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ABSTRACT

Objective: To assess driving performance in Parkinson disease (PD) under low-contrast visibility
conditions.

Methods: Licensed, active drivers with mild to moderate PD (n � 67, aged 66.2 � 9.0 years,
median Hoehn–Yahr stage � 2) and controls (n � 51, aged 64.0 � 7.2 years) drove in a driving
simulator under high- (clear sky) and low-contrast visibility (fog) conditions, leading up to an inter-
section where an incurring vehicle posed a crash risk in fog.

Results: Drivers with PD had higher SD of lateral position (SDLP) and lane violation counts (LVC)
than controls during fog (p � 0.001). Transition from high- to low-contrast visibility condition
increased SDLP and LVC more in PD than in controls (p � 0.01). A larger proportion of drivers
with PD crashed at the intersection in fog (76.1% vs 37.3%, p � 0.0001). The time to first
reaction in response to incursion was longer in drivers with PD compared with controls (median
2.5 vs 2.0 seconds, p � 0.0001). Within the PD group, the strongest predictors of poor driving
outcomes under low-contrast visibility conditions were worse scores on measures of visual pro-
cessing speed and attention, motion perception, contrast sensitivity, visuospatial construction,
motor speed, and activities of daily living score.

Conclusions: During driving simulation under low-contrast visibility conditions, drivers with Par-
kinson disease (PD) had poorer vehicle control and were at higher risk for crashes, which were
primarily predicted by decreased visual perception and cognition; motor dysfunction also contrib-
uted. Our results suggest that drivers with PD may be at risk for unsafe driving in low-contrast
visibility conditions such as during fog or twilight. Neurology® 2009;73:1103–1110

GLOSSARY
ADL � activities of daily living; CFT � Complex Figure Test; CS � contrast sensitivity; FOV � field of view; FR � functional
reach; FVA � far visual acuity; JLO � judgment of line orientation; LVC � lane violation counts; PD � Parkinson disease;
SDLP � SD of lateral position; SFM � structure from motion; SIREN � Simulator for Interdisciplinary Research in Ergonomics
and Neuroscience; TFR � time to first reaction; UFOV � useful field of view; UPDRS � Unified Parkinson’s Disease Rating
Scale.

Reduced contrast sensitivity (CS) is a common feature of Parkinson disease (PD)1-11 and is
associated with poor outcomes on driving tests in parkinsonian drivers.12-14 However, there are
no published reports on driving under low visibility due to low-contrast lighting conditions in
PD. This study evaluates the effect of different environmental visibility settings (high con-
trast � clear sky, low contrast � fog, as in figure 1) on vehicle control (indexed by SD of lateral
position [SDLP] and lane violation counts [LVC]) during uneventful driving, and response to
sudden hazards under low-contrast visibility conditions in drivers with PD using a driving
simulator.

To test driver response to a sudden hazard under low-contrast visibility conditions, we used
a collision avoidance scenario at an intersection.15-17 Although intersections constitute only a
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small part of the roadways, more than 50% of
all crashes in urban areas and more than 30%
in rural areas occur at intersections.18

We tested the hypotheses that, compared
with neurologically normal drivers, drivers
with PD 1) have poorer vehicle control (in-
dexed by SDLP and LVC) under low-contrast
visibility conditions and have more deteriora-
tion in their vehicle control going from high-
to low-contrast visibility condition, and 2) are
at a higher risk of crashes in a simulated com-
plex driving situation under low-contrast visi-
bility conditions that posed a hazard for a
collision. We hypothesized that driving per-
formance under low-contrast visibility condi-
tions can be predicted using performance on
tests of cognitive, visual, and motor function
within the PD group.

METHODS Participants. The drivers with PD were re-
cruited from the Movement Disorders Clinics at the Depart-
ment of Neurology, University of Iowa, and Veterans Affairs
Medical Center, both in Iowa City. Potential participants were
asked consecutively whether they were still licensed and driving.
Those who were still driving were offered the opportunity to
participate in the study. The controls were respondents to a
newspaper ad to recruit comparison drivers without neurologic
disease. All participants were examined by a board-certified neu-
rologist with subspecialty training in PD (E.Y.U.) to confirm the
diagnosis of PD and rule out neurologic disease in the control
group.

