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Abstract.
BACKGROUND: Virtual reality (VR) technology may provide an effective means to integrate cognitive and functional
approaches to TBI rehabilitation. However, little is known about the effectiveness of VR rehabilitation for TBI-related
cognitive deficits. In response to these clinical and research gaps, we developed Neurocognitive Driving Rehabilitation
in Virtual Environments (NeuroDRIVE), an intervention designed to improve cognitive performance, driving safety, and
neurobehavioral symptoms.
OBJECTIVE: This pilot clinical trial was conducted to examine feasibility and preliminary efficacy of NeuroDRIVE for
rehabilitation of chronic TBI.
METHODS: Eleven participants who received the intervention were compared to six wait-listed participants on driving
abilities, cognitive performance, and neurobehavioral symptoms.
RESULTS: The NeuroDRIVE intervention was associated with significant improvements in working memory and visual
search/selective attention—two cognitive skills that represented a primary focus of the intervention. By comparison, no
significant changes were observed in untrained cognitive areas, neurobehavioral symptoms, or driving skills.
CONCLUSIONS: Results suggest that immersive virtual environments can provide a valuable and engaging means to achieve
some cognitive rehabilitation goals, particularly when these goals are closely matched to the VR training exercises. However,
additional research is needed to augment our understanding of rehabilitation for driving skills, cognitive performance, and
neurobehavioral symptoms in chronic TBI.
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1. Introduction

Each year, emergency departments treat approx-
imately 2.5 million traumatic brain injuries (TBIs)
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(Langlois, Rutland-Brown, & Thomas, 2006; Marin,
Weaver, Yealy, & Mannix, 2014). TBI can affect a
wide range of brain systems, resulting in sensori-
motor deficits (e.g., coordination, visual perception),
cognitive deficits (e.g., memory, attention), emo-
tional dysregulation (e.g., irritability, depression),
and somatic symptoms (e.g., headache, fatigue)
(Ponsford et al., 2014). These TBI-related impair-
ments can have significant life consequences. Studies
conducted across a wide range of neurological and
psychiatric conditions show that neuropsychologi-
cal abilities are strongly associated with functional
skills and employment outcomes (Andelic, Stevens,
Sigurdardottir, Arango-Lasprilla, & Roe, 2012; Daw-
son, Schwartz, Winocur, & Stuss, 2007; Drake, Gray,
Yoder, Pramuka, & Llewellyn, 2000; Kalechstein,
Newton, & van Gorp, 2003; Leahy & Lam, 1998;
Wehman, Targett, West, & Kregel, 2005). For exam-
ple, challenges in attention and concentration could
result in distractibility and errors in work settings,
and deficits in executive functions could lead to poor
organization and problems with setting and achieving
occupational goals. As many as 3.2–5.3 million peo-
ple in the US are living with TBI-related disability
(Selassie et al., 2008).

Rehabilitation has been shown to improve out-
comes for those experiencing chronic effects of TBI
(Cicerone, 2002; Cicerone et al., 2011; Cooper et al.,
2017; Kennedy et al., 2008; Rohling, Faust, Beverly,
& Demakis, 2009). Previously-validated rehabilita-
tion approaches for TBI include both ‘cognitive’
and ‘functional’ approaches. ‘Cognitive’ methods of
rehabilitation are focused on improving performance
on individual cognitive tasks, with the hope that
these gains will generalize to functional activities
(Cicerone, 2002; Giles, 2010). Restorative cognitive
training approaches have been shown to improve cog-
nitive functioning across multiple conditions such
as schizophrenia, traumatic brain injury, and normal
aging (Ball, Edwards, & Ross, 2007; Fisher, Holland,
Merzenich, & Vinogradov, 2009; Lebowitz, Dams-
O’Connor, & Cantor, 2012; Lovell & Solomon, 2011;
Smith et al., 2009). Some of the most promising
results to date have been demonstrated for training
of attention and working memory, which have been
shown to correspond to changes in functional brain
activity (Kim et al., 2009). Evidence suggests that
the format of therapist-guided rehabilitation is able
to harness some of the well-established benefits of
the therapeutic relationship, and may be preferable
to computer-guided training (Cooper et al., 2017).
While there is some evidence indicating that benefits

of cognitive remediation extend to untrained tasks,
a number of studies have shown that improvements
in performance on individual cognitive tasks tend
to generalize very weakly, if at all, to other cogni-
tive tasks and functional abilities (Devos et al., 2009;
Owen et al., 2010). This weak transfer of training
might be attributable to low levels of correspondence
between the cognitive and sensorimotor demands
of rehabilitation tasks and those encountered during
challenging real-world situations.

