventions may only benefit people who have physical limitations. Marottoli et al. (2007)
found significant effects of a physical exercise intervention on on-road performance. This study
specifically recruited older adults with physical impairments, such as impairments in neck
rotation and trunk rotation. Staplin et al. (2021) also used a physical exercise approach but did
not find significant effects; this sample was recruited from the general community and not
specifically related to physical impairments, which may have contributed to the null findings.
While there appears to be little support for classroom education interventions for older adults’
driving safety, interventions that combine classroom programs with on-road education seem to
hold promise for improving older driver performance in the general population. Cognitive
training is also promising, though there are few studies examining driving performance/safety
benefits of cognitive training studies for drivers 65 and older.

Though there are promising results for driving performance benefits of driver rehabilitation and
driver improvement programs for older adults, there is limited evidence for safety benefits of
such programs. Only three of the 21 reviewed studies included a crash outcome. One study found
significantly reduced at-fault crash involvement over 6 years in two cognitive training groups
relative to a control group (Ball et al., 2010), and another study found no difference in crashes
among participants of an educational program compared to a control group (Nasvadi & Vavrik,
2007). Anstey and colleagues (2018) also included a measure of crashes in their intervention
study, looking at any self-reported crash after participating in a classroom plus on-road
intervention. However, there were so few crashes during the 6-month follow-up (two in the
intervention group and five in the control group) that the authors could not perform any
statistical tests comparing the intervention to control group. This highlights a challenge with
examining safety benefits of driver rehabilitation programs: Crashes are rare events, so they may
be more difficult to examine as an outcome of intervention participation. Driving performance
measures have more variability, though some authors have noted difficulties in samples where
most of the drivers score highly on on-road tests at baseline (e.g., Staplin et al., 2013).

The present review identified two additional systematic reviews addressing the issue of driver
rehabilitation programs for older adults (Castellucci et al., 2020; Sangrar et al., 2019). Though
the scope of the reviews differed slightly from the present review, both reviews made similar
conclusions to the present review in that there is moderate support for on-road intervention
approaches to driving performance. While Castellucci and colleagues (2020) note the lack of
support for cognitive training approaches, their review does not include the study published by
Nouchi et al. (2019), which found support for a cognitive training intervention and on-road
performance improvements. Both reviews also acknowledge a lack of studies that include
crashes as an outcome of training. Other systematic reviews identified in the current review
include studies with approaches to improving older driver safety outside of the scope of the
present review, such as family involvement (Golisz, 2014) and for older drivers with medical
conditions (Classen et al., 2014).
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Use of Active Driver Assistance Systems and Automated Driving Technologies

Another approach to improving older driver safety is the use of advanced driver assistance
systems and automated driving technologies. Levels of driving automation perform part or all of
the driving task and range from Level 1 to Level 5 (SAE International, 2021). Level 0 is not
considered driving automation and refers to a system where the driver is responsible for vehicle
control for all elements of the driving task, at all times. Active safety systems, or vehicle systems
that monitor conditions and alert the driver or take active control of the vehicle, may exist in
Level 0. Examples of active safety systems include lane departure warnings and blind spot
warnings. At Level 1, an ADAS can assist the driver with either lateral control (i.e., steering) or
longitudinal control (i.e., braking and accelerating) but not both at the same time. At Level 2, the
system can assist simultaneously with lateral and longitudinal control, but the driver must
monitor the system for failures and take over control immediately when the ADAS turns off.
Level 3 is considered conditional driving automation (an automated driving system, or ADS),
and the system controls laterally and longitudinally and will provide the driver with a warning
and a short period of time before it will disengage. Level 4 is considered an ADS with high
driving automation, and it is not expected that the driver will need to intervene. However, the
automation can only occur in a specific area, called an operational design domain. The
operational design domain for an ADAS feature can be specific to a number of conditions
including road type, lighting, weather, and presence of lane markings. Level 5 is considered full
driving automation, and it can be used anywhere, not just in a specific operational design
domain. Driving automation system technologies have the potential to improve older adults’
driving safety. The research question for this subtopic was: What are the demonstrated
safety/performance benefits of driving automation systems for older adults?

The search terms for this were a combination of “older* AND driv*” and a third search term
relevant to the topic (either “technology,” “automat*,” or “advanced driver assistance system”).
Each search string was repeated in four databases for a total of 12 searches. The 12 searches
returned 1,690 results, 1,469 were deemed ineligible based on title and abstract and 142 of which
were duplicates from a previous search. A total of 17 review articles and 62 empirical articles
were sent for full review. One additional article relevant to the subtopic was identified through
cross-referencing other published literature reviews, bringing the total of empirical articles
reviewed in full to 63 articles. After reviewing each article in full, eight articles were deemed
eligible for inclusion in the review. The most common reasons an article was excluded were that
it did not publish distinct results for a sample of 65 and older (n = 33) or that it did not publish a
safety/performance outcome (n = 10). Articles on ADAS and ADS were not restricted by
country.

Though the objective was to identify the safety/performance benefits of driving automation
systems, no eligible articles were identified that examined the safety/performance benefits of a
Level 1 or higher system with older drivers. All the reviewed eligible studies examined the
effects of active safety systems, or Level 0 systems. Most of the studies were experimental in
design, with sample sizes ranging from 14 to 128 participants. These experimental studies
examined older driver performance in a driving simulator, finding limited simulator performance
benefits of active safety systems for older adults such as lane departure warnings, intersection
violation alerts, and speeding alerts (Dotzauer et al., 2013; Dotzauer, Caljouw, et al., 2015;
Dotzauer, de Waard, et al., 2015; Lundqvist & Eriksson, 2019; Porter et al., 2008; Souders et al.,
2020). The only study to examine a safety outcome reviewed police-reported backing crashes of
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drivers 70 and older in 22 U.S. states between 2009 and 2014 (Cicchino, 2017). Controlling for a
number of variables including driver sex and State in which crash occurred, the author found that
vehicles with rearview cameras and rearview sensors driven by people 70 and older had a lower
backing crash rate per insured vehicle year than vehicles without such systems driven by people
70 and older. Though other simulator studies have not found performance differences related to
active safety systems, one reviewed study found driving performance benefits in a high-fidelity
driving simulator in a sample of 24 older adults. Older adults who drove in the simulator with a
warning system for failure to obey a stop sign or red light made fewer errors at intersections than
older adults who drove without the warning system (Marshall et al., 2010).