We included participants with idiopathic PD (PD group) or
without neurologic disease (control group) who were currently
active drivers with a valid state driver’s license and driving expe-
rience of greater than 10 years.

Exclusion criteria were cessation of driving before the en-
counter; acute illness or active, confounding medical, neuro-
logic, or psychiatric conditions; secondary parkinsonism (e.g.,
drug induced); Parkinson-plus syndromes; concomitant treat-

ment with centrally acting dopaminergic blockers within 180
days before baseline; or treatment with any investigational drug
within 60 days before baseline.

We performed all testing during the times when the partici-
pant would normally feel ready to drive, i.e., during the “on”
times, and also allowed participants to take rest periods as
needed.

Standard protocol approvals, registrations, and patient
consents. The study was approved by the Institutional Review
Boards and Human Subjects Office of the University of Iowa. A
written informed consent was obtained from all participants in
the study.

Off-road testing battery. The battery methodology is ex-
plained in detail in our recent work.1 For all tests, raw scores
were used for analysis. Table 1 and table e-1 on the Neurology®

Web site at www.neurology.org show the elements of the off-
road battery, abilities tested by each measure, and the direction
of good performance. Details on this battery can be found in
appendix e-1.

Driving simulator assessment. The Simulator for Interdis-
ciplinary Research in Ergonomics and Neuroscience (SIREN)
creates an immersive, real-time virtual environment for safely
testing driving behavior in subjects with a range of cognitive

Figure 1 A scene during the drive, shown under both high-visibility (clear sky; A) and low-contrast visibility (fog; B) settings

Table 1 Characteristics of patients with
Parkinson disease (n � 67)

Characteristic Value

Age, y 66.2 � 9.0 (67.0)

Disease duration, y 6.5 � 5.4 (5.0)

Hoehn–Yahr stage (2) 2.3 � 0.8 (2.0)

UPDRS-ADL (2) 11.6 � 5.1 (12.0)

UPDRS-Motor (2) 25.6 � 10.6 (25.5)

Schwab–England score (1) 82.6 � 16.4 (90.0)

Levodopa equivalent, mg/d 617 � 545 (405)

Values represent mean � SD (median). 1 � higher score
better;2� lower score better.
UPDRS � Parkinson’s Disease Rating Scale; ADL � activi-
ties of daily living.
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abilities.19-21 SIREN comprises a 1994 GM Saturn, embedded
electronic sensors, miniature video cameras for recording driver
performance, a sound system and surrounding screens (150° for-
ward field of view [FOV], 50° rear FOV), 4 LCD projectors
with image generators, an integrated host computer, and another
computer for scenario design, control, and data collection. A
tile-based scenario development tool (DriveSafety, Salt Lake
City, UT) allows us to select from multiple road types and pop-
ulate roadways with different vehicles that interact with the
driver and each.

Experimental performance data such as speed, steering wheel
position (in degrees), and position of the car in the lane were
collected digitally at 30 Hz and reduced to means, SDs, or
counts for each virtual road segment. Lane violation (any wheel
of the car crossing the lane) counts are obtained using lateral lane
position of the vehicle with respect to the center line or the
shoulder. Driving performance is captured (at 30 Hz) using min-
iature cameras to record the scene observed by the driver and
provide a backup record of the driver’s performance and lane
tracking. Figure 2 shows part of the data output of the simulator
superimposed on multiplex views of the participants.

After familiarizing the driver with the simulator, each partic-
ipant drove approximately 37 miles on a simulated rural 2-lane
highway (speed limit 55 mph � 88.5 km/h) with interactive
traffic. The first 30% of the drive took place under high-visibility
conditions (clear sky, figure 1), followed by low-contrast visibil-
ity conditions that simulated mild fog (figure 1). The high-
contrast scene (figure 1A) used the “unlimited” visibility setting
(of the HyperDrive simulation software, DriveSafety, Salt Lake
City, UT), and the low-contrast scene (figure 1B) used the
“1200 m” visibility setting (mild fog). Using luminance values
(Luminance Meter LS-110, Konica Minolta, Osaka, Japan) of
the incurring vehicle (the truck in figure 2; Lmax) and the back-
ground (Lmin) at different distances from the intersection, we
observed that the spatial contrast [� (Lmax � Lmin)/(Lmax �

Lmin)]22 between the vehicle and the background was markedly
greater under high-visibility conditions compared with low-
visibility conditions (data not shown).