In contrast to methods of rehabilitation that
rely upon generalization of cognitive benefits to
functional outcomes, ‘functional’ methods of rehabil-
itation focus on improving performance on real-life
activities through direct practice of those activities
(Fadyl & McPherson, 2009; Giles, 2010; Vander-
ploeg et al., 2008). This approach requires effective
targeting of specific functional tasks that are relevant
to each patient and may be limited by the physical
environments available within the treatment setting
(e.g., a simulated home environment used to practice
activities of daily living). However, the basic func-
tional tasks that are often emphasized in functional
rehabilitation (e.g., self-care, food preparation) may
not be sufficiently challenging to address more sub-
tle or ‘higher order’ cognitive and functional deficits
that many mild to moderate TBI patients experience
in the long-term phase of recovery (Giles, 2010).

Virtual reality (VR) technology may provide an
effective means to integrate cognitive and functional
approaches to TBI rehabilitation (Imhoff, Lavallière,
Teasdale, & Fait, 2016; Lew, Rosen, Thomander, &
Poole, 2009). The guiding concept for VR rehabil-
itation is to provide an immersive, engaging, and
realistic environment in which to practice cognitive,
sensorimotor, and functional skills. VR scenarios can
simulate a wide range of real or imagined tasks and
environments. While VR may not be necessary for
tasks that are easily recreated in existing therapy envi-
ronments, it is particularly well-suited for tasks that
are challenging or dangerous to recreate within real-
world treatment environments, such as driving an
automobile (Imhoff et al., 2016; Lew et al., 2009).

Driving is one of the most universal, cognitively
challenging, and potentially-dangerous activities of
everyday life. Safe driving requires continuous
synchronization of processes like reaction time,
visuo-spatial skills, attention, executive function, and
planning (Lundqvist, 2001; Lundqvist & Rönnberg,
2001; Spiers & Maguire, 2007). Whereas it would be
obviously unsafe to place an impaired patient into
many real-world driving situations, VR allows for
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safe assessment and rehabilitation of driving-relevant
skills at the true limits of the individual’s current
capabilities. Individuals with TBI are at elevated
risk for motor vehicle accidents and other driving
difficulties (Bivona et al., 2012; Bottari, Lamothe,
Gosselin, Gélinas, & Ptito, 2012; Classen et al.,
2011; Cyr et al., 2009; Formisano et al., 2005;
Lundqvist & Rönnberg, 2001). Many individuals
with severe TBI never return to driving (Novack,
Alderson, Bush, Meythaler, & Canupp, 2000; Pons-
ford et al., 2014), and an estimated 63% of those with
severe TBI who do return to driving are involved
in motor vehicle accidents (Bivona et al., 2012).
Available evidence suggests that deficits in atten-
tion and visual search may underlie these driving
impairments. While most of this research has been
conducted with moderate-to-severe TBI populations,
these issues are not exclusive to severe forms of TBI.
Individuals recovering from mild TBI have also been
found to exhibit slower detection of driving hazards
in simulated driving experiments (Preece, Horswill,
& Geffen, 2010, 2011) and to be at increased risk
for real-world motor vehicle accidents (Schneider &
Gouvier, 2005).

Previous results suggest that VR driving rehabil-
itation can be effective for improving driving skills
among those with moderate-to-severe TBI (Cox et
al., 2010). However, these findings have not been
replicated or validated for those with symptomatic
mild TBI. Additionally, little is known about the
effectiveness of VR rehabilitation programs for TBI-
related cognitive deficits (Imhoff et al., 2016). In
response to these clinical and research gaps, we
developed an intervention known as Neurocognitive
Driving Rehabilitation in Virtual Environments (Neu-
roDRIVE), which was designed to improve cognitive
performance and overall driving safety by provid-
ing integrated training in these skills. In contrast
to intervention approaches that are geared toward
more severely impaired individuals, NeuroDRIVE
was designed for use with a wide range of TBI
patients (i.e., mild, moderate, or severe TBI) who are
seeking treatment in these areas and have the capa-
bility to engage in the driving process. This pilot
clinical trial examined feasibility and preliminary
efficacy of NeuroDRIVE for improving VR driving
performance, cognitive performance, and symptom
outcomes among those with chronic TBI. Given
the focus of the intervention, effects on attention
and working memory were of particular interest.
Additionally, we have provided the NeuroDRIVE
treatment manual as a supplementary document to

facilitate continued development of VR rehabilitation
for those with TBI.