The studies that found significant associations between active safety systems and driving
performance/safety also found results that suggest that these systems may be particularly
beneficial for people who are older (Cicchino, 2017; Lundqvist & Eriksson, 2019; Porter et al.,
2008), people with health conditions and lower scores on a cognitive screening instrument
(Marshall et al., 2010), and people with Parkinson’s Disease (Dotzauer et al., 2013; Dotzauer,
Caljouw, et al., 2015).

While there have been promising results of active safety systems, or Level 0 systems, for older
adult driving safety, there is currently not enough evidence to fully evaluate the safety benefits of
driving automation systems (Levels 1 through 5) for older drivers, such as technology available
currently like adaptive cruise control and lane centering (Level 2). Eby et at. (2015) reviewed
work showing that older adults have mixed feelings regarding active safety systems and Level 1
driving assistance technologies in their own vehicle. Eby and colleagues also note that there are
few to no studies that examine older adults’ perceptions of driving automation systems or their
safety benefits, such as autonomous parking assist systems and intelligent speed adaptation
systems. Research has also found that older adults with higher incomes and with more education
are more likely to adopt adaptive cruise control, blind spot warning, forward collision warning,
and lane departure warning systems (Eby et al., 2018). Some authors have called for more
research on how ADAS can support older driver safety, taking into account declines in older
drivers’ cognitive, visual, and physical function (Young et al., 2017). In addition to safety
benefits of ADAS, there is also a paucity of research on the usability and accessibility of ADAS
for all older adults.

Summary

Driving avoidance, a broad term including self-regulation of driving in what are perceived to be
challenging conditions, may be a strategy to reduce older drivers’ exposure to high-risk
situations, though it is unclear whether driving avoidance produces direct safety benefits or
whether more at-risk (i.e., functionally impaired) older drivers are more likely to engage in
driving avoidance compared to older drivers without significant functional deficits. The evidence
is similarly inconclusive regarding the use of formal license restrictions to reduce exposure to
high-risk situations, although analyses of insurance claims data have shown that older drivers
with restricted licenses had more crash-free days following license renewal compared to older
drivers with unrestricted licenses. The use of such restrictions for other than vision deficits
remains rare, however, which limits their impact.

Skills training, through driver rehabilitation and driver improvement programs, seeks to increase
safety/performance among older drivers without imposing any limits on mobility, as may be
associated with driving avoidance. Among rehabilitation strategies, the strongest evidence for
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cognitive training benefits is associated with speed of processing training, while one study has
suggested that visual scanning training may benefit older drivers. Also, significant gains in on-
road performance for physically impaired older drivers have been demonstrated as the result of
physical exercise programs; however, this review did not find evidence that exercise programs
designed to improve overall fitness among healthy older adults are effective as an intervention to
improve driving performance. A review of driver improvement programs using classroom
education and simulator training identified limiting factors with both methods. Older adults’
greater susceptibility to simulator sickness led to high dropout rates with such training, and
research has shown that if ‘refresher’ classes for older drivers are to realize significant
improvements in driving skills, they may require complementary behind-the-wheel instruction.

As noted above, this review found no eligible articles that examined the safety/performance
benefits for older drivers of Level 1 or higher automation; consequently, all the reviewed studies
examined the effects of active safety systems (Level 0). While results to date have been mixed,
those studies finding significant associations between active safety systems and driving
performance/safety also suggest that these systems may be particularly beneficial for older
drivers, citing declines in older drivers’ cognitive, visual, and physical function. The willingness
of older drivers to accept automation that assumes actual vehicle control, beyond the presentation
of warnings and alerts, is an emerging research focus.

However, it is impossible to document the crash that did not happen, whether the result of a self-
restriction or a formal restriction that reduces exposure, interventions designed to improve
driving skills, or the embrace of advanced driver assistance technologies. The evidence discussed
in this section may be equivocal about the safety benefits of the reviewed strategies for changing
the behavior of older drivers in the United States, but such behavior change is precisely the target
of a wide and growing array of interventions offered to older adults and defines a rapidly
evolving area of research with implications for the safe mobility of tens of millions in this
society.
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Appendix A: Study Quality Criteria
Table A-1. Study Data Collection/Study Quality Assessment Instrument

Item

Score

Quality Control: All Studies

1. Is the study design prospective?

Yes/No/NA/NR

2. Was a recruitment strategy designed to
provide a degree of generalizability beyond a
convenience sample?

Yes/No/NA/NR

3. Are inclusion/exclusion criteria clearly
stated?

Yes/No/NA/NR

4. For studies that recruit across multiple
sites or groups, are recruitment methods
similar across sites?

Yes/No/NA/NR

5. Are variables assessed using valid and
reliable measures, implemented consistently
across all study participants?

Yes/No/NA/NR

6. Does the study use statistical methods
appropriate to the data?

Yes/No/NA/NR

7. Were potentially confounding and effect
modifying variables taken into account in the
design and/or analysis (e.g., through
matching, stratification, interaction terms,
multivariate analysis, or other statistical
adjustment)?

Yes/No/NA/NR

8. In the case of longitudinal analyses, was
attrition addressed (e.g., through sensitivity
analysis or other adjustment method)?

Yes/No/NA/NR

9. Was a power analysis reported?

Yes/No/NA/NR

10. Is the source of funding identified?

Yes/No/NA/NR

11. Are study authors free of conflicts of
interest?

Yes/No/NA/NR

Quality Control: Experimental studies

12. Does the study include a comparison
group?

Yes/No/NA/NR

13. Does the study have an active or social-
contact control group?

Yes/No/NA/NR

14. Is there sufficient detail provided
describing the intervention or exposure to
replicate the study?

Yes/No/NA/NR




15. Is there any attempt to balance the
allocation between the groups (e.g., through
stratification, matching, propensity scores)?