Mean and median speed, SDLP, and LVC (number of errors
per mile) for high- and low-contrast visibility conditions were
determined using segments that were comparable in terms of
road geometry (straight, 2 lane), ambient traffic (minimal), and
difficulty (no secondary task). Increased SDLP and LVC indi-
cate poor vehicle control.23 The participants completed a ques-
tionnaire after the drive.24

Intersection incursion scenario. The simulator drive cul-
minated with a collision avoidance scenario at an intersection
under low-contrast visibility conditions. The intersection had
a pickup truck positioned in one crossing lane and a sedan in the
opposing lane, both waiting to cross perpendicular to the driver
(figure e-1). As the driver approached to within 4.0 seconds of the
intersection, the pickup truck pulled out in front of the driver.

The main dependent measure was occurrence of a crash, a
binary measure. Another dependent measure was time to first
reaction (TFR), i.e., time to first driver reaction to avert a collision
(releasing the accelerator, or pressing the brake, or steering 10° or
more) after the vehicle incursion began. Crash speed was also deter-
mined to estimate the severity of the crash if it occurred.

We do not have evidence to directly link intersection in-
cursion scenario crashes with real-world crash results. How-
ever, all participants in this study also completed a road test.
Across groups, participants who crashed in the simulator had
higher error counts on the road than drivers who did not

crash (crasher median count � 38.5, noncrasher median
count � 31.5, p � 0.027, Wilcoxon rank sum test; unpub-
lished observations).

Statistical analysis. We compared the PD and control groups
with respect to demographic, visual, cognitive, mobility, and ve-
hicle control measures and the TFR using the Wilcoxon rank
sum test. Within-group changes in vehicle control measures were
analyzed using the Wilcoxon signed rank test. For binary out-
comes such as crashes, we calculated odds ratios and tested for
significance using logistic regression. To adjust group compari-
sons for age, education, gender, and other covariates, we used
linear regression for continuous outcomes and logistic regression
for binary outcomes. Within the PD group, we determined the
univariate predictors of SDLP and LVC during low- and high-
contrast visibility conditions and of the TFR during the intersec-
tion incursion scenario by calculating Spearman correlations
between these dependent measures and the off-road battery (de-
mographic characteristics and performance on tests of cognition,
vision, and motor function). Multivariate analyses (stepwise re-
gression) were performed using univariate predictors with a p
value �0.05 to identify the most important predictors for poor
vehicle control under low-contrast visibility conditions, and oc-
currence of crashes and prolonged TFR during the intersection
incursion scenario within PD.

RESULTS Participants. Thirteen of the 76 drivers
with PD (11.8%) and 9 of 64 control drivers
(20.3%) did not finish the drive because of simulator
discomfort (p � 0.17). Ratings using a standard self-
report tool24 did not show a difference in the severity of
simulator discomfort between the groups (p � 0.05).

The drivers with PD had mild to moderate dis-
ease severity (table 1). The PD group was less edu-
cated, had a larger proportion of males, performed
worse on neuropsychological and visual tests, showing
mild cognitive and visual impairments (table e-1), and
performed worse on motor tests, consistent with PD.

Comparison of driving performance between groups. Vehicle

control under low- and high-visibility conditions. Compared
with controls, drivers with PD drove faster (crude
p � 0.05, adjusted p � 0.1) and showed poorer vehi-
cle control on the low-contrast visibility (foggy) seg-
ment as shown by greater SDLP and LVC (crude
p � 0.01, adjusted p � 0.05, table 2). On the high-
visibility segment, the PD group tended to have higher
SDLP compared with controls, but there was no signif-
icant difference in LVC. Vehicle control worsened from
high- to low-contrast visibility conditions only within
the PD group as manifested by significantly increased
SDLP and LVC. The increase in SDLP and LVC from
high- to low-contrast visibility conditions was signifi-
cantly higher in the PD group compared with the con-
trol group (table 2), showing that the PD group was
more affected by the decrease in visibility created by fog.
All group comparisons were adjusted for age, education,
gender, far visual acuity [FVA], and CS.

