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      INTRODUCTION 
 Motor vehicle crashes are the leading cause of death for vet-
erans in their early years after returning from deployment and 
a top priority for the Department of Defense (DoD) and the 
Department of Veterans Affairs (VA), which is currently being 
addressed with an information campaign ( www.safedriving.
va.gov ). This high collision rate could in part be due to more 
risk taking while driving  1   and the high incidence of traumatic 
brain injury (TBI) both pre- and postdeployment.  2   

 TBI can lead to signifi cant cognitive, motor, perceptual, and 
behavioral defi cits in an individual. Its impact varies widely 
between patients from “mild” (brief change in mental state 
or consciousness) to “severe” (an extended period of uncon-
sciousness or amnesia following the injury) depending on the 
type of injury suffered. Recent reports suggest that 1.4 million 
Americans sustain a TBI each year, of whom 235,000 require 
hospitalization.  3   According to estimates from the Centers for 
Disease Control and Prevention, at least 5.3 million TBI sur-
vivors in the United States are dependent on their signifi cant 
others to perform daily living activities.  4   TBI is also one of 
the most frequent causes of acquired disability for people 
under the age of 35 in the United States.  5   Although the major-
ity of mishaps resulting in TBI in the civilian population are 
a result of falls and vehicular collisions,  6   for active duty mili-
tary personnel blasts are the leading causes of TBI (Defense 

and Veterans Brain Injury Center, DoD, unpublished report, 
2005). Over the last 9 years, the incidence rate of TBI-related 
hospitalizations was 22% higher during postdeployment com-
pared to predeployment service.  2   

 Driving is important for functional independence and psy-
chological well-being of most adults. Driving a vehicle safely 
and profi ciently has been referred to as the “ultimate multi-
tasking” experience that requires synchronization of driver’s 
physical, cognitive, and behavioral skills.  7   TBI, however, can 
seriously compromise an individual’s reaction time, hand-eye 
coordination, visual perception, memory, attention, and judg-
ment. These impairments can result in poor driving perfor-
mance, endangering not only the life of the TBI driver but 
lives of others on the road. According to a U.K. study, 64% of 
TBI patients who had reported driving before the injury had 
not resumed driving when inquired at a later time (3 months 
to 2 years after the head injury).  8   Individuals recovering from 
a TBI who do resume driving, typically recognize their driv-
ing diffi culties, but do not make accommodations, e.g., avoid 
high traffi c or night driving, and have 2.5 more collisions/
miles than the general population or drivers recovering from 
a stroke.  9   

 High-quality and engaging driving rehabilitation techniques 
that focus on improving such driving impairments could has-
ten and maximize recovery of driving skills in TBI patients. 
Given the extensive use of simulation in training military per-
sonnel, it is surprising that simulation has not been applied 
routinely for purposes of driving rehabilitation in the military. 
In the past few years, the advantages of using virtual reality 
driving simulators to promote and facilitate better and safer 
driving in clinical populations have become more apparent.  10   
Simulation offers a safe environment for patients to practice 
and improve their impaired driving skills while being evaluated 
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objectively. However, in our review of the literature  11   we found 
only one published study describing the use of virtual real-
ity driving rehabilitation training with individuals recovering 
from a brain injury.  12   This study reported impressive results as 
73% of simulator-trained poststroke patients legally resumed 
driving (as per the offi cial driving assessment) compared to 
only 42% of the controls (  p  < 0.05). 

 Here, we report a feasibility study investigating the pos-
sible use of virtual reality driving simulation rehabilitation 
training with military personnel recovering from a TBI. 