Yes/No/NA/NR

16. Were the outcome assessors blinded to
the intervention or exposure status of
participants?

Yes/No/NA/NR

17. Were participants aware of their assigned
intervention during the trial?

Yes/No/NA/NR

18. Is the length of follow-up the same for all
groups?

Yes/No/NA/NR

19. Was the allocation sequence random?

Yes/No/NA/NR

20. Did the study apply inclusion/exclusion
criteria uniformly to all comparison
groups/arms of the study?

Yes/No/NA/NR

21. Is the length of time following the
intervention/exposure sufficient to support
the evaluation of primary outcomes and
harms?

Yes/No/NA/NR

22. Did the study control for any baseline
differences in relevant variables between
intervention and control groups? (If study
states no baseline differences, check ‘Yes’)

Yes/No/NA/NR

Article information

Article type

Peer-reviewed journal article
Agency-reviewed report
Other

Study design

Study design

Intervention
Experimental
Observational
Other

Sample recruitment location

Community

Hospital

Nursing home/assisted living
Retirement/55+ community
Licensing agency

National sample (e.g., FARS)
Other

Not reported

Region of study

United States
Canada
Other




Population density of study site

Urban

Rural
Suburban
Other

Not reported

Outcome measure

Crashes (self-report, at-fault/not at-fault)
Crashes (state report, at-fault/not at-fault)
On-road performance: professional evaluation
(e.g., occupational therapist, driving instructor)
On-road performance: DMV

On-road performance: naturalistic

Closed course/driving range performance
Simulator: high fidelity (e.g., NADS)
Simulator: low fidelity/fixed base/part-task
Citations/tickets (self-report)

Citations/tickets (state-report)

Number of times pulled over

Licensing outcome

Medical outcome (e.g., number of drivers
referred by clinicians)

Indirect measure (e.g., seat belt use, scanning
behavior, and attention allocation)

Other

Sample information

Analytic sample size

[Continuous variable]

Not reported
Analytic sample age range, mean, and [Continuous variable]
standard deviation Not reported

Percentage of women in analytic sample

[Continuous variable]
Not reported

Percentage of nonwhite participants in
analytic sample

[Continuous variable]
Not reported

Sample health

Healthy

Alzheimer’s disease/dementia

MCI

Stroke or TIA

Diabetes

Cardiovascular disease

Obstructive sleep apnea/obstructive breathing
Peripheral neuropathy

General population

Other
(Intervention studies) Intervention adherence | [Continuous variable]
rate Not reported

Not applicable
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Appendix B: Meta-Analysis Methodology and Results
Data Collection

All articles included in the systematic review for Chapter 3 were screened for inclusion in the
meta-analysis. To be included in the meta-analysis, articles needed to report sufficient statistics
to calculate effect sizes. Sample statistics included means, standard deviations, and sample sizes
among different types of drivers (e.g., unsafe versus safe driver), correlations among predictors
with driving outcomes, or the odds of engaging in some driving behavior based on some
cognitive, physical, or visual threshold.

Meta-analysis data were recorded and entered by two independent reviewers. Inconsistent entries
were reviewed by a third reviewer. If unclear, Ross or Staplin reviewed and provided the final
decision. After entry, Ross and Sprague reviewed the predictor and outcome measures. These
measures were assessed through reviewing the study description. If unclear, additional sources
(e.g., references, standard assessment procedure manuals, etc.) were consulted. In situations
where additional adjudication was necessary, Staplin served as a third reviewer.

Analysis

Comprehensive Meta-Analysis is an advanced and widely validated software program for meta-
analyses. CMA is able to use a large number of different types of reported statistics.
Additionally, CMA allows for the assessment of possible moderators, publication bias metrics,
analyses of subsets of data, and the inclusion of several outcomes from a single study. The
current analyses included the following statistics from the reviewed studies:

e Unadjusted correlations between predictors and driving outcomes (including other effect
size calculations such as Cohen’s d)

e T-test and sample size of each subgroup (e.g., crash versus no crash)

e (Odds/hazard ratio

Variables

Predictor variables were categorized into cognitive, vision, and physical domains. Predictors in
the cognitive domain were further categorized into either the speed of processing/attention,
executive function, or dementia status subdomain. For vision and physical domains, there were
too few studies to further divide into subdomains. Based on the final list of eligible articles,
outcome variables were categorized into on-road performance, crashes, and simulated driving.
The articles that qualified for meta-analysis under each domain and subdomain and the specific
measures included in each are reported in Table B1. The following moderators were also
considered.

e Percentage of women in sample

e Average age of sample

e Sample recruitment strategy (whether the sample recruitment strategy was intended to
generalize to a larger population). Studies that recruited convenience samples through
strategies such as flyers and word-of-mouth were coded as “No.” Studies that recruited
samples with a strategy designed to be generalizable to a larger population, such as
randomized sampling and recruitment at driver license centers, were coded as “Yes.”
Studies that did not provide enough detail to determine sample recruitment strategy were
coded as “Not reported.”
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Table B-1. Predictor Variable Terms, Definitions, and Measures

Variable Definition

Cognition Individual or composite measures of processing speed/attention,
memory, executive function, and/or dementia status

Measures Included, by Article:
(Anstey & Wood, 2011): Speeded Attention and Task Switching, UFOV 1, Inhibition
(CRT-C), Reaction Time, UFOV

(Aksan et al., 2013): COGSTAT, visual cognition, visual perception, executive function,
AVLT-Recall

(Bélanger et al., 2010): UFOV 2, UFOV 3, Visual Secondary Task Latency in Complex
Environment

(Bieri et al., 2014): MoCA total score, Clock Drawing Task (CDT), Trail Making Test B,
Executive Functions: Number of Errors, Executive Functions: Reaction Time Correct
Responses, Distance and Speed Regulation: Number of Collisions, Distance and Speed
Regulation: Duration of Collisions, Eye-Hand Coordination: Number of Collisions, Trail
Making Test A, Divided Attention: Number of Collisions, Divided Attention: Number of
Errors, Divided Attention: Reaction Time Correct, Selective Attention: Number of Errors,
Selective Attention: Reaction Time Correct