Outcome of the intersection incursion scenario. The
proportion of crashers was higher in the PD group
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Figure 2 Final moment in the intersection incursion scenario (A) and plots of driver reaction and vehicle kinematics after intersection incursion (B)

Left column: The final moment in the intersection incursion scenario for 3 participants (A, B, and C). The multiplex view shows 4 channels of video data with
superimposed digital driving data. The upper left panel shows the driver’s face and the view through the rear window (as seen in the rear view mirror). The
upper right panel provides an over-the-shoulder view of the driver’s actions with superimposed steering wheel position (degrees). The lower left panel
provides a record of the participant’s control of the foot pedals with superimposed percentage application of the brake and accelerator pedals. The lower
right panel displays the view of the forward roadway that the driver should see, with superimposed speed (miles per hour). Right column: Diagrams of
vehicle kinematics and the vehicle path after the intersection incursion was triggered (4.0 seconds before the intersection as determined by driver speed)
in 3 participants. The common ordinate scale shows the driver’s vehicle speed, percentage of pedal application for accelerator and brake, and steering
wheel rotations in degrees (upward deflections are counterclockwise rotations). The x-axis ends at the expected position of the incurring vehicle. The upper
panel shows vehicle path inside the lane. (A) A control participant able to stop timely before colliding with the incurring vehicle. At 1.83 seconds after the
trigger, he releases the accelerator and starts braking with a smooth deceleration. The brake is applied 82% at the time of stopping. (B) The driver with
Parkinson disease (PD) reacts late (2.73 seconds) and collides with the incurring vehicle at 34 mph. (C) This driver with PD does not perceive the incurring
vehicle, does not react at all, and crashes at 58 mph.
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(table e-2): 51 of 67 drivers with PD (76.1%) crashed,
whereas only 19 of 51 control drivers (37.3%) crashed
in the control group, p � 0.0001. The drivers with PD
entered the crash zone at a faster speed than controls
(mean � SD [median] 56.4 � 6.7 [56.1] vs 53.1 � 4.9
[54.3], Wilcoxon rank sum, p � 0.003). The mean �
SD (median) speed at the time of collision in crashers
with PD, 49.1 � 13.7 (52.3) mph, was faster than that
of controls, 38.5 � 17.7 (44.7) mph (Wilcoxon rank
sum, p � 0.025). The time to first reaction was slower
in drivers with PD (table e-2): 2.70 � 0.79 (2.53) sec-
onds in PD vs 2.07 � 0.81 (2.00) seconds in controls
(p � 0.0001, Wilcoxon rank sum test). The group dif-
ferences in these comparisons remained significant after
adjusting for age, education, gender, FVA, and CS (ta-
ble e-2). Figure 2 shows vehicle control diagrams during
the intersection incursion scenario and multiplex views
of the final moment of the scenario in one control who
was able to avoid collision (figure 2A) and 2 participants
with PD who collided with the incurring vehicle (figure
2, B and C).

Predictors of driving performance under low-contrast
visibility conditions in PD. Vehicle control. The signif-
icant univariate predictors (Spearman correlations, p �
0.05) common to both increased SDLP and LVC
within the PD group were worse performances on tests
of basic visual sensory function (CS), visual perception
(useful field of view [UFOV], structure from motion
[SFM]), visual cognition (Blocks, Complex Figure Test
[CFT]-Copy, CFT-Recall, Benton Visual Retention
Test), general cognition (Mini-Mental State Examina-
tion), postural stability functional reach [FR], and level
of independence in doing daily chores (Schwab–

England scale score), as shown in table 3. Decreased
finger tapping speed, longer PD duration, and
worse Unified Parkinson’s Disease Rating Scale
(UPDRS)–activities of daily living (ADL) scores
were also predictive of higher SDLP. Similar visual
and cognitive independent variables correlated
with vehicle control measures under high-visibility
conditions, but indices of motor function such as
finger tapping speed and FR did not correlate with
driving measures under high-visibility conditions
(table 3). Multivariate analysis showed that UFOV
and CFT-Copy were the most important predictors of
increased LVC, whereas SFM, UFOV, and UPDRS-
ADL scores were the most important predictors of in-
creased SDLP under low-contrast visibility conditions.

