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Abstract
Background and Objectives: Older drivers are overrepresented in collisions at intersections while making left turns across 
oncoming traffic. Using naturalistic driving methods, we evaluated the association between vision impairment and their 
left-turn characteristics.
Research Design and Methods: In this prospective, observational study, vision impairment as defined by visual acuity, con-
trast sensitivity, visual processing speed, visual field sensitivity, and motion perception was assessed in drivers ≥70 years 
old. Data acquisition systems were installed in their personal vehicles recording video and vehicle kinematics. Driving 
during everyday life was recorded for 6 months. Data analysts evaluated a temporal data window surrounding randomly 
selected left turns at 4-way intersections. Left-turn traversals and turning behavior were evaluated in terms of age-adjusted 
associations with vision impairment.
Results: The sample consisted of 151 older drivers. The number of turns studied was 473; 265 turns were rated as unsafe 
traversals, and 201 as problematic turning behavior. Drivers with slowed visual processing speed and visual field impair-
ment were less likely to exhibit unsafe traversals (p < .05); those with worse contrast sensitivity, slowed visual processing 
speed, and visual field impairment were less likely to exhibit problematic turning behavior (p < .05).
Discussion and Implications: Using naturalistic driving, our study suggests older drivers with vision impairment exhibit 
better performance in making left turns than those without deficits, which contradicts older driver studies on left turns 
using driving simulators and on-road driving evaluations. Our findings suggest more cautious and self-regulatory behavior, 
which are consistent with older visually impaired drivers’ commonly expressed concerns about their driving difficulties.

Translational Significance: In contrast to previous older driver studies using driving simulators and on-road 
driving evaluations, our study suggests that in everyday life older visually impaired drivers exercise caution 
in left-turn behavior across oncoming traffic as compared to those who are normally sighted.
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Older drivers, aged 65 and older, have a higher risk of 
collisions at intersections while making left turns across 
oncoming traffic compared to those aged 16–64 (1) and 
25–64 (2). In urban intersections in Minnesota and Illinois, 
for older drivers aged 75 and older, left-turn collisions 
represented 60.7% of their collisions, whereas for drivers 
aged 30–74 only 28.0% of collisions were left turns (3). 
Similarly, in Orange County, CA, the proportion of colli-
sions involving left turns was higher among adults aged 
65+ compared to those 18–64 (4). Possible explanations 
for older adults’ overrepresentation in left-turn collisions 
have been explored in the literature, including older adults’ 
insensitivity to the speed of vehicle approach in the on-
coming lane (5,6) and a focus on their own vehicle’s travel 
path at the expense of ignoring other hazards outside their 
own vehicle direction (7,8). Older drivers, as compared to 
young drivers, tend to underestimate a vehicle’s velocity in 
an oncoming lane at higher speeds (6). It has been argued 
that their inaccurate judgment of vehicle speed in the on-
coming lane may thwart their final judgment on executing a 
turn (9). These decisions rely on visual and visuo-cognitive 
based decisions indicating functional ability could be a con-
tributing factor to why older adults have increased left-turn 
collision risk.

In questionnaire studies, older adults self-report driving 
difficulty with, and avoidance of, certain roadway scenarios 
including left turns (10–12). Furthermore, their reported 
difficulties in certain driving environments have been asso-
ciated with vision impairment and diagnosed eye disease. 
Drivers with glaucoma report restricting their driving at 
night, on freeways, and in unfamiliar areas (13), and at-
tribute their driving limitations to problems with their vision 
(14). In a cross-sectional study, worse contrast sensitivity 
in older drivers was associated with a reported reduction 
in driving exposure (15). This study further showed that 
worse contrast sensitivity and light sensitivity in the cen-
tral and peripheral visual fields were associated with night 
driving cessation in the subsequent 2 years (16). A study on 
older drivers with cataract showed that drivers with deficits 
in visual acuity and contrast sensitivity were more likely 
to express difficulty with many driving maneuvers; for left 
turns, drivers with worse than 20/50 acuity had a 9.5-fold 
reported increase in left-turn difficulty and for those with 
log contrast sensitivity of 1.25 or worse, a 13-fold increase 
in left-turn difficulty (17). In addition, recent work on left-
turn collision risk factors using naturalistic driving data in 
older drivers indicates that health and cognitive factors had 
stronger associations to crashes during left turns than did 
intersection infrastructure (18).