   MATERIALS AND METHODS 

  Subjects 
 Subjects were recruited through acute care Virginia NeuroCare, 
a residential rehabilitation center in Charlottesville, Virginia. 
All subjects had suffered one or more closed head injuries, pri-
marily in the Iraqi theater and were participating in an intense 
12-hour/day rehabilitation program including occupational, 
speech, and psychological therapies with work training. Eight 
subjects reported having had some previous military simula-
tion training experience. Subjects were randomly assigned to 
the simulator VRDSRT group ( n  = 6) or the control group ( n  = 
5) before commencing pretreatment evaluation. The VRDSRT 
group included three White subjects, two Hispanic, and one 
Black subject. Control subjects included three White and two 
Hispanic subjects. Demographics for all participating subjects 
are presented in Table I, A. As a measure of general cognitive 
functioning, upon admission to NeuroCare, participants were 
administered the Repeatable Battery for the Assessment of 
Neuropsychological Status (RBANS). The RBANS is a brief, 
individually administered test used to determine the neurop-
sychological status of adults with cognitive impairment. As 
seen in  Table I,       A, mean scores for the controls and VRDSRT 
were 23.3 (range = 86%) and 19.2 (range = 0–53%), respec-
tively, thereby, placing subjects in the normal to moderately 
impaired range. 

   Procedure Overview 
 All subjects signed an IRB-approved consent form, contin-
ued routine residential rehabilitation at NeuroCare, and under-
went pre- and postassessment at the University of Virginia. 
Between pre- and postassessment, six of the subjects received 
four to six, 60- to 90-min rehabilitation training sessions. 

   Driving Simulator 
 The virtual reality Model T 3  driving simulator provides 180° 
fi eld of view, with rear and side view “mirror” images, optional 
5-speed manual transmission, turn signal, and real-size brake/
gas pedals and steering wheel, and air conditioner for tempera-
ture control. Model T 3  has equivalent driving scenarios. Each 
scenario involves a 12-mile course that includes 3 miles of 
rural, 5 miles of highway, and 4 miles of urban driving, taking 
approximately 5–6 minutes to traverse each segment. Although 

all driving scenarios involve the same road course, the traffi c 
patterns and driving demands differ between scenarios, e.g., 
each scenario has one signaled sudden stop (such as a lead car’s 
brake lights suddenly come on and rapidly decelerates), and 
two sudden stops that are not signaled (such as a car in a par-
allel lane suddenly pulls into the driver’s lane). Subjects drove 
scenario 1A at preassessment and 1B at postassessment. 

   Simulation Adaptation Syndrome Prevention 
Protocol 
 Simulation adaptation syndrome (SAS) refers to nausea, 
disorientation, headache, and problems with focusing, some-
times experienced while or shortly after operating a simulator. 
To minimize or avoid SAS, we employed the following 
protocol: 

   (1)    All components of the projected image were displayed 
at the correct geometric angle. As a result, visual fl ow 
was not compressed or expanded.  

   (2)    The air conditioner in the Model T 3  was activated 
before each drive, maintaining air movement and com-
fortable temperature.  

   (3)    To desensitize subjects to the simulator, the driving sce-
nario was initially introduced in 3-min “doses,” after 
each of which subjects looked away from the screen, 
relaxed, and were asked to rate their SAS symptoms on 
a “0” (feel fi ne) to “4” (feel so bad, I have to stop right 
now) scale. These scenarios involved no traffi c.  

   (4)    Subjects were introduced to the simulated scenarios 
progressively. During the initial exposure to the Model 
T 3  only the center projector was illuminated. Once the 
center screen could be tolerated for 3 min without SAS, 
the two side projectors were activated with half bright-
ness for the next 3-min dose. Subsequently, the side 
projectors were turned up to full brightness for the next 
dose.  

   (5)    All subjects wore a Relief Band (Woodside Biomedical 
Systems, Inc., Carlsbad, CA). This device looks sim-
ilar to a wristwatch but when activated administers 
mild electrical stimulation to the pericardium 6 or the 
Neiguan point located on the inner side of the wrist. 
It has demonstrated effectiveness in reducing vection-
induced motion sickness  13   and postoperative nausea 
and sickness in patients.  14 ,   15   The Relief Band did not 
need to be activated for any of our subjects.    