(Choi et al., 2019): ANT Accuracy, ANT Reaction time, Executive attentional functioning
(ANT), Alerting functioning (ANT), Orienting functioning (ANT), Alerting attentional
function, Executive Efficiency Index, Executive Functioning, Executive Attention
(Cuenen et al., 2016): MMSE, MoCA, Road Sign Recognition Test, Digit Span Forward,
UFOV 1, UFOV 2, UFOV3, ANT Alerting, ANT Orienting, ANT Conflict, ANT Mean
Accuracy, ANT Mean Reaction Time

(De Raedt & Ponjaert-Kristoffersen, 2000a): Cognitive Flexibility Test, Visuospatial
Paperfolding Test, Divided Attention Tracking Task, Mental Flexibility Incompatibility
Test, Movement Perception Test, UFOV, Dot Counting Task

(Douissembekov et al., 2015): Field of View

(Edwards et al., 2008): Working Memory, Visualization of Missing information, Divided
Visual Search (Trail Making Test B), UFOV 2, UFOV 3

(Eramudugolla et al., 2016): MMSE, Trail Making Test B, California Verbal Learning
Test Delayed Recall, Choice Reaction Time, DriveSafe Score, DriveSafe Intersection Test,
UFOV, Choice Reaction Time

(Ferreira et al., 2012): Addenbrooke MMSE subscore, Addenbrooke Attention-Orientation
Subscale, Addenbrooke Memory Subscale, Addenbrooke Fluency Subscale, Addenbrooke
Language Subscale, Addenbrooke Visuospatial Subscale, ACE-R (Addenbrooke's Cognitive
Examination-Revised) Total Score

(Ferreira et al., 2013): Addenbrooke MMSE sub-score, Addenbrooke Attention-
Orientation Subscale, Addenbrooke Memory Subscale, Addenbrooke Fluency Subscale,
Addenbrooke Language Subscale, Addenbrooke Visuospatial Subscale, ACE-R
(Addenbrooke's Cognitive Examination- Revised) Total Score, Continuous Visual




Recognition Task- Correct Reactions, Continuous Visual Recognition Task- False Positives,
Determination Test-Median Reaction Time, Determination Test- Correct Reaction Time,
Determination Test-Incorrect Reaction Time, Trail Making Test B, Stroke Drivers
Screening Assessment- Square Matrices Directions, Behavioural Assessment of the
Dysexecutive Syndrome- Key Search, WAIS-III Block Design, Stroke Drivers Screening
Assessment: Road Sign Recognition, Choice Reaction Time- decision time, Choice
Reaction Time- motor time, Senior Drivers Battery Cognitrone- incorrect reactions %,
Senior Drivers Battery Cognitrone-reactions, Simple Reaction Time- decision time, Simple
Reaction Time- motor time, Stroke Drivers Screening Assessment- Dot Cancellation Test
errors, Stroke Drivers Screening Assessment- Dot Cancellation Test false positives, Stroke
Drivers Screening Assessment- Dot Cancellation Test time, Trail Making Test A, UFOV 1,
UFOV 2

(Friedman et al., 2013): Trail Making Test B, Motor-Free Visual Perception Test (MVPT),
UFOV 2

(Hoggarth et al., 2010): MMSE, Dementia Rating Scale, Trail Making Test B, Road Sign
Test

(Horswill et al., 2010): Mean hazard perception response latency, UFOV

(Huisingh et al., 2017): Motor-Free Visual Perception Test (MVPT), Trail Making Test B,
UFOV 2

(Janke, 2001): MMSE, Waypoint Channel Capacity, Waypoint Risk, Waypoint Errors-1st
administration, Waypoint Errors-2nd administration, Traffic Sign Test Errors, Judgment
Question Error-Sign Test

(McCarthy et al., 2009): MMSE, Trail Making Test B

(Park et al., 2011): Cognitive-Perceptual Assessment for Driving

(Selander et al., 2011): Trail Making Test B, NorSDSA-Compass, NorSDSA Road Sign
Recognition 3 minute, NorSDSA Road Sign Recognition 5 minute, NorSDSA Total Score,
NorSDSA Directions, Median Number of Errors, NorSDSDA Dot Cancellation Errors,
NorSDSA Dot Cancellation Time, NorSDSA Dot Cancellation (the NorSDSA = Nordic
Stroke Driver Screener Assessment), Trail Making Test A, UFOV 1, UFOV 2, UFOV 3
(Szlyk et al., 2002): Block Design, Trail Making Test B, Logical Memory I, Logical
Memory II, Visual Memory I, Digit Symbol, Trail Making Test A, Digit Span, Seashore
Rhythm

(Stav et al., 2008): MMSE, Trail Making Test B, Motor-Free Perceptual Task-Spatial
Orientation, Road Sign Test, Digit Span Forward, UFOV

(Vaucher, Cardoso, et al., 2014): Working Spatial Memory Task 4, Working Memory-1st
Cue, Working Memory-Last Cue, Dual Tasking, Execution with Orientation Cue,
Movement Detection with Attention Shift, Peripheral Visual Processing, Trail Making Test
A, UFOV Divided Attention, UFOV Risk Categories, UFOV Selective Attention, UFOV
Visual Processing, UFOVMod, Visual Processing

(Vaucher, Herzig, et al., 2014): MoCA, Trail Making Test B
(Willstrand et al., 2017): UFOV 3

(Wood et al., 2008): Dot Motion Log Threshold, Self-Ordered Point Score, Position Choice
Reaction Time, Color Choice Reaction Time, Distractor Choice Reaction Time, Trail
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Making Test B, Choice Reaction Time, UFOV 2, Simple Reaction Time, Digit Symbol
Mean Reaction Time of Correct Responses

(Wood et al., 2013): Digit Symbol Matching, Hazard Perception Test Score, MMSE,
Gestalt, Snowy

(Woolnough et al., 2013): Clock Drawing Test (# correct/not correct), Trailmaking Test B

Cognition This lower-level cognitive function is the speed with which a person
subdomain: can interpret (and typically react to) information in their
Speed of environment. Attention, in this context, incorporates speed of

Processing/Attention | processing and the ability to attend to the relevant stimuli. Speed of
processing/attention are functions needed to support higher-level
cognitive abilities, such as working memory and executive function.
Speed of processing/attention typically decline with age but can be
improved with targeted behavioral interventions.