Despite the link between vision impairment and older 
adults’ self-reported difficulty in executing left turns and 
prior work indicating associations between visual func-
tion and driving performance in simulator and on-road 
evaluations (19–26), no study using naturalistic driving 
methods has specifically focused on the relationship be-
tween vision impairment in older drivers and actual driving 

behaviors during left turns. A previous study using natural-
istic driving methods focused on older drivers’ intersection 
behaviors including turning; however, only 10 drivers were 
studied for 2 weeks, all of whom had good vision (27). By 
naturalistic methods, we mean measurement methods in 
which participant drivers have a data acquisition system 
(DAS) with multichannel synchronized video and sensors 
installed in their own vehicles (28). Older drivers in our 
study then drove as they normally would for 6  months. 
Most, but not all, drivers had aging-related eye conditions 
that could impair vision. Prior to system installation, we 
measured several aspects of visual function. Our hypothesis 
was that there is a significant association between vision 
impairment and unsafe and problematic left-turn behaviors 
among older drivers.

Method

Study Design and Sample

Data were collected in the Alabama VIP Older Driver 
study, a 6-month prospective cohort study on adults aged 
≥70 years of age utilizing naturalistic driving methods. The 
details of the study design have been published elsewhere 
(28,29). Briefly, participants were recruited due to a recent 
visit at the Callahan Eye Hospital’s clinics at the University 
of Alabama at Birmingham (UAB) and the electronic health 
record. Recruitment focused on those with eye conditions 
with the potential for vision impairment to ensure a sample 
with varied visual function (unimpaired to impaired). Prior 
to enrollment, participants were contacted via a letter and 
a telephone screening call to schedule an in-person visit. 
Inclusion criteria were participants had to be 70 years of 
age or older, own a vehicle compatible with the DAS (ve-
hicle model years older than 1996 were ineligible), be le-
gally licensed to drive in Alabama, report driving at least 
4 days per week, and be willing to have the DAS installed 
in their vehicle. Those meeting all inclusion criteria but 
who had planned periods of 2 consecutive weeks or more 
of no driving (eg, vacation, planned hospitalization) were 
excluded from participation. Written informed consent was 
obtained prior to enrollment. This study was approved by 
the institutional review boards at UAB and Virginia Tech 
and followed the tenets of the Declaration of Helsinki.

Baseline Assessments

After enrollment, participants completed the baseline visit 
consisting of DAS installation in their vehicles while they un-
derwent the baseline assessment. Demographic information 
(eg, date of birth, sex, race, education level) was obtained 
by interview. Participants completed a battery of visual 
and visuo-cognitive tests, all under photopic and binocular 
conditions unless otherwise noted. Habitual distance visual 
acuity was measured under the standard protocol of the 
Electronic Visual Acuity expressed as the logarithm of the 
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minimum angle of resolution (logMAR) (30). Those with 
visual acuity greater than 0.3 logMAR (worse than 20/40) 
were considered impaired, corresponding to the definition 
of impairment used by many governmental jurisdictions 
for driver licensing requirements. Contrast sensitivity was 
assessed using the Pelli–Robson chart (31), scored by the 
letter-by-letter method (32), and expressed as log sensi-
tivity. Impaired contrast sensitivity was defined as <1.5 log 
sensitivity as per previous work (33).

The Humphrey Field Analyzer (HFA), Model II-I, was 
used to assess visual field sensitivity, measured in decibels 
(dB). A custom test with 20 white stimulus-size III targets 
using a full threshold procedure was implemented as 
described previously (34,35). Visual field sensitivity was 
assessed monocularly, so the HFA’s fixation tracking could 
be utilized. Monocular sensitivities were combined to create 
binocular field sensitivities. The sensitivity at each test loca-
tion was represented by the most sensitive measurement (ie, 
highest value) of the 2 eyes (36). The area of the binocular 
field extended 15° superiorly, 30° inferiorly, and 60° hor-
izontally, to correspond to viewing the roadway environ-
ment through a windshield as well as the upper dashboard 
(37). For the 2 sensitivities measured temporally at 60° 
along the horizontal meridian, the sensitivity of each eye 
defined the binocular visual field sensitivity. In addition to 
expressing the overall visual field sensitivity as the average 
of all points, the average sensitivity was also calculated for 
various driving visual field regions including superior (all 
test locations above the horizontal meridian), inferior (all 
test locations below the horizontal meridian), left (all test 
locations to the left of the vertical meridian), right (all test 
locations to the right of the vertical meridian), and periph-
eral (test locations at or temporal to ±45°). Impairment for 
each visual field sensitivity region was defined by the first 
dB quartile (34).