2. Methods

Institutional review boards of the National Insti-
tutes of Health Clinical Center and the Uniformed
Services University of the Health Sciences approved
this study. This study is registered on clinicaltri-
als.gov (NCT02411227). All participants provided
written informed consent prior to participation.

2.1. Participants

Male and female civilians and military person-
nel in the Washington D.C. metropolitan area with
a history of TBI (greater than 12 weeks prior to
enrollment; M = 15.78 years, SD = 12.79 years) were
recruited for this study. History of TBI was evalu-
ated using the Ohio State University Traumatic Brain
Injury Identification Method (OSU TBI-ID; Corri-
gan & Bogner, 2007). TBI severity was classified
according to DOD/VA guidelines (Department of
Veterans Affairs, 2009). Participants were catego-
rized as having moderate/severe TBI if they had a
head injury with loss of consciousness (LOC) >30
minutes, alteration of consciousness (AOC) or post
traumatic amnesia (PTA) >24 hours, or radiological
findings of intracranial abnormalities secondary to
head trauma. Participants were categorized as having
mild TBI if they did not meet criteria for moderate-to-
severe TBI but had a head injury with positive LOC
(<30 minutes), AOC (<24 hours), or PTA (<24 hours).

Participants were included in the study if they were
1) in possession of a valid US driver’s license, 2) 18
years of age or older, 3) able to effectively manip-
ulate the steering wheel and the gas/brake pedals of
the simulator without adaptive equipment, and 4) able
to read, write, and speak English. Participants were
excluded from the study if they had 1) a history of pen-
etrating brain injury, 2) a history of serious medical
condition other than TBI that could affect cognitive or
motor abilities, 3) a history of severe motion sickness
and/or vertigo, or 4) other medical or psychologi-
cal instability that could create difficulty fulfilling
the study requirements. Because magnetic resonance
imaging (MRI) was performed as part of the base-
line and follow-up assessments (results to be reported
separately), participants with risk of injury from the
magnet and pregnant women were excluded from
the study. For the mild TBI subgroup, participants
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Fig. 1. Participant Flow Chart.

Table 1
Demographic and Clinical Characteristics of Study Population

Characteristic Intervention Wait List P

Total n 11 6 –
Age, years (SD) 49.73 (9.05) 56.17 (7.13) 0.43
# Male (%) 7 (63.6%) 4 (66.7%) 0.90
Race/Ethnicity 0.26
# Caucasian (%) 6 (54.5%) 5 (83.3%)
# African-American (%) 3 (27.3%) 0 (0.0%)
# Hispanic/Latino (%) 1 (9.1%) 0 (0.0%)
# Other (%) 1 (9.1%) 1 (16.7%)
Injury Severity 0.37
# Mild (%) 7 (63.6%) 2 (33.3%)
# Moderate/Severe (%) 1 (9.1%) 2 (33.3%)
# Severe (%) 3 (27.3%) 2 (33.3%)
Cause of injury 0.61
# Falls (%) 5 (45.4%) 2 (33.3%)
# Motor vehicle accident (%) 5 (45.4%) 3 (50.0%)
# Pedestrian-motor vehicle accident (%) 1 (9.1%) 1 (16.7%)
Estimated Verbal IQ (SD)† 105.40 (11.82) 116.75 (3.50) 0.02
Glasgow Outcome Scale-Extended 6.10 (1.10) 5.20 (1.10) 0.20

†Comparison n = 14.

were also excluded if they had a Neurobehavioral
Symptom Inventory (NBSI) score <16 to ensure that
this sub-sample represented the chronic/symptomatic
population that is relevant to clinical rehabilitation
settings.

Information about participant flow is presented
in Fig. 1. As shown, 34 individuals met all inclu-
sion/exclusion criteria and were enrolled in the

study. One participant was withdrawn for MRI-
related vertigo, three participants were withdrawn
after enrollment due to simulation sickness (i.e.,
VR-induced motion sickness) which prevented com-
pletion of the baseline assessment, and three
participants dropped out before completing baseline
assessment procedures. Twenty-seven participants
with a history of TBI completed the baseline assess-
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ment. Seventeen participants were randomly assigned
to the Intervention group, four of whom dropped
out or were lost to follow-up, and two of whom
were withdrawn due to simulation sickness. Ten par-
ticipants were randomly assigned to the Wait List
group, three of whom dropped out or were lost
to follow-up, while one who was withdrawn due
to simulation sickness. Seventeen total participants
completed the majority of the baseline and follow-up
assessment procedures, including eleven participants
in the intervention group and six in the wait listed
group. Characteristics of participants who completed
the study are shown in Table 1.