Measures Included, by Article:

(Anstey & Wood, 2011): Discrimination (UFOV 1), Inhibition (CRT-C), Reaction Time,
UFOV

(Bélanger et al., 2010): UFOV 2, UFOV 3, Visual Secondary Task Latency in Complex
Environment

(Bieri et al., 2014): Divided Attention-Number of Collisions, Divided Attention-Number of
Errors, Divided Attention- Reaction Time Correct Responses, Trail Making Test A,
Selective Attention-Number of Errors, Selective Attention- Reaction Time Correct
Responses

(Choi et al., 2019): Alerting Attentional Function, Alerting Efficiency, Alerting
Functioning (ANT), ANT Accuracy, ANT Reaction Time, Executive Attention, Executive
Attentional Efficiency, Executive Attentional Functioning (ANT), Executive Efficiency
Index, Executive Functioning, Orienting Efficiency, Orienting Functioning (ANT)

(Cuenen et al., 2016): ANT Alerting, ANT conflict, ANT mean accuracy, ANT mean
reaction time, ANT orienting, Digit Span Forward, UFOV 1, UFOV 2, UFOV 3

(De Raedt & Ponjaert-Kristoffersen, 2000a): Dot Counting Task, Movement Perception
Task, UFOV

(Douissembekov et al., 2015): Field of View

(Edwards et al., 2008): UFOV 2, UFOV 3

(Ferreira et al., 2013): Choice Reaction Time- Decision Time, Choice Reaction Time-
Motor Time, Senior Drivers Battery Cognitrone- Incorrect Reactions %, Senior Drivers
Battery Cognitrone-Reactions, Simple Reaction Time-Decision Time, Simple Reaction
Time-Motor Time, Stroke Drivers Screening Assessment- Dot Cancellation Test Errors,
Stroke Drivers Screening Assessment- Dot Cancellation Test False Positives, Stroke Drivers
Screening Assessment- Dot Cancellation Test Time, Trail Making Test A, UFOV 1, UFOV
2

(Friedman et al., 2013): UFOV 2
(Hoggarth et al., 2010): Arrows Test Number Correct, Complex Attention Test Movement
Time, Complex Attention Test Movement Time SD, Complex Attention Test Number of




Invalid Trials, Complex Attention Test Number of Lapse Errors, Complex Attention Test
Reaction Time, Complex Attention Test Reaction Time SD, Divided Attention Test Arrows
Correct, Divided Attention Test Tracking Error, Trail Making Test A, Visual Search
Number Correct, Visual Search Reaction Time

(Horswill et al., 2010): UFOV

(Huisingh et al., 2017): UFOV 2

(Janke et al., 2001): Pentagon Task, Perceptual Response Time

(McCarthy et al., 2009): UFOV

(Selander et al., 2011): Median Number of Errors, NorSDSA Dot Cancellation Errors,
NorSDSA Dot Cancellation Time, NorSDSA Dot Cancellation, Trail Making Test A,
UFOV 1, UFOV 2, UFOV 3

(Stav et al., 2008): UFOV

(Szlyk et al., 2002: Digit Span, Digit Symbol, Seashore Rhythm, Trail Making Test A
(Vaucher, Cardoso, et al., 2014): Central Visual Processing, Dual Tasking, Execution with
Orientation Cue, Movement Detection with Attention Shift, Peripheral Visual Processing,
UFOV Divided Attention, UFOV Risk Categories, UFOV Selective Attention, UFOV
Visual Processing, UFOVMod, Visual Processing

(Vaucher, Herzig, et al., 2014): Trail Making Test A
(Willstrand et al., 2017): UFOV 3

(Wood et al., 2008): Choice Reaction Time, Digit Symbol Mean Reaction Time of Correct
Responses, Simple Reaction Time, UFOV 2

Cognition Higher-level cognitive function that involves the ability to attend to
subdomain: complex stimuli and inhibit irrelevant stimuli, multitask, problem
Executive Function solve, and reason. Definitions can vary across studies and within the
field. Requires skills like planning, reasoning, and working
memory.

Measures Included, by Article:

(Bieri et al., 2014): Trail Making Test B, Executive Functions-Number of Errors, Executive
Functions- Reaction Time Correct Responses, Distance and Speed Regulation-Number of
Collisions, Distance and Speed Regulation-Duration of Collisions, Eye-Hand Coordination-
Number of Collisions

(De Raedt & Ponjaert-Kristoffersen, 2000a): Visuospatial Paperfolding Test, Cognitive
Flexibility Test, Divided Attention Tracking Test, Mental Flexibility Incompatibility Test
(Edwards et al., 2008): Working Memory, Visualization of Missing Information, Divided
Visual Search (Trail Making Test B)

(Eramudugolla et al., 2016): Trail Making Test B

(Hoggarth et al., 2010): Trail Making Test B, Road Sign Test

(Huisingh et al., 2017): Trail Making Test B, Motor-Free Perceptual Test

(Ferreira et al., 2013): WAIS-III Block Design, Determination Test- Median Reaction
Time, Determination Test-Correct Reactions, Determination Test-Incorrect Reactions,
Stroke Drivers Screening Assessment- Square Matrices Directions, Trail Making Test B,
Behavioural Assessment of the Dysexecutive Syndrome-Key Search, Stroke Drivers
Screening Assessment: Road Sign Recognition
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(Friedman et al., 2013): Trail Making Test B, Motor-Free Perceptual Test

(Janke, 2001): Waypoint Channel Capacity, Waypoint Risk, Waypoint Errors-1st
Administration, Waypoint Errors-2nd Administration, Traffic Sign Test Errors, Judgment
Question Error Sign Test