Motion perception threshold was evaluated using the 
drifting Gabor test (38). In this test, the participant was 
presented with a 3 cycle/degree vertical sinusoidal grating 
filtered with a Gaussian envelope. Participants were asked 
to identify the direction of the grating (right vs left) with 
the drift rate (hertz, Hz) varying during a 2-down/1-up 
staircase with 8 reversals. The threshold was calculated 
as the average of the last 6 reversals and expressed in Hz. 
Impaired motion perception was defined by the median 
value, with those below the median considered to be im-
paired (39).

Visual processing speed was assessed using the useful 
field of view subtest 2 (40). This test measures the time in 
milliseconds (ms) for a participant to discriminate 2 targets 
in central vision while simultaneously localizing a periph-
eral target (10° eccentricity) at any of 8 radial directions. 
Processing speeds were defined as moderately (150–350 ms) 
and severely (>350 ms) impaired (41). The Trail Making 
Test part B (Trails B) was also used to assess visual proc-
essing speed in combination with executive function and 
working memory (42). In this test, the time in minutes is 

measured for the participant to draw a line from numbers 
and letters alternately, following the numerical and alpha-
betical order. Trails B times ≥ 2.47 minutes were considered 
impaired (43). The Visual Closure Subtest of the motor-free 
visual perception version 3 test was used to evaluate spatial 
ability (44). This test presents cards of objects drawn both 
incompletely and completely, and participants are asked to 
match the 2 versions. Impairment was defined as scores < 8 
per previous work (45).

Evaluations were also completed to assess general cog-
nitive status, depressive symptoms, and general health. 
The Mini-Mental State Screening Examination (MMSE) 
assessed general cognitive status (46), and the Center for 
Epidemiological Studies—Depression scale (CES-D) assessed 
depressive symptoms (47). Those with MMSE scores less 
than 26 were considered impaired. Generally, persons with 
MMSE scores less than 24 are considered cognitively im-
paired (46); however, due to the very low number of per-
sons in the cohort meeting this definition of impairment, 
we utilized 26 and below, representing the first quartile as 
impaired. CES-D scores greater than 16 are considered de-
pressed (47). General health was assessed via interview 
where participants were asked about medical problems in 
17 areas (eg, heart disease, diabetes, cancer) (48).

After the baseline visit and installation of the DAS was 
complete, participants then drove their vehicle as they nor-
mally would in everyday life for a period of 6 months. The 
DAS was developed by the Virginia Tech Transportation 
Institute (VTTI) and was the same system used in the 
Strategic Highway Research Program (SHRP2) naturalistic 
driving study (49). The DAS recorded various data streams 
including: 5-channel video (views of 83° forward, 55° left 
side; 99° rear; 99° front seat passenger/cabin snapshot; 
55° of steering wheel and driver controls), accelerometers, 
global positioning system (GPS), and vehicle network in-
formation (eg, speed, engine revolutions per minute, 
brake actuation). The DAS turned on/off with the vehicle 
and recorded data to a hard drive. During the follow-up 
driving period, the DAS was checked remotely by VTTI 
through cell phone networking to identify potential oper-
ational problems. If problems arose, study staff contacted 
the participant, so their vehicle and DAS could undergo 
maintenance, repair, or replacement. After the 6-month 
prospective driving period, the DAS was deinstalled from 
the participant vehicle and data were transmitted from 
UAB to VTTI for processing and reduction.

Turn Identification, Selection, and Data Reduction

To identify left turns during the 6-month follow-up 
period, data reduction analysts at VTTI used accelerom-
eter data in conjunction with GPS coordinates to deter-
mine all left turns occurring during the follow-up period. 
Turn frequency and location were synchronized with 
maps (Esri, ArcGIS). Our focus was on left turns at 4-way 
intersections with any of the following traffic control 
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devices: traffic light, stop sign, yield sign. To select turns 
occurring at locations meeting the criteria, turns were 
randomized by participant and the location assessed 
for selection criteria via map and street view on Google 
Maps. The first 3 turns for each participant meeting 
criteria were selected for data reduction. A  fourth turn 
meeting criteria was selected from a random subselection 
of participants to obtain 500 total turns for data reduc-
tion. Each turn was assessed by 2 trained analysts, one 
who completed the reduction and another who checked 
the initial assessment. If a disagreement was noted by 
the second analyst, the 2 met and reconciled the issue. 
Any disagreements between analysts were reviewed by a 
trained supervisor.

Analysts viewed a temporal segment of video sur-
rounding the left-turn events and coded the following 
factors: intersection type (eg, 4-way perpendicular, 4-way 
skewed, T-intersection, Y-intersection), type of traffic con-
trol (eg, stop sign, yield sign, traffic signal), lighting (eg, 
dawn, daylight, dusk, darkness [lighted], darkness [not 
lighted]), weather (eg, clear/partly cloudy, overcast, mist/
light rain, raining), and front seat passenger presence versus 
absences.