Intersection incursion scenario. The significant uni-
variate predictors of crashes at the foggy intersection
within the PD group were worse performances on
tests of basic visual sensory function (CS) and visual
perception (SFM, UFOV, judgment of line orienta-
tion [JLO[) as seen in table 3. Multivariate analysis
using stepwise regression showed that impaired motion
perception as measured by SFM was the most impor-
tant predictor crashes within the PD group. The signif-
icant univariate predictors (Spearman correlations, p �

0.05) of prolonged TFR to illegal incursion at the foggy
intersection within the PD group were older age and
worse performances on tests of basic visual sensory func-
tion (FVA, CS), visual perception (UFOV, JLO), and
motor function (UPDRS-Motor score, speed: finger
tapping) as seen in table 3. Multivariate analysis showed
that CS and finger tapping were the most important
predictors of prolonged TFR.

Table 2 Vehicle control measures on uneventful straight baseline segments during daylight and fog

Measure Visibility PD Controls p-Crude

p-Adjusted

Age, education,
gender

Age, education,
gender, CS, FVA

Mean vehicle
speed, mph

High 56.7 � 6.1 (55.8) 53.6 � 4.2 (54.9) 0.017 0.081 0.090

Low 57.8 � 6.2 (56.9) 55.7 � 4.0 (56.5) 0.118 0.118 0.183

� (Low � High) 1.0 � 5.7 (1.1)*† 2.1 � 3.7 (1.8)*‡ 0.415 0.860 0.701

Mean SDLP,
meters

High 0.27 � 0.10 (0.25) 0.21 � 0.09 (0.19) <0.001 0.003 0.007

Low 0.35 � 0.15 (0.31) 0.22 � 0.08 (0.21) <0.001 <0.001 <0.001

� (Low � High) 0.09 � 0.14 (0.06)*‡ 0.01 � 0.10 (0.02) 0.009 0.005 0.029

Lane violation
counts, no./mile

High 0.47 � 1.58 (0.00) 0.12 � 0.52 (0.00) 0.129 0.265 0.558

Low 1.02 � 1.51 (0.00) 0.15 � 0.42 (0.00) <0.001 <0.001 0.003

� (Low � High) 0.54 � 1.68 (0.00)*† 0.02 � 0.63 (0.00) 0.006 0.021 0.045

Between-groups comparisons made using Wilcoxon rank sum test. p Values �0.05 in bold.
*Within group by Wilcoxon signed rank tests.
†p � 0.01.
‡p � 0.001.
PD � Parkinson disease; CS � contrast sensitivity; FVA � far visual acuity; SDLP � SD of lateral position.
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DISCUSSION This study showed that drivers
with PD had poorer vehicle control and commit-
ted more safety errors, and were slower in respond-
ing to hazards and at higher risk for crashes
compared with controls under simulated low-
contrast visibility driving conditions. Transition

from high- to low-contrast visibility conditions de-
graded the performance of drivers with PD more
than controls. The adverse effects of low-contrast vis-
ibility on driving performance in drivers with PD
persisted after group comparisons were adjusted for
variety of factors, suggesting that the lower educa-

Table 3 Significant univariate predictors of vehicle control (SDLP and LVC) on the straight, uneventful segment, and of TFR and crashes
during the illegal intersection scenario under low contrast visibility conditions within the PD group

Intersection incursion

Off-road battery Low visibility High visibility Crash

Category Function Measure SDLP LVC SDLP LVC TFR � OR (95% CI)

Demographics Age �0.037 0.113 0.224 0.371† .294* �1 1.06 (0.996–1.13)

Education �0.105 0.213 0.050 0.178 �.069 �1 1.09 (0.89–1.34)

Male NS NS NS Male 1.30 (0.25–6.87)

Basic visual sensory
functions

NVA �0.038 0.025 �0.036 �0.037 0.180 �0.1 0.84 (0.54–1.29)

FVA 0.163 0.158 0.183 0.235 0.352† �0.1 1.50 (0.87–2.58)