   Assessment Procedure 
 To assess driving behavior, subjects completed the Road Rage 
Questionnaire  16   and the Cox Assessment of Risky Driving 
Scale (CARDS).  17   Subjects were then oriented to the simula-
tor and the SAS prevention protocol was administered. Next 
subjects drove the preassessment driving course 1A, which 
included demanding traffi c situations. The examiner observed 
and rated subjects’ driving performance on the variables pre-
sented in  Table I , C. 
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 The researcher who administered the pre- and postassess-
ments was not involved in providing or observing rehabilitation 
training to avoid bias in assessments. The entire preassessment 
took approximately 1 hour to complete. The postassessment 
was identical to the preassessment, except that the postassess-
ment did not include the SAS prevention protocol and therefore, 
took only 30 min. Additionally, postassessment was conducted 
using a new driving course (1B), which included different but 
equivalent traffi c situations to scenario 1A. At postassessment, 
subjects were asked to rate their experiences driving the simu-
lator to the questions in  Table I , B’s simulator variables. 

   Rehabilitation Training Procedure 
 VRDSRT was commenced after subjects had completed their 
preassessment. Training was administered by a researcher 

(a college graduate, ex-Marine) with no formal experience of 
delivering rehabilitation training. The training protocol was 
informed by our literature review  11   and was in consultation 
with the Woodrow Wilson Rehabilitation Center (Virginia) and 
the McGuire Veterans Administration Hospital (Virginia). The 
training procedure was primarily based on patients’ rehearsal/
practice of progressively more demanding skills. It involved 
alternating between driving for 15 min on the road course and 
for 15 min on a popular stockcar racing game. The stockcar 
race course was used to address common TBI issues of inat-
tention and minimal motivation. It involved driving a 2.5-mile 
trioval course in a simulated 700 horsepower stockcar. While 
this race course was experienced as very enjoyable, it nev-
ertheless required gradual development of driving skills to 
maintain control as complexity was progressively increased. 

 TABLE I.       Subject Characteristics, Ratings, and Performance  

Variable Time Control VRDSRT

A. Demographics
Sample size 5 6
Mean age, range Pre 26.6, 21–39 26.2, 23–31
Mean education, range Pre 12.4, 10–14 13.7, 10–20
Percentage White Pre 60% 50%
Percentage currently driving Pre 60% 50%
Repeatable battery for the assessment of neuropsychological status Pre 23.3, 0–86 19.2, 0–53

B. Simulator Variables Mean Ratings: Scale: 0 = “not at all” to 4 = “very”
How do you feel right now? (SAS postdrive) Pre 0 0
How realistic was it to drive the simulator? Pre 3.0, 2–4 3.0, 2–4
How useful was driving the road course to improve your driving skills? Post 4
How useful was driving the stockcar race course to improve your driving skills? Post 3.2, 3–4
How important was the stockcar drive for you as an incentive to keep coming 

back for driving training?
Post 4

If the military were to routinely provide virtual reality driving rehabilitation to 
military personnel recovering from a TBI, to what extent would it encourage your 
positive attitude to the military and its commitment to support service personnel?

Post 3.3, 2–4

C. Performance Variables
Maintain lane position, i.e., staying in the center of lane on straight and curvy roads. Pre 0 ± 0.7 −0.3 ± 0.8

Post 0 ± 0.7 1.2 ± 0.8 ** 
Maintain speed control relative to posted speed limits. Pre −0.4 ± 0.5 −0.3 ± 0.5

Post −0.2 ± 0.8 −0.2 ± 0.7
Steering through turns appropriately in terms of timing, lane position, and speed. Pre −0.2 ± 1.1 −0.5 ± 0.5

Post 0 ± 1.2 1 ± 0.6 ** 
Stop/brake appropriately at stop lines and with traffi c. Pre −0.5 ± 1.3 0 ± 0.6