Analysts coded 2 left-turn outcomes of interest: (i) 
safe traversal versus unsafe traversal through the intersec-
tion, (ii) normal versus problematic turn behavior. SHRP2 
methods developed to examine aspects of safety critical 
event reductions served as the basis of the items noted and 
included in these outcomes (50). Unsafe traversal was de-
fined as any left turn in which the analyst judged that the 
driver passed through the intersection in a manner that 
posed a threat to roadway safety. Any of the following 
nonmutually exclusive characteristics of the video coded 
by analysts defined unsafe traversal: late or no turn signal, 
followed too closely, turned from wrong lane, misjudged 
traffic flow, jerky movement through intersection, poor 
lane keeping, too fast, violated traffic control device, and 
wrong destination lane. Late or no turn signal was defined 
as activating the turn signal after entering the intersection 
or not signaling. Drivers traveling through the intersec-
tion with less than 2 seconds of headway were noted as 
following too closely. Turns occurring from a lane not in-
tended for making the turn were categorized as turns from 
the wrong lane. Drivers who misperceived the direction of 
travel or speed of oncoming traffic were considered to have 
misjudged traffic flow. Jerky movement was designated if 
the participant’s vehicle demonstrated one or more sudden 
braking or steering events during the turn, unwarranted 
by other traffic or scenario-specific circumstances. Poor 
lane keeping was designated if the subject vehicle strayed 
unnecessarily from the normal or designated path during 
the turn. Too fast was designated if the subject vehicle was 
judged to take the turn at a higher rate of speed than safely 
supported by intersection configuration, traffic density, or 
other factors (eg, weather). Violation of a traffic control de-
vice was noted when the driver did not observe the traffic 

control device (eg, no stop, rolling stop). Wrong destination 
lane was defined for turns where the driver did not travel 
to the correct lane while completing their turn (ie, did not 
travel in lane closest from origin).

Problematic left-turn behavior was defined as driving 
behaviors that violated sound driving norms for left 
turns. These behaviors including any of the following 
nonmutually exclusive characteristics: lane drifting, 
right-of-way error, sudden/improper braking, too slow, 
turned from wrong lane, turned tight, turned wide, lane 
change with no warning, violation of traffic control de-
vice, and driving on the wrong side of road. Lane drifting 
was defined as the inability to maintain appropriate and 
safe lane position and unintentionally drifts toward or 
over one or more lanes. Turns where the driver made 
the incorrect decision with regard to who had the right-
of-way were considered a right-of-way error. Sudden/
improper braking was noted when the driver braked sud-
denly or in an unsafe manner in the roadway but did not 
come to a full stop. Too slow was defined as the driver 
traveling at a speed much lower than the posted speed 
limit when higher speeds are appropriate (eg, traveling 
10 mph under posted speed limit). Instances in which 
the driver unnecessarily encroached onto the right ad-
jacent lane, shoulder, or curb were considered turning 
wide. Similarly, instances in which the driver unneces-
sarily encroached onto the left adjacent lane, shoulder, 
or curb were considered turning tight. Lane change with 
no warning occurred when the driver failed to or delayed 
use of the turn signal. Turns made where the driver was 
traveling on the wrong side of the road were considered 
as occurring on the wrong side of the road. Turning from 
the wrong lane and violation of traffic control device 
were defined for turn behavior as under unsafe traversal. 
Analysts were masked to all participants’ visual and 
other characteristics collected at UAB.