(McCarthy et al., 2009): Trail Making Test B

(Selander et al., 2011): Trail Making Test B, NorSDSA Compass, NorSDSA Road Sign
Recognition 3 Min, NorSDSA Road Sign Recognition 5 min, NorSDSA total score,
NorSDSA Directions

(Stav et al., 2008): Trail Making Test B, Motor-Free Perceptual Task-Spatial Orientation
score, Road Sign Test

(Vaucher, Cardoso, et al., 2014): Working Spatial Memory, Working Memory-1st Cue,
Working Memory-Last Cue, MedDrive Score

(Vaucher, Herzig, et al., 2014): Trail Making Test B

(Wood et al., 2008): Self-Ordered Pointing Score, Position Choice Reaction, Color Choice
Reaction Time, Distractor Choice ReactionTime, Trail Making Test B

(Wood et al., 2013): Gestalt, Snowy

(Woolnough et al., 2013): Trail Making Test B

Cognition Screening measures that typically include several domains as well
subdomain: as basic orientation assessments (e.g., does the person know where
Dementia Screener they are and what day it is). Importantly, these measures have

restricted range as they are designed to screen for possible
dementia. Failure of such a screening tool should result in a referral
for a full neurological and medical exam. These should not be
considered as broad measures of cognition due to the restricted
range and design/validation of the measures.

Measures Included, by Article:

(Eramudugolla et al., 2016): MMSE

(Ferreira et al., 2012): ACE-R MMSE Subscale, ACE-R (Addenbrooke's Cognitive
Examination- Revised), ACE-R Attention-Orientation Subscale, ACE-R Memory Subscale,
ACE-R Fluency Subscale, ACE-R Language Subscale, ACE-R Visuospatial Subscale
(Ferreira et al., 2013): ACE-R MMSE Subscale, ACE-R (Addenbrooke's Cognitive
Examination- Revised), ACE-R Attention-Orientation Subscale, ACE-R Memory Subscale,
ACE-R Fluency Subscale, ACE-R Language Subscale, ACE-R Visuospatial Subscale
(Hoggarth et al., 2010): MMSE, Dementia Rating Scale-2 AEMSS

(Janke, 2001): MMSE

(McCarthy et al., 2009): Clock Drawing Test, TICS, MMSE

(Stav et al., 2008): MMSE

(Vaucher, Herzig, et al., 2014): MoCA

(Wood et al., 2013): MMSE

Vision (Note: There | The most common research (i.e., nonclinical) vision assessments in
were too few studies | driving studies are traditional acuity charts (e.g., reading letters

to examine from a distance of 10 feet) and charts that detect the contrast
subdomains) threshold, or the amount of contrast needed between a stimuli and
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background, for a participant to correctly identify the target.

Measures Included, by Article:

(Bieri et al., 2014): Best Far Visual Acuity, Best Near Visual Acuity, Contrast Sensitivity
(Edwards et al., 2008): Visual Acuity High Contrast, Visual Acuity Low Contrast
(Green et al., 2013): Vision Impairment

(Hoggarth et al., 2010): Visual Acuity Left Eye, Visual Acuity Right Eye

(Huisingh et al., 2017): Contrast Sensitivity, Near Visual Acuity, Far Visual Acuity,
Peripheral Vision Field Loss

(McCarthy et al., 2009): Visual Acuity Deficit, Visual Field Deficit

(Spreng et al., 2018): Both Eyes Contrast Sensitivity, Worst Eye Contrast Sensitivity,
Difference Between Eye Contrast Sensitivity, Difference Between Eye Visual Acuity
(Stav et al., 2008): Contrast Sensitivity A, Contrast Sensitivity B, Contrast Sensitivity C,
Contrast Sensitivity D, Contrast Sensitivity E, Depth Perception

(Vaucher, Herzig, et al., 2014): Visual Acuity

(Wood et al., 2008): High-Contrast Visual Acuity, Visual Fields Better Eye, Esterman,
Contrast Sensitivity

(Wood et al., 2013): Visual Acuity, Contrast Sensitivity, Visual Fields Best MD
(Woolnough et al., 2013): Snellen Visual Acuity Left Eye, Snellen Visual Acuity Right
Eye, Snellen Visual Acuity Both Eyes, Visual Field by Confrontation: Deficits versus None.

Physical Performance | Reflects one’s capacity to perform various physical functions

(Note: There were too | relevant for everyday life. Tasks can range from simple measures of
few studies to strength (e.g., grip strength) to the complex coordination of several
examine subdomains) | systems (e.g., timed walking tasks that involve the successful
integration of physical and cognitive speed, agility, and attention to
safely execute). While the team used an inclusive definition of
physical functions, the extant literature primarily investigated the
relationship between complex physical functions (e.g., walking
speed tests) with driving outcomes rather than simpler strength-
based physical capacity measures

Measures Included, by Article:

(Eramudugolla et al., 2016): Postural Sway

(Hoggarth et al., 2010): Footbrake and Clutch Test Reaction Time, Footbrake and Clutch
Test Movement Time, Ballistic Movement Test Reaction Time Grand Mean, Ballistic
Movement Test peak Velocity Grand Mean

(Lacherez et al., 2014): Proprioception, Vibration Sense, Tactile Sensitivity, Neck Rotation
(Right), Quadriceps Strength, Ankle Strength, Handgrip Strength, Reaction Time, Sway
(Eyes Open Floor), Sway (Eyes Closed Floor), Sway (Eyes Closed Foam), Coordinated
Stability

(McCarthy et al., 2009): Rapid Pace Walk, Motor Strength Deficit, Range of Motion
Deficit

(Stav et al., 2008): Rapid Pace Walk, Grip Strength Right Hand, Grip Strength Left Hand,
Trunk/Neck Range of Motion Right, Trunk/Neck Range of Motion Left

(Vaucher, Herzig, et al., 2014): Timed Up and Go
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(Wood et al., 2008): Total Neck Range of Motion, Knee Extension Strength Score, Sway
Path Length, Average Proprioception Score

Table B-2. Outcome Variable Terms, Definitions, and Measures

On-road performance | Traditional behind-the-wheel driving evaluation by an OT/CDRS
or driving instructor, or naturalistic observation.