Post −0.8 ± 1 0.3 ± 0.5
Deal with unexpected events like lead cars suddenly braking. Pre 0 ± 0.7 0 ± 0.9

Post 0.2 ± 0.8 1.2 ± 0.4 ** 
Follow the rules of the road/traffi c laws like slowing in school zones. Pre 0.4 ± 1.1 0 ± 0.6

Post 0 ± 0.7 1 ± 0.6 * 
Follow instructions of the simulator in terms of where to turn and pass lead vehicles. Pre 0.4 ± 1.1 0.25 ± 0.4

Post 0.2 ± 0.8 1.3 ± 0.8 ** 
Composite score (sum of above 7 scales) Pre −0.6 ± 6 −0.9 ± 2

Post −0.4 ± 5 5.8 ± 3 ** 

D. Questionnaire Data
Road rage Pre 28 ± 7 27.2 ± 6.4

Post 28.4 ± 7 23.6 ± 9.9 ** 
Cox Assessment of Risky Driving Pre 22 ± 10 23.6 ± 15.3

Post 22.3 ± 9 11.2 ± 7 * 

  *   p  ≤ 0.05;     **   p  = 0.01.  
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 Rehabilitation training in both the road and the race courses 
followed the same sequence. During low demand/no traffi c 
conditions, subjects practiced: 

   (1)   Maintaining center lane position: 
   (a)   while driving on a straight road and curvy roads.  
   (b)   when executing both right and left hand turns.     
   (2)   Maintaining speed control with the accelerator: 
   (a)   following posted speed limits.  
   (b)    detecting and responding to speed limiting/alter-

ing conditions, e.g., road construction and school 
zones.     

   (3) Appropriate application of brakes: 
   (a)   stopping at stop lines.  
   (b)    smooth deceleration at signaled stops and rapid 

deceleration at sudden stops.  
   (c)    avoidance of foot confusion, that is, not hitting the 

clutch or the gas pedal when applying the brakes 
suddenly.     

   (4)   Appropriate use of turn signals: 
   (a)   using signals at every turn and lane merger.  
   (b)    using signals suffi ciently before the maneuver so 

that the rear traffi c was adequately notifi ed of the 
pending maneuver.     

   (5)   Appropriate use of side and rear view mirrors: 
   (a)   periodic checking of mirrors.  
   (b)    checking mirrors when passing a slow lead vehicle 

and merging into traffi c.       

 Once these basic skills were mastered, trainees applied 
these skills while negotiating progressively heavier and more 
demanding traffi c. Training on these more demanding scenar-
ios focused on tactical driving skills, such as:   

   (6)    Decision-making on how to manage distracting activi-
ties on the side of the road.  

   (7)    Complex driving maneuvers such as how to pass a slow 
lead car or how to merge onto the highway.    

 Trainees were asked to apply the acquired skills to progres-
sively more demanding traffi c scenarios using the following 
5 training scenarios shown in the order they were presented to 
the VRDSRT subjects: 

   (a)   Course 1A4 had no traffi c.  
   (b)   Course 1A3 had only oncoming traffi c.  
   (c)   Course 1A2 had oncoming, same lane and cross traffi c.  
   (d)    Course 1A1 had oncoming, same lane, cross and sig-

naled sudden stop traffi c.  
   (e)    Course 1A had oncoming, same lane, cross, signal sud-

den stop, and nonsignaled sudden stop traffi c.    

 After each drive the instructor reviewed the successes 
and shortcomings of the trainee’s performance. Immediately 
before beginning a new scenario the instructor reviewed goals 
for the upcoming trial. The instructor individualized the train-
ing sessions for each subject, in that he determined the num-
ber of training sessions required for each subject on the basis 

of the rapidity of their progress and aspects of simulator driv-
ing that still needed improvement. 