2.2. Study design

After pre-screening, eligible participants were ran-
domized into either the Intervention or Wait List
study groups and they completed a medical evaluation
and the baseline assessment. The baseline assessment
included a comprehensive battery of neuropsycho-
logical tests and self-report questionnaires and the
VR Driving Assessment, as well as a battery of MRI
measurements (to be reported separately). Begin-
ning 4 weeks later, participants in the Intervention
group received six 90-minute sessions of VR Driv-
ing Rehabilitation (NeuroDRIVE) over a period of
approximately 4 weeks. Participants then completed a
follow-up assessment that included the same outcome
measures as the initial baseline assessment. Partici-
pants in the Wait List group completed the follow-up
assessment approximately 10 weeks following the
pre-assessment, before receiving six sessions of Neu-
roDRIVE.

2.3. Virtual reality driving simulator

VR assessments and interventions were completed
using the General Simulation Driver Guidance Sys-
tem (MBFARR, LLC; Moncrief, Behensky, Harkins,
& Fuller, 2015; see Fig. 2). This simulator consisted
of an 8-foot circular frame supporting a curved screen
and a driving console analogous to that found in
a typical automobile. Three digital video projectors
displayed a 180-degree field of view, including simu-
lated side- and rear-view mirrors. The driving console
had turn signals, gas and brake pedals, a steering
wheel, digital dashboard, and a seat belt. Participants
sat in the console and operated the steering wheel
and pedals while responding to the virtual environ-
ment projected onto the screen and auditory stimuli
from connected speakers. The examiner configured
and initiated VR scenarios from a nearby computer,
provided instructions to the participant, and solicited
verbal responses or answered questions as needed.
Additionally, during each assessment or intervention
session, research staff followed a protocol to gradu-
ally acclimate the participant to the VR environment,
evaluate potential symptoms of simulation sickness,
and manage any symptoms that occurred.

2.4. NeuroDRIVE intervention

The NeuroDRIVE intervention consisted of six
90-minute sessions (9 hours total) conducted over
a four-week period. Intervention sessions were
designed to allow participants to practice driving
skills as well as cognitive skills. Both the exam-
iner and the automated system provided guidance
and feedback throughout the session to assist the

Fig. 2. T3 VR Driving Simulator.
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participant with improving their performance. A typ-
ical intervention session included the following key
elements: 1) a brief review of training and progress
thus far (or an introduction, for the first session); 2)
practice of component cognitive skills such as dual
processing, working memory, and response inhibition
through the use of standardized cognitive driving sce-
narios; 3) practice of composite driving skills such as
following the rules of the road and being vigilant for
road hazards while simultaneously performing work-
ing memory or visual attention tasks; and 4) finishing
with an open-ended race-track course to promote
engagement in the process and to allow participants
to safely “test the limits” of their skills in a simulated
environment. Early sessions focused on fundamen-
tal, basic skills, and later sessions incorporated more
complex, higher-order skills. Difficulty was also
modulated by the examiner in each activity to match
the skill level of the participant. Additional inter-
vention details are provided in the Supplementary
Document, “NeuroDRIVE Intervention Manual”.

2.5. Measures

2.5.1. Neuropsychological assessment
A battery of neuropsychological and self-report

measures was selected from measures previously
defined by a US interagency panel as TBI Common
Data Elements. All measurements were performed
by trained psychometrists under the supervision of
a licensed clinical neuropsychologist. The evalua-
tion was completed in approximately four hours plus
breaks. Cognitive performance measures were used
to assess working memory (WAIS-IV Digit Span:
Wechsler, 2008), visual search/selective attention
(Trail Making Test Part A: Reitan, 1992; WAIS-
IV Symbol Search, WAIS-IV Coding: Wechsler,
2008), set shifting (Trail Making Test Part B: Reitan,
1992), verbal fluency (Controlled Oral Word Asso-
ciation Test, Letters & Animals: Benton, Hamsher,
& Sivan, 1994), learning/memory (California Ver-
bal Learning Test-II: Delis, Kramer, Kaplan, &
Ober, 2000), and fine motor dexterity (Grooved
Pegboard: Ruff & Parker, 1993). Self-report mea-
sures were used to assess overall neurobehavioral
symptoms (Neurobehavioral Symptom Inventory:
Cicerone & Kalmar, 1995), post-traumatic stress
(PTSD Checklist-Civilian: Weathers, Litz, Herman,
Huska, & Keane, 1994), depression (Beck Depres-
sion Inventory-II: Beck, Steer, & Brown, 1996),
sleep and fatigue (Epworth Sleepiness Scale: Johns,
1991; Fatigue Severity Scale: Krupp, LaRocca, Muir-