Statistical Analysis

VTTI transmitted the left-turn data to UAB for statis-
tical analysis. Participant IDs were used to link left-turn 
variables to participant’s demographic, visual function, 
and other information collected at baseline. Generalized 
estimating equations (GEEs) were used to calculate odds 
ratios (ORs) and 95% confidence intervals (95% CIs) for 
the 2 outcomes of interest with each categorical visual func-
tion measure considered independently. GEE models were 
used to account for the fact that participants could have 
more than 1 turn. Confounding was assessed for gender, 
race, MMSE score, CES-D score, years of education, 
number of medical conditions, lens status, glaucoma, dia-
betic retinopathy/macular edema, and age-related macular 
degeneration; however, none was detected. ORs are age-
adjusted. The level of significance was set at <.05 (2-sided), 
and all analyses were completed in SAS Version 9.4 (SAS 
Institute, Cary, NC).
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Results
There were 321 drivers meeting eligibility criteria 
after completing a telephone screening. Of these, 280 
completed an in-person screening visit, of whom 162 met 
inclusion criteria and passed vehicle screening and were 
invited to enroll. The total number of drivers who enrolled 
in the Alabama VIP study was 159. Of these, 5 drivers 
dropped out shortly after the DAS was installed because 
the DAS caused vehicle inconvenience (eg, radio static). 
Of the 154 who continued in the study, 8 drivers did not 
complete the full 6-month follow-up and terminated the 
study due to various reasons (eg, vehicle needed repair, a 
serious medical issue prevented driving). However, they 
were included in the analysis because on average they 
drove for >3 months of the 6-month follow-up period. 
Of the 154 drivers, left turns were not identifiable for 1 
participant due to GPS malfunctions. In all, 54 476 left 
turns were identified among 153 drivers during the fol-
low-up. Of the 500 left turns randomly selected for data 
reduction for 153 participants, it was later determined at 
further visual inspection that 27 turns did not occur at 
a 4-way intersection and/or there was no traffic control 
device, so these turns did not meet the study’s left-turn 
criteria. This eliminated 2 additional drivers from the 
sample. The final analysis sample consisted of 473 turns 
completed among 151 participants. The majority of turns 
occurred during daylight (92.6%) and under clear/partly 
cloudy conditions (80.1%). Front seat passengers were 
present during 27.3% of turns.

Of the 151 drivers in the sample, participants drove on 
average 3 897 ± 4 402 miles during the follow-up period. 
There were 35 participants (23.2%) with 4 turns, 102 
(67.6%) with 3 turns, 13 (8.6%) with 2 turns, and 1 (0.7%) 
with 1 turn. The majority of the study participants were in 
their 70s (55.6%) or their 80s (42.4%), with a mean age 
of 79.2 years (standard deviation 5.1; Table 1). There were 
more male (55%) than female drivers. Most of the sample 
completed high school or greater (15 ± 2.7 years), were not 
cognitively impaired (MMSE score: 27.8 ± 1.8), and were 
not depressed (CES-D score: 3.8  ± 4.3). The majority of 
participants (59%) had 4 or more medical conditions and 
91.2% had an eye-related condition. Of the sample, 22.5% 
had no visual impairment, 23.2% had 1 visual impair-
ment, with the remainder having 2 or more impairments, 
indicating a range of visual function within the sample.

Visual acuity was worse than 20/40 in only 2 
participants (1.3%) and contrast sensitivity was impaired 
in 15 (9.9%; Table 2). Visual processing speed under di-
vided attention was moderately (150–350 ms) or severely 
impaired (>350 ms) in 49.2% of the sample. Trails B times 
were impaired in 55 (36.4%) of participants. Overall visual 
field sensitivity scores were on average 23.9 ± 2.9 dB, with 
the lowest quartile defined by 22.4 dB. The lowest quar-
tile ranged from 19.3 dB to 22.4 dB for all visual field 
subregions. Motion perception impairment was defined by 
worse than the median, 0.14 Hz.

Unsafe left-turn traversals occurred during 265 of 473 
turns (56%), and problematic left-turn behavior during 
201 of 473 turns (42%) (Table 3). For unsafe traversals, 
items noted, but which were not mutually exclusive, in-
cluded poor lane keeping and no turn signal, which 
occurred in 29% and 18.8% of turns, respectively. Turning 
tight (27.1%) and turning wide (12.7%), both alone and 
noted with other issues, are examples of commonly noted 
problematic behavior at turns.

Table 1. Demographic and Health Characteristics of 
Participants in the Sample (N = 151)

Characteristic n (%) Mean (SD)

Age group, years
 70–79 84 (55.6)  
 80–89 64 (42.4)  
 90–99 3 (2.0)  
Sex
 Women 68 (45.0)  
 Men 83 (55.0)  
Race
 Black 28 (18.5)  
 White 123 (81.5)  
Education category
 Less than high school graduate 5 (3.3)  
 High school graduate 74 (49.0)  
 College graduate 61 (40.4)  
 Professional or graduate school 11 (7.3)  
MMSE   
 ≥26 (not impaired) 113 (74.8)  
 <26 (impaired) 38 (25.2)  
Medical conditions, number   
 0–1 20 (13.3)  
 2–3 42 (27.8)  
 4–5 59 (39.1)  
 ≥6 30 (19.9)  
CES-D
 ≤16 (not depressed) 148 (98.0)  
 >16 (depressed) 3 (2.0)  
Eye diagnoses (one or both eyes)*   
 Age-related macular degeneration 28 (18.9)  
 Cataract 62 (41.9)  
 Diabetic retinopathy or macular edema 10 (6.8)  
 Primary open angle glaucoma 43 (29.1)  
 Pseudophakia 91 (61.5)  
 Other† 66 (44.6)  
Age, years  79.2 (5.1)
Education, years  15.0 (2.7)
MMSE, total score  27.8 (1.8)
CES-D, total score  3.8 (4.3)