CS �0.411† �0.399† �0.263* �0.390† �0.490† �0.05 1.28 (1.06–1.55)*

Visual perception Motion perception SFM % 0.492† 0.384† 0.404† 0.229 0.209 �1 1.23 (1.02–1.49)*

Attention UFOV 0.325† 0.390† 0.460† 0.295* 0.392† �100 1.23 (1.02–1.49)*

Spatial perception JLO �0.197 �0.115 �0.224 �0.060 �0.313† �1 1.21 (1.02–1.45)*

Visual cognition Construction Blocks �0.297* �0.294* �0.349† �0.340† �0.289* �1 1.04 (0.99–1.10)

CFT-Copy �0.401† �0.471† �0.349† �0.340† �0.229 �1 1.05 (0.94–1.18)

Memory CFT-Recall �0.316* �0.314* �0.257* �0.301* �0.275* �1 1.08 (0.97–1.20)

BVRT-Error 0.279* 0.292* 0.240 0.174 0.290* �1 1.11 (0.95–1.31)

Executive functions Set shifting TMT (B � A) 0.289* 0.344† 0.245* 0.308* 0.272* �30 1.15 (0.86–1.53)

Verbal fluency COWA �0.118 �0.077 �0.334† �0.316† �0.195 �1 1.02 (0.96–1.09)

Verbal Memory AVLT-Recall �0.129 �0.089 �0.137 �0.265* �0.247* �1 1.11 (0.94–1.30)

General cognition MMSE �0.277* �0.249* �0.206 �0.325† �0.149 �1 1.22 (0.86–1.73)

Depression GDS 0.224 0.214 0.182 0.172 0.156 �1 1.05 (0.94–1.18)

Sleepiness ESS 0.017 �0.042 �0.100 �0.016 0.182 �1 0.97 (0.86–1.11)

SSS 0.147 0.136 �0.074 0.222 �0.125 �1 0.997 (0.54–1.84)

Motor function Speed Finger tapping �0.343† �0.135 �0.127 �0.217 �0.393† �1 1.02 (0.94–1.10)

7-meter walk �0.095 0.002 0.111 0.087 0.166 �1 0.98 (0.86–1.10)

Balance FR �0.348† �0.334† �0.209 �0.127 �0.249* �1 1.04 (0.89–1.22)

Indices of PD severity Disease duration 0.245* 0.164 0.062 0.065 0.026 �1 1.04 (0.93–1.16)

Hoehn–Yahr stage 0.237 0.227 0.257* 0.332† 0.206 �1 0.83 (0.40–1.75)

UPDRS-ADL 0.247* 0.087 �0.050 0.131 0.106 �1 0.92 (0.82–1.04)

UPDRS-Motor 0.232 0.086 0.078 0.135 0.261* �1 0.99 (0.93–1.04)

Schwab–England score �0.240* �0.296* �0.157 �0.283* �0.144 �10 0.95 (0.69–1.33)

Levodopa equivalent 0.163 0.157 0.151 0.155 0.044 �100 0.99 (0.90–1.10)

For continuous dependent variables (SD of lateral position �SDLP	, lane violation counts �LVC	, time to first reaction �TFR	), the values represent Spearman
correlation coefficients; the value for gender was calculated using linear regression. For the “crash” (yes/no) dependent variable, the odds ratios (ORs) and
95% confidence intervals (CIs) were calculated using logistic regression. Bold values indicate strongest predictors of respective outcomes under low
visibility conditions after multivariate analysis.
*p � 0.05.
†p � 0.01.
PD � Parkinson disease; NS � not significant; NVA � near visual acuity; FVA � far visual acuity; CS � contrast sensitivity; SFM � structure from motion;
UFOV � useful field of view; JLO � judgment of line orientation; CFT � Complex Figure Test; BVRT � Benton Visual Retention Test; TMT � Trail Making
Test; COWA � Controlled Oral Word Association; AVLT � Auditory Verbal Learning Test; MMSE � Mini-Mental State Examination; GDS � Geriatric
Depression Scale; ESS � Epworth Sleepiness Scale; SSS � Stanford Sleepiness Scale; FR � functional reach; UPDRS � Unified Parkinson’s Disease
Rating Scale; ADL � activities of daily living.
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tion, predominantly male gender, or impaired basic
visual sensory functions such as FVA and CS of the
participants with PD were not enough to explain the
group differences. Among crashers, drivers with PD
crashed at faster speeds than controls, suggesting
higher severity collisions.