This category included studies using instrumented vehicles,
naturalistic driving studies, and studies including an on-road
assessment scored by an occupational therapist, driving specialist,
or other observer.

Measures Included, by Article:

(Aksan et al., 2013): Landmark and Traffic Sign Identification Test

(Anstey & Wood, 2011): Approach, blind split, brake/accelerator, critical interventions, gap
selection, give way, indicator, lane position, maneuvering, merging, noncritical instructor
interventions, observations, one-way, traffic light, two-way

(De Raedt & Ponjaert-Kristoffersen, 2000a): Road Test

(Douissembekov et al., 2015): Parallel parking length, perpendicular parking trajectory
adjustments

(Eramudugolla et al., 2016): On-road error, OT-rated driving safety score

(Ferreira et al., 2012): Safe versus Unsafe Driver,

(Ferreira et al., 2013): Safe versus Unsafe Driver

(Hoggarth et al., 2010): Pass versus Fail Driving Test

(Janke, 2001): On-Road Test Total

(Lacherez et al., 2014): Unsafe versus Safe Driver

(Selander et al., 2011): P-Drive, Pass versus Fail On-Road Test, ROA (Ryd On-Road
Assessment)

(Spreng et al., 2018): On-Road Driving Score

(Stav et al., 2008): Global Rating Score

(Vaucher, Cardoso, et al., 2014): On-Road Evaluation

(Vaucher, Herzig, et al., 2014): Poor On-Road Performance

(Willstrand et al., 2017): Total # of on-road driving errors, attention on-road errors,
interaction on-road errors

(Wood et al., 2008): Unsafe versus Safe Driver

(Wood et al., 2013): Safe versus Unsafe Driver

Crashes Objective or self-reported crashes. This category included studies
with self-reported or State-reported crashes, regardless of severity
or fault.

Measures Included, by Article:

(Bieri et al., 2014): Safe versus unsafe driver

(De Raedt & Ponjaert-Kristoffersen, 2000a): Accidents

(Edwards et al., 2008): Crashes versus none

(Friedman et al., 2013): All motor vehicle crashes

(Green et al., 2013): Any motor vehicle crash; at-fault motor vehicle crash
(Horswill et al., 2010): Self-reported crashes

(Huisingh et al., 2017): Any Crash
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(Woolnough et al., 2013): Collision versus not

Simulated driving Included studies using a driving simulator. Outcomes from these
studies were selected to ensure harmonization given the number of
outcomes reported across the studies. For example, the team
focused on metrics related to driving safety such as crashes, lane
keeping and gap acceptance rather than other simulator metrics
(e.g., acceleration metrics, mean speed and speed variances, etc.)

Measures Included, by Article:

(Bélanger et al., 2010): Simulator crash versus no crash

(Choi et al., 2019): Completion time to travel 2k ft, driver makes right turn at intersection,
mean completion time (Executive-Critical hazardous situations), number of crashes during
driving task, number of crashes during executive-critical hazardous situations, number of
crashes during orienting-critical hazardous situations, number of crashes in positive alerting-
critical situations, number of traffic violations, simulated driving performance: accidents,
vehicle unexpectedly, abruptly moves in lane

(Cuenen et al., 2016): Complete stop, simulated crashes, detection time, gap acceptance,
mean driving speed, mean following distance, reaction time, standard deviation of lateral
position (SDLP)

(Eramudugolla et al., 2016): Simulator error

(Park et al., 2011): Braking, car crash, controlling speed, lane changes, turns, vehicle
positioning

(Szlyk et al., 2002): Brake pedal pressure, horizontal eye movement, lane boundary crossing,
speed

Results

Tables B3, B4, and B5 display the results of conservative meta-analyses that are based on ten or
more studies (van Wely, 2014). Tables B6 through B11 present results of exploratory meta-
analyses based on fewer than ten studies (Valentine et al., 2010). The following research
questions had fewer than five eligible studies and were not eligible for meta-analysis:

e Vision predicting simulated driving performance
e Vision predicting crashes
e Physical function predicting simulated driving performance
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Table B-3. All Cognitive Domains Predicting On-Road Driving Performance

Lower  Upper

Study Name Correlation  Limit  Limit  z-value p-value
(Eramudugolla et al., 2016) 23 -.07 48 1.52 13
(Douissembekov et al., 2015) .30 -.17 .65 1.26 21
(Aksan et al., 2013) 18 -.01 .36 1.87 .06
(Wood et al., 2013) 13 .04 22 2.89 <.01
(Ferreira et al., 2013) 31 25 35 12.60 <.001
(Selander et al., 2011) 20 -.01 40 1.87 .06
(Hoggarth et al., 2010) 13 -12 37 1.04 .30
(Stav et al., 2008) 38 .20 .53 4.04 <.001
(Janke, 2001) .07 -.13 .26 0.64 52
(De Raedt & Ponjaert-Kristoffersen, Sl 33 .65 5.03 <.001
2000a)
(Vaucher, Herzig, et al., 2014) 42 27 .56 5.15 <.001
(McCarthy et al., 2009) 49 34 .62 5.82 <.001
(Vaucher, Cardoso, et al., 2014) A7 .03 31 2.29 .02
(Willstrand et al., 2017) 19 -.03 .39 1.68 .09
(Anstey & Wood, 2011) .02 -.10 14 0.31 .76
(Wood et al., 2008) 22 A1 34 3.73 <.001
(Ferreira et al., 2012) .34 25 43 7.02 <.001
OVERALL .26 23 29 17.06 <.001