Nash, & Steinberg, 1989), overall physical and
mental health (SF-36v2 Health Survey: Ware, 1993)
and quality of life (Satisfaction with Life Scale:
Diener, Emmons, Larsen, & Griffin, 1985). Addi-
tional measures were administered to characterize
the participant sample in terms of estimated ver-
bal intelligence (Test of Premorbid Functioning:
Pearson, 2009) and global functional outcome (Glas-
gow Outcome Scale-Extended: Wilson, Pettigrew, &
Teasdale, 1998).

2.5.2. Virtual reality driving assessment
For the VR Driving Assessment, participants com-

pleted a series of automated software scenarios using
the driving simulator. VR scenarios were designed
to measure sensory-motor abilities (e.g., braking and
steering in response to driving stimuli), cognitive
abilities (e.g., attention to and memory of road stim-
uli), and holistic driving skills (e.g., ability to follow
rules of the road). All scenarios employed a driving-
relevant context in which the participant responded to
stimuli by executing driving maneuvers. VR scenar-
ios provided automated instructions to the participant
and collected driving-relevant data such as use of
the steering wheel, brakes, and turn signals. Some
scenarios also required the participant to provide ver-
bal responses to the examiner. Driving ability was
quantified using two different scores: VR Operational
Composite and VR Tactical Composite. The VR
Operational Composite score was derived from 10
different Operational subtests, including structured
scenarios designed to assess individual cognitive,
visual and motor skills within a driving-relevant vir-
tual environment (see Table 2). The VR Tactical
Composite score was derived from 15 different vari-
ables related to speed control, steering, braking, and
judgement that were collected during a simulated
four-mile drive with traffic (see Table 3). Through-
out the tactical scenario, an automated voice provided
navigation instructions, similar to the verbal guidance
provided by a GPS unit. Composite scores were com-
puted as the average of the individual test/variable
z-scores, converted based on normative data into a
standard score with a mean of 100 and a standard
deviation of 15. The normative sample consisted
of 448 healthy participants recruited from Virginia
Department of Motor Vehicles locations (Cox, 2014)
and was 27% female, aged 43.52 ± 12.82 years with
15 ± 3.27 years of education. Test-retest reliabil-
ity has been estimated at r = 0.80 for the Tactical
Composite Score and r = 0.49 for the Operational
Composite Score (Cox, 2014). In order to minimize
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Table 2
Virtual Reality Driving Simulator Operational Score Components

Domain Tasks Task Description

Vision Visual Acuity Read progressively smaller letters, down to 20/30.
Contrast Sensitivity Read progressively lighter letters, down to 2.35% black letters on a white background.
Dynamic Vision Read rapidly scrolling letters across a digital road sign, down to 700 milliseconds.
Peripheral Vision Detect vehicles presented from 55 to 70 degrees peripherally.

Motor Arm/Hand Coordination Steer around all potholes.
Foot/Leg Coordination Brake to forward vehicle.

Cognitive Rapid Information Processing Speed Identify rapidly-presented road signs while in moving vehicle, down to 16ms.
Divided Attention Identify rapidly-presented road signs and vehicles, with distractors, down to 16ms.
Dual Processing Steer around potholes and brake for forward vehicle.
Response Inhibition Steer around potholes (unfilled only) and brake for forward vehicle.
Working Memory Recall traffic signs, steer around unfilled potholes and braking for forward vehicle.

Table 3
Virtual Reality Driving Simulator Tactical Score Components

Domain Variables

Speed Control Tailgating
Speeding (5 mph over posted speed)
Reckless Driving (20 mph over posted speed)
Difficulty Maintaining Stable Speed

Steering Roadway Departure Resets
Driving Across Midline
Swerving
Driving Off-Road

Braking & Rolling Stops
Accidents Deceleration Smoothness

High Speed Collisions
Low Speed Collisions

Judgment Driving Too Slowly (20mph below
posted speed)

Number of Lane Changes
Missed Turns

potential practice effects (e.g., remembering the loca-
tion of specific road challenges), alternate versions
of the VR Tactical scenario were used for the base-
line and follow-up assessments; these alternate forms
were designed to provide comparable numbers and
types of different driving challenges. See Tables 2
and 3 for additional information about VR Driving
Assessment scenarios.