Poor vehicle control of drivers with PD in fog,
as measured by SDLP and LVC, was primarily
predicted by worse performances on tests of basic
visual sensory function, visual processing speed
and attention, motion perception, visuospatial
constructional abilities, and visual memory, show-
ing the contribution of visual dysfunction across
all levels of the visual system (as documented in
PD1) to the degradation of driving safety under low-
contrast visibility conditions. Under high-visibility
conditions, correlations of vehicle control measures
with performances on visual perception and cogni-
tion tasks were similar to those observed for low-
visibility conditions, consistent with the visual
demands of driving. However, worse performance on
motor measures (e.g., speed of movement as indexed
by finger tapping) correlated with poorer vehicle
control predominantly during low-visibility driving,
suggesting that motor slowing due to PD can be-
come an important negative factor affecting vehicle
control under visually challenging conditions.

Poor performances on measures of visual atten-
tion (UFOV3 SDLP and LVC) and visuoconstruc-
tional abilities (CFT-Copy 3 LVC) and motion
perception (SFM 3 SDLP, crashes at the intersec-
tion) were the most important predictors of impaired
driving under low-contrast visibility conditions after
multivariate analyses. These findings suggest that dis-
turbances in “higher level” visual functions play an
independent and critical role in driving safety under
low-contrast visibility conditions in PD, even in the
presence of reduced basic sensory functions such as
visual acuity or CS.

Cognitive and visual impairments due to PD were
the primary predictors of driving outcomes in our
study consistent with previous research by us14,25,26

and others.12,13,27-34 Here, we also find that motor
dysfunction of PD is associated with poor driving
outcomes as shown by the correlation of indices of
PD severity with vehicle control measures and TFR
to the intersection incursion. Poor postural stability
(reduced FR) and low levels of independence (low SE
scores) correlated with both high SDLP and LVC.
Finger tapping speed, disease duration, and UPDRS-
ADL score also correlated with SDLP, and poor
UPDRS-ADL score was one of the most important
predictors of high SDLP. High motor UPDRS score
and reduced finger tapping speed correlated with
TFR. Furthermore, reduced tapping speed emerged

as one of the 2 most important predictors of the slow-
ing of the TFR after multivariate analysis, suggesting
that worse motor function might have indirectly con-
tributed to the occurrence of crashes, independent of
cognitive and visual dysfunction of PD.

Contribution of motor dysfunction to poor driv-
ing performance in PD was also reported by oth-
ers.12,30,32,35 The predictors of driving performance in
PD may depend on the task demands. For example,
in our previous work on driving performance and
safety during multitasking with secondary visual and
cognitive demands, the predictors of driving perfor-
mance outcomes were measures of visual and cogni-
tive function.14,25,26 Motor dysfunction becomes an
important predictor of driving performance when
speed of behavior is critical as in responding to sud-
den hazards as in our intersection incursion scenario
or controlling the lane position of the vehicle under
challenging low-contrast visibility conditions.

Our study had various limitations: We did not
compare response to hazardous intersection incur-
sion under high- and low-contrast visibility condi-
tions. The intersection incursion scenario in fog was
placed as a terminal event in the drive. Experiencing
a similar crash event during a prior phase in high-
visibility conditions and then continuing the drive
could have diminished the realism of this simulated
drive and would have introduced practice effects.
Another limitation could be that the order of presen-
tation of high- and low-visibility driving segments
was the same for all participants, raising the question
of whether fatigue over the course of the drive might
have contributed to poorer performance on the low-
visibility segment. However, both participants with
PD and control participants rated their level of sleep-
iness and boredom as low on the postdrive question-
naire,24 and these measures were not associated with
change in vehicle control measures from high- to
low-visibility settings.

Use of a driving simulator allowed us to make
observations of the behavior of drivers with PD un-
der challenging low-contrast visibility conditions in a
controlled and safe manner. Our results suggest that
a large proportion of drivers with PD maybe at fur-
ther risk for unsafe driving during fog or twilight
because of visual, cognitive, and motor impairments.
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