    RESULTS 
 Given the small sample size, descriptive statistics have been 
presented in  Table I . Where appropriate, paired  t -tests and 
Pearson’s correlations were performed. Since it was predicted 
that VRDSRT would improve driving performance, one-tailed 
 p  levels were used. 

  Reactions to the Simulator 
 None of our subjects reported any symptoms related to simu-
lation sickness (SAS) during any of the drives ( Table I , B). 
With regard to the realism of the Model T 3 , the mean sub-
ject rating was 3.0 (maximum score = 4), indicating that the 
simulator provided a realistic driving experience for both the 
control and VRDSRT subjects ( Table I , B). Following train-
ing, VRDSRT subjects rated the utility of the road course in 
improving their driving skills as 4 (maximum score = 4) and 
the utility of the stockcar race course a mean score of 3.2. 
VRDSRT subjects consistently rated the race course as 4 in 
terms of motivating them to return to rehabilitation training. 
They also felt that providing VRDSRT as a routine clinical 
service would promote a positive attitude toward the military 
(mean rating 3.3). 

   VRDSRT Effects 
 Specifi c performance variables were rated by the examiner at 
the conclusion of both pre- and postassessment using a 5-point 
scale that ranged from −2 = “very poor” to +2 = “very good” 
( Table I , C). Signifi cant pre-post improvements are designated 
with an asterisk (*). 

 VRDSRT led to improvement in driving performance as 
refl ected by several parameters: 

   (a)  While the controls demonstrated small and random 
changes in performance variables from pre- to post-
assessment, for the VRDSRT group all variables 
improved at postassessment.  

   (b)    Statistical analyses demonstrated that none of the pre-
post changes for the control group were signifi cant, 
whereas 5 of 7 performance variables signifi cantly 
improved from pre- to post-training for the simulator 
training (STR) group. Specifi cally, VRDSRT resulted 
in improved steering on the open roads and when exe-
cuting turns, better accommodation to unexpected 
events (e.g., parked car suddenly pulling out in front 
of driver), and improved compliance to the simulator’s 
instructions where and when to turn and adherence to 
traffi c laws.  

   (c)    The composite score signifi cantly improved for the 
VRDSRT group (  p  < 0.01), but not for the controls. 
As concurrent validation of the composite score, the 
RBANS signifi cantly correlated with the pre-assessment 
composite score +0.76 (  p  < 0.01), RBANS did not 
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correlate with the improvements in the composite score, 
indicating the effectiveness of VRDSRT was indepen-
dent of baseline neuropsychological functioning.    

 Generalization of patients’ driving performance from vir-
tual reality driving to routine driving is critical but was not 
assessed in this feasibility study. However, we assessed cer-
tain important aspects of driving behavior with a road rage 
and a driving risk-taking questionnaire. Control subjects dem-
onstrated a nonsignifi cant worsening on both of these scales. 
The VRDSRT group, however, demonstrated a reduction in 
road rage (  p  = 0.01) and risky driving behaviors (  p  = 0.04, 
 Table I , D). 

    DISCUSSION 
 Considering the limited sample size and use of a relatively 
generic training program delivered by a nonspecialist, the 
results of the present study are encouraging. Simulator-based 
driving rehabilitation training was well received by our par-
ticipants. They found the driving experience realistic and the 
training useful in improving their driving skills. In addition, 
they did not experience SAS symptoms in the process, which 
could have been a major limiting factor for the routine appli-
cation of VRDSRT. 

 Although we had anticipated “inattention” and “minimal 
motivation” as potential barriers to driving rehabilitation, our 
subjects remained very motivated. They participated in train-
ing sessions that went from 60 to 90 min and frequently asked 
for more time on the simulator. In part and as expected, this 
was attributable to the “exciting” stockcar race course as part 
of the rehabilitation training. 