Notes: CES-D  =  Center for Epidemiological Studies—Depression scale; 
MMSE = Mini-Mental State Examination; SD = standard deviation.
*Participants could have more than 1 diagnosis. Medical records could not be 
located for 3 participants.
†Examples of other conditions include dry eye disease, hypertensive retin-
opathy, Fuchs’ dystrophy, lattice degeneration, macular cyst hole, macular 
pucker, ocular prosthesis, and retinal tear.
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Because only 2 of 151 drivers in our sample had visual 
acuity worse than 20/40, we did not evaluate the associa-
tion between impaired acuity and left-turn behaviors. With 
respect to unsafe left-turn traversals, those with slower 
Trails B times (meaning slower visual processing speed also 
relying on executive function and working memory) were 
46% less likely to have an unsafe traversal compared to 
those with faster Trails B times (OR: 0.54, 95% CI: 0.34–
0.85). Those with impaired overall, peripheral, lower, and 
left visual field sensitivities were all at reduced odds of un-
safe traversal (OR: 0.58, 95% CI: 0.36–0.94; OR: 0.48, 

95% CI: 0.29–0.79; OR: 0.54, 95% CI: 0.34–0.86; OR: 
0.52, 95% CI: 0.32–0.84, respectively). Other associations 
between types of vision impairment and unsafe traversals 
in left turns were not significant.

With respect to problematic left-turn behavior, drivers 
with worse contrast sensitivity had 64% reduced odds of 
problematic turn behavior (OR: 0.36, 95% CI: 0.18–0.72) 
and those with slower Trails B times had 49% reduced 
odds of problematic turn behavior (OR: 0.51, 95% CI: 
0.32–0.81). Drivers with impairment in the specific regions 
of the visual field including peripheral, upper, lower, and 
left areas were also at reduced odds of problematic turn 
behavior (OR: 0.47, 95% 0.28–0.80; OR: 0.49, 95% CI: 
0.30–0.80; OR: 0.55, 95% CI: 0.33–0.90; OR: 0.49, 95% 
CI: 0.29–0.81, respectively). Other associations between 
types of vision impairment and problematic left-turn be-
havior were not significant.

Discussion
In this naturalistic driving study, older drivers with specific 
visual and visual–cognitive impairments were more likely 
to exhibit appropriate left-turn behaviors and traversals 
through 4-way intersections with traffic control devices 
as compared to those with unimpaired vision. Specifically, 
those with visual field impairment, contrast sensitivity, 
and slowed visual processing speed exhibited fewer errors 
at left turns than did those without these deficits. This 
could be viewed as contradictory to findings from existing 
older driver performance studies in that prior studies sug-
gest that older drivers’ visual deficits are associated with 
driving problems, not with safer driving performance 
advantages (19–26). Studies using driving simulators have 
reported associations between vision impairment and 
driving performance problems. For example, drivers with 
central vision impairment due to contrast sensitivity and/
or acuity deficits exhibited several performance challenges, 
including more lane boundary crossings, lateral position 
errors, scanning deficits in intersections, hazard percep-
tion errors, and greater steering corrections compared to 
normally sighted drivers (19–23). In addition, older driver 
studies assessing on-road driving performance along a 
standard route by a professional driving rehabilitation 
specialist indicated that these drivers made driving errors 
(unsafe driving maneuvers in intersections and when 
yielding, problems in lane keeping and making turns) that 
were associated with vision impairment (24–26). However, 
through our use of naturalistic driving methods, where 
older adults perform as they routinely drive in everyday 
life in their very own vehicle (not in a simulator or test ve-
hicle), the left-turn behaviors of visually impaired drivers 
were actually better than those drivers who are normally 
sighted. While we have only studied one type of driving 
maneuver—left turns—our finding highlights the impor-
tance of clarifying the validity of driver safety and perfor-
mance by visually impaired persons in on-road evaluations 

Table 2. Visual Function of Participants in the Sample 
(N = 151)

Visual Function n (%)