Table B-4. Speed of Processing/Attention Predicting On-Road Driving Performance

Lower Upper

Study Name Correlation  Limit  Limit  z-value p-value
(Anstey & Wood, 2011) -.01 -.14 A1 -22 .82
(De Raedt & Ponjaert-Kristoffersen, .61 46 73 6.38 <.001
2000a)
(Douissembekov et al., 2015) .30 -.17 .65 1.26 21
(Eramudugolla et al., 2016) 25 -.04 .50 1.68 .09
(Ferreira et al., 2013) .29 22 35 8.50 <.001
(Vaucher, Cardoso, et al., 2014) .17 .03 31 2.30 .02
(Willstrand et al., 2017) .19 -.03 .39 1.68 .09
(Hoggarth et al., 2010) A1 .04 18 2.87 <.01
(McCarthy et al., 2009) .62 .50 72 7.91 <.001
(Selander et al., 2011) 21 -.00 41 1.94 .06
(Janke, 2001) A2 -.07 31 1.22 22
(Vaucher, Herzig, et al., 2014) 41 13 .63 2.77 .01
(Wood et al., 2008) .20 .08 31 3.27 <.01
(Stav et al., 2008) .58 44 .68 7.08 <.001
OVERALL 24 20 27 12.98 <.001
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Table B-5. Executive Function Predicting On-Road Driving Performance

Lower  Upper
Study Name Correlation  Limit  Limit  z-value p-value

(De Raedt & Ponjaert-Kristoffersen, 43 24 .59 4.14 <.001
2000a)

(Eramudugolla et al., 2016) 26 -.04 Sl 1.73 .08
(Ferreira et al., 2013) 34 25 42 7.33 <.001
(Vaucher, Cardoso, et al., 2014) 17 .02 .30 2.23 .03
(Wood et al., 2013) 16 .00 .30 1.98 .05
(Selander et al., 2011) 20 -.02 .39 1.81 .07
(Hoggarth et al., 2010) 22 .05 38 2.51 .01
(McCarthy et al., 2009) 52 38 .64 6.29 <.001
(Janke, 2001) .00 -.19 .20 .03 .98
(Vaucher, Herzig, et al., 2014) 49 23 .68 3.53 <.001
(Wood et al., 2008) 24 A2 35 3.94 <.001
(Stav et al., 2008) .04 -.15 23 41 .68
OVERALL 26 22 30 11.09 <.001

Table B-6. Dementia Status Predicting On-Road Driving Performance (exploratory)

Lower  Upper
Study Name Correlation  Limit Limit  z-value p-value
(Eramudugolla et al., 2016) 25 -.04 .50 1.71 .09
(Ferreira et al., 2012) 34 25 43 7.02 <.001
(Ferreira et al., 2013) 34 25 43 7.01 <.001
(Wood et al., 2013) .01 -21 23 .07 .94
(Hoggarth et al., 2010) A1 -.07 27 1.18 28
(McCarthy et al., 2009) 44 28 57 5.07 <.001
(Janke, 2001) 26 .07 43 2.63 .01
(Vaucher, Herzig, et al., 2014) 38 A1 .60 2.68 .01
(Stav et al., 2008) .39 21 .54 4.05 <.001
OVERALL 31 .26 36 11.86 <.001

Table B-7. All Cognitive Domains Predicting Crashes (exploratory)

Lower  Upper

Study Name Correlation ~ Limit Limit z-value p-value
(Bieri et al., 2014) 25 -.02 A48 1.82 .07
(Woolnough et al., 2013) .04 -.02 .09 1.36 17
(Edwards et al., 2008) 17 .08 26 3.80 <.001
(Horswill et al., 2010) .03 .01 .04 3.02 <.05
(De Raedt & Ponjaert-Kristoffersen, .06 -.16 27 52 .61
2000a)
OVERALL .03 .02 .05 4.06 <.001
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Table B-8. All Cognitive Domains Predicting Simulated Driving Performance (exploratory)

Study Name Correlation  Lower Upper  z-value p-
Limit Limit value
(Eramudugolla et al., 2016) 28 -.01 52 1.88 .06
(Bélanger et al., 2010) .55 14 .80 2.56 .01
(Szlyk et al., 2002) .53 .14 78 2.58 .01
(Park et al., 2011) .26 .09 41 3.04 <.05
(Cuenen et al., 2016) .04 -23 .30 .30 77
(Choi et al., 2019) A2 -.14 .36 .89 37
OVERALL 24 13 34 4.36 <.001
Table B-9. Speed of Processing Predicting On-Road Driving Performance (exploratory)
Study Name Correlation Lower Upper z-value  p-value
Limit Limit
(Bélanger et al., 2010) .55 .14 .80 2.56 .01
(Choi et al., 2019) A2 -.14 .36 .89 37
(Eramudugolla et al., 2016) .30 .01 .54 2.04 .04
(Szlyk et al., 2002) .58 .20 .80 2.86 <.01
(Cuenen et al., 2016) .04 -.22 31 32 75
OVERALL 24 10 37 3.31 <.01

Table B-10. Vision Predicting On-Road Driving Performance (exploratory)

Study Name Correlation Lower  Upper z-value p-
Limit Limit value
(Wood et al., 2013) 22 .10 32 3.63 <.001
(Vaucher, Herzig, et al., 2014) A1 -.23 42 .64 52
(Stav et al., 2008) 40 23 .54 4.56 <.001
(Spreng et al., 2018) 15 -.01 29 1.84 .07
(McCarthy et al., 2009) .20 .02 .36 2.14 .03
(Wood et al., 2008) 10 -.02 22 1.61 A1
(Hoggarth et al., 2010) .05 -.20 .30 41 .68
OVERALL 18 A2 24 5.91 <.001

Table B-11. Physical Function Predicting On-Road Driving Performance (exploratory)

Study Name Correlation  Lower  Upper z-value p-
Limit Limit value
(Hoggarth et al., 2010) .04 -21 29 32 75
(Wood et al., 2008) .01 -.11 13 18 .86
(Stav et al., 2008) 28 .10 45 3.04 <.05
(Lacherez et al., 2014) 15 .03 26 2.44 .02
(Vaucher, Herzig, et al., 2014) 31 -.01 57 1.88 .06
(McCarthy et al., 2009) 33 .16 A48 3.71 <.001
(Eramudugolla et al., 2016) 11 -.18 39 .73 47
OVERALL 15 .08 21 4.43 <.001
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