 While our VRDSRT participants showed signifi cant 
improvement in their driving performance at post-test, there 
was further room for improvement. The composite driving 
performance score ranges from −14 (completely impaired 
performance) to +14 (perfectly good driving performance) 
and the mean group performance for VRDSRT subjects was 
5.9. Further inspection showed that improvements could be 
made on all driving parameters assessed but especially in 
terms of “executing appropriate stops” and “speed control.” 
All VRDSRT participants received the same rehabilitation 
program, i.e., it was not individualized and patients’ specifi c 
areas of driving impairment were not specifi cally considered. 
We can hypothesize that if VRDSRT was specifi cally indi-
vidualized to account for improvements and defi ciencies in 
the driving performance of patients, and appropriately struc-
tured (based on the principles of neurologic scaffolding  18  ) to 
account for each patient’s strengths and weaknesses, it may 
have resulted in a more effective rehabilitation program. 

 This is the fi rst known study to investigate road rage among 
military personnel recovering from TBI. Our subjects’ base-
line road rage scores of 27.5 ± 6.4 was signifi cantly higher 
( t  = 2.88,  p  < 0.001) than that of an age- and gender-matched 
non-TBI group (20.9 ± 6.3). However postassessment was not 
different from the non-TBI sample ( t  = 0.73, NS). Consistent 

with one other study investigating risky driving (driving with-
out a seat belt and drinking and driving),  1   this study found that 
at baseline, our TBI subjects reported more risky driving than 
non-TBI matched subjects (22.8 ± 12 vs. 18.3 ± 5,  t  = 2.01, 
 p  < 0.05) but not at post-treatment. 

 In addition to effi cacy, it is essential to account for the cost 
of providing such a rehabilitation service before considering 
it a success. The Model T 3  costs approximately $20,000. In 
this study, training was delivered by a recent college graduate, 
although in another one of our studies,  19   that demonstrated 
transfer of training from the simulator to on-road driving, 
training services to participating novice drivers were delivered 
by a teenage driver. On the basis of our research experiences, 
we feel that costs for training services could be quite reason-
able, while the benefi ts could be quite signifi cant in terms of 
reduced collisions, associated mechanical, medical, and occu-
pational costs in terms of sooner return to active duty. 

  Limitations to Our Feasibility Study 
 As the fi rst published article on driving rehabilitation for 
individuals recovering from TBI, this study has several limi-
tations: (1) The control group did not receive a placebo condi-
tion for driving rehabilitation. (2) There was no demonstration 
of transfer of training from virtual reality to on-road driving. 
(3) The sample size was small, and (4) training was provided 
by a single trainer, which restricts external validity of our fi nd-
ings. The next generation of studies should involve a larger 
sample size, from multiple centers, delivered by multiple 
trainees for external validity, with an active placebo condi-
tion such as a PC-based driving game to control for attention 
and time involvement with either an on-road driving exam or 
the use of in-car video monitoring of routine driving with a 
device such as DriveCam or SmartDrive to investigate trans-
fer of training. 

 While generalization from a small sample size should 
only be done with extreme caution, the reduced power that 
accompanies a small sample size requires a much larger effect 
size to achieve statistical signifi cance. Therefore, the signifi -
cant results from the current study are important to consider. 
It should also be pointed out that our control subjects were 
actively engaged in an intense residential rehabilitation pro-
gram involving occupational, speech, and psychotherapies. 
Improvement in simulator performance was mirrored by ques-
tionnaire results and subjects’ self-reports. Further, using a 
similar training procedure, except without a NASCAR course, 
delivered by a teenage trainer to novice drivers, we found that 
virtual reality driving training signifi cantly improved on-road 
driving.  17   

    CONCLUSION 
 This feasibility study has shown promising results with respect 
to the benefi ts of virtual reality driving simulation rehabilita-
tion techniques in retraining military personnel with TBI to 
drive better and more safely. It is hoped that these procedures 
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and fi ndings encourage and facilitate future research and fund-
ing in driving rehabilitation. 
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