Visual acuity, logMAR
 ≤0.3 (better) 149 (98.7)
 >0.3 (worse) 2 (1.3)
Contrast sensitivity, log sensitivity
 ≥1.5 (better) 136 (90.1)
 <1.5 (worse) 15 (9.9)
UFOV subtest 2,* ms
 <150 (better) 62 (50.8)
 150–350 45 (36.9)
 >350 (worse) 15 (12.3)
Trails B, minute
 <2.47 (better) 96 (63.6)
 ≥2.47 (worse) 55 (36.4)
MVPT3, score
 ≥8 (better) 140 (92.7)
 <8 (worse) 11 (7.3)
Visual field sensitivity, dB, 3 upper quartiles vs lowest quartile
 Overall
  >22.4 (better) 115 (76.2)
  ≤22.4 (worse) 36 (23.8)
 Peripheral (≥ 45°)
  >19.3 (better) 113 (74.8)
  ≤19.3 (worse) 38 (25.2)
 Superior
  >22.2 (better) 110 (72.9)
  ≤22.2 (worse) 41 (27.2)
 Inferior
  >22.1 (better) 112 (74.2)
  ≤22.1 (worse) 39 (25.8)
 Left
  >21.7 (better) 111 (73.5)
  ≤21.7 (worse) 40 (26.5)
 Right
  >21.9 (better) 110 (72.9)
  ≤21.9 (worse) 41 (27.2)
Gabor drifting grating threshold, Hz, median split
 <0.14 (better) 77 (51.0)
 ≥0.14 (worse) 74 (49.0)

Notes: logMAR  =  logarithm of the minimum angle of resolution; 
MVPT3 = motor-free visual perception test; UFOV, useful field of view.
*122 participants completed this testing.
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and in simulators by comparing it to how driving behavior 
naturally occurs through naturalistic driving techniques. 
Given the differing results from this and prior work, our 
finding can also be viewed as potentially challenging the 
conventional wisdom that on-road driving evaluations as 
assessed by a rehabilitation specialist or as implemented 
in simulators validly represent older drivers’ everyday 
driving performance.

Our results could be consistent with the widespread lit-
erature on self-reported driving difficulties by older drivers. 
As previously discussed, many studies have shown that 

older drivers with vision impairment and eye conditions 
were more likely to report that they are aware of their 
driving challenges (10,11,13–17). Instead of causing left-
turn difficulties, this may create a greater self-awareness 
in these visually impaired older drivers that prompts more 
careful and cautious driving behaviors on the road. All our 
participants were recruited through eye clinics and were 
most likely aware of eye conditions they had and the visual 
compromises they could face on the road. Thus, they may 
have acted on this knowledge in implementing specific 
driving strategies behind the wheel.

Table 3. Age-Adjusted Visual Function Associations With Driving Events Assessed at Randomly Chosen Left Turns During the 
Course of the 6-Month Prospective Naturalistic Driving Study (N left turns = 473)

Visual Function

Unsafe Traversal vs Safe Traversal  
(N events = 265)

Problematic Behavior vs Normal Behavior 
(N events = 201)

OR (95% CI)* p Value OR (95% CI)* p Value

Contrast sensitivity, log sensitivity
 ≥1.5 (better) REF†  REF  
 <1.5 (worse) 0.48 (0.21–1.11) .088 0.36 (0.18–0.72) .004
UFOV subtest 2,‡ ms
 <150 (better) REF  REF  
 150–350 1.54 (0.71–3.37) .276 1.49 (0.70–3.15) .296
 >350 (worse) 0.91 (0.56–1.49) .719 0.84 (0.50–1.43) .526
Trails B, minute
 <2.47 (better) REF  REF  
 ≥2.47 (worse) 0.54 (0.34–0.85) .007 0.51 (0.32–0.81) .004
MVPT3, score
 ≥8 (better) REF  REF  
 <8 (worse) 0.79 (0.39–1.61) .515 0.57 (0.29–1.13) .109
Overall visual field sensitivity, dB
 >22.4 (better) REF  REF  
 ≤22.4 (worse) 0.58 (0.36–0.94) .026 0.63 (0.38–1.05) .078
Peripheral visual field sensitivity, dB
 >19.3 (better) REF  REF  
 ≤19.3 (worse) 0.48 (0.29–0.79) .004 0.47 (0.28–0.80) .005
Upper visual field sensitivity, dB
 >22.2 (better) REF  REF  
 ≤22.2 (worse) 0.65 (0.41–1.01) .055 0.49 (0.30–0.80) .004
Lower visual field sensitivity, dB
 >22.1 (better) REF  REF  
 ≤22.1 (worse) 0.54 (0.34–0.86) .010 0.55 (0.33–0.90) .017
Left visual field sensitivity, dB
 >21.7 (better) REF  REF  
 ≤21.7 (worse) 0.52 (0.32–0.84) .007 0.49 (0.29–0.81) .005
Right visual field sensitivity, dB
 >21.9 (better) REF  REF  
 ≤21.9 (worse) 0.67 (0.43–1.05) .080 0.68 (0.41–1.11) .124
Gabor drifting grating threshold, Hz
 ≤0.14 (better) REF  REF  
 >0.14 (worse) 0.73 (0.49–1.09) .120 0.67 (0.43–1.05) .079

Notes: MVPT3 = motor-free visual perception test; UFOV, useful field of view.
*Odds ratio (OR) and 95% confidence interval (95% CI).
†Reference group.
‡The association between UFOV and the left-turn outcomes had reduced sample size because 122 drivers were assessed for UFOV. They had 384 total turns. For 
unsafe traversal, they had 214 turns and for turn behavior, 165 turns.
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Several studies have evaluated the efficacy of group-
administered or individually tailored educational programs 
for older drivers to assess whether they promote knowl-
edge about safe driving strategies for older drivers (51–55), 
including those with vision impairment (52,55). These 
programs improved knowledge and self-regulatory driving 
strategies and increased avoidance of challenging driving 
situations. For example, a randomized clinical trial was fo-
cused on visually impaired older drivers with visual acuity 
impairment or slowed visual processing speed; the study 
implemented an individually tailored educational program 
addressing how each participant’s visual problems could 
affect driving performance and safety (56). The program 
successfully improved self-reported driving strategies for 
older drivers with vision impairment (52). The findings in 
the current naturalistic driving study are consistent with 
the notion that older drivers’ self-awareness about visual 
function and eye health could practically engender their 
implementing safe driving practices on the road.

An important question that our study did not inves-
tigate is the relationship between our results here and 
the widely reported findings that various types of vision 
impairments are risk factors for crash involvement by older 
drivers (57). Although we have provided data that docu-
ment older drivers with vision impairment display safer 
left-turn behaviors, the literature points to these very same 
risk factors (eg, slowed processing speed, contrast sensi-
tivity deficits, visual field impairment) as elevating col-
lision risk (29,34,58–60). A  working hypothesis is that 
those older drivers who are visually impaired yet who are 
unaware of their visual limitations may not exercise suffi-
cient caution in on-road behaviors, which may underlie the 
vision-impairment/crash risk association. This is a question 
well-suited for naturalistic driving research.

Strengths of our study include the use of naturalistic 
driving techniques with an instrumented vehicle with video 
which is an unobtrusive method to study actual left-turn 
behavior in older drivers with vision impairment. VTTI 
analysts were masked to all vision and other health charac-
teristics of drivers. All associations between vision impair-
ment and left-turn behaviors (except one) had OR point 
estimates in the direction of a protective association. Our 
finding that visually impaired drivers were less likely to en-
gage in problems in left turns is consistent with the large 
self-report literature that these drivers are aware of their 
driving limitations. Limitations should also be addressed. 
Other visual functions known to elevate motor vehicle col-
lision risk in older drivers such as reductions in impaired 
motion perception were not associated with left-turn 
behaviors although they elevate crash risk in older drivers 
(39). The lack of this association may stem from a relatively 
small sample of 151 drivers that reduced statistical power. 
We only had 2 participants with visual acuity worse than 
20/40, so we were unable to evaluate the association be-
tween acuity and left-turn behaviors. Although our study 
design focused on common aging-related eye conditions, 

we did not have sufficient sample size to probe left-turn be-
havior as a function of eye diagnosis. In future naturalistic 
studies this information will be useful in stratifying visually 
impaired older drivers into those who have self-awareness 
about visual limitations on the road versus those who do 
not. Such research could shed light on how actual driving 
behaviors, attitudes and beliefs on the part of the driver, 
and crash involvement may be related.

In summary, as assessed by naturalistic driving techniques, 
visually impaired older drivers in this study were less likely 
to engage in problematic performance at left turns at 4-way 
intersections with traffic control devices. Although this 
finding may seem paradoxical because driving depends 
critically on vision, it is consistent with visually impaired 
drivers’ commonly expressed concerns about their driving 
difficulties, which may have prompted their more cautious 
and self-regulatory behavior. Future naturalistic driving re-
search with visually impaired older drivers will be impor-
tant in further clarifying this finding, and will also reveal 
other types of driving characteristics displayed by visually 
impaired older drivers. This work will also clarify to what 
extent these behaviors are related to elevations or reductions 
in crash risk. These studies could be informative in designing 
interventions to enhance road safety in this population.
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