2.6. Statistical analysis

All statistical analyses were performed using SPSS
v 24.0. Chi-square analyses and independent-samples
t-tests were performed to compare participant
group characteristics. A series of ANCOVAs were
performed to evaluate the effect of the Neuro-
DRIVE intervention on driving abilities, cognitive
abilities, neurobehavioral symptoms, symptoms of
post-traumatic stress, and measures of overall
health/wellbeing. For each measure, an ANCOVA
was conducted with intervention group (Intervention

vs. Wait List) as the independent variable, the base-
line assessment score as a covariate (to control for
potential practice effects), and the follow-up assess-
ment score as the dependent variable. Results were
considered significant if p < 0.05. Missing data were
excluded pairwise for all analyses.

3. Results

3.1. Feasibility and participant dropout

Most participants completed study procedures
without incident; however, as described previously,
4/31 participants (12.9%) were withdrawn due to
simulation sickness elicited by the VR assessment,
and an additional 2/17 participants randomized to
the intervention group (11.8%) were withdrawn due
simulation sickness elicited by the VR intervention.
Four of 15 (26.6%) of the remaining participants in
the intervention group dropped out for other reasons,
which is similar to the 3/10 (30.0%) drop-out rate in
the wait list group.

3.2. VR driving performance

Summarized results of ANCOVA analyses are pre-
sented in Table 4. As shown, change in VR tactical
and VR operational composite scores from baseline
to follow-up did not differ significantly between the
intervention and wait list groups (p > 0.05; see Fig. 3).
Within the intervention group, overall VR driving
scores (Tactical and Operational) fell within the ‘aver-
age’ range at both baseline and follow-up time points.
Within the wait list group, VR tactical driving perfor-
mance also fell within the ‘average’ range at both time
points. However, in contrast to the intervention group,
the wait list group demonstrated overall ‘impaired’
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VR Operational driving performance at baseline and
‘low average’ performance at follow-up.

3.3. Cognitive performance

Relative to the wait list group, the intervention
group demonstrated significantly greater improve-
ment in working memory (WAIS-IV Digit Span, par-
tial η2 = 0.51, p = 0.004) and visual search/selective
attention (WAIS-IV Symbol Search, partial η2 = 0.42,
p = 0.01) from baseline to follow-up assessment
visits (see Table 4). As shown in Fig. 4, Digit
Span performance improved for 6/10 (60.0%) in
the intervention group (mean SS change = 0.8) as
compared to 1/5 (20.0%) in the waitlisted group
(mean scaled score [SS] change = –0.6). Similarly,
as shown in Fig. 5, Symbol Search performance
improved for 9/10 (90.0%) receiving intervention
(mean SS change = 2.1), as compared to 3/5 (60.0%)
on the wait list (mean SS change = –0.2). Change on
other measures of cognitive performance (including
WAIS-IV Coding, Trail Making Test A/B, Let-
ter & Animal Fluency, California Verbal Learning
Test-II, and Grooved Pegboard) did not differ sig-
nificantly between the intervention and wait list
groups.

3.4. Neurobehavioral symptoms and quality of life

Comparison of self-report measures and rating
scales demonstrated significantly greater improve-
ment in physical functioning (SF-36 Physical
Component, partial η2 = 0.39, p < 0.05) within the
intervention group relative to the wait list group (see
Table 4). As shown in Fig. 6, SF-36 Physical Compo-
nent score improved among 6/10 (60.0%) participants
receiving intervention (mean change = 3.07), as com-
pared to 2/5 (40.0%) on the wait list (mean
change = –1.63). On the other hand, change in men-
tal functioning (SF-36 Mental Component) did not
significantly differ between groups (partial η2 = 0.05,
p > 0.05); although a greater proportion improved
in the intervention group (7/10 [70.0%]) relative to
the wait list group (2/5 [40%]), the wait list group
demonstrated superior average improvement overall
(wait list M = 2.28 vs intervention M = 1.36). Change
on other measures of neurobehavioral symptoms
and global outcomes (including Neurobehavioral
Symptom Inventory, PTSD Checklist-Civilian, Beck
Depression Inventory-II, Satisfaction with Life Scale,
Epworth Sleepiness Scale, and Fatigue Severity
Scale) did not significantly differ between the inter-
vention and wait list groups (p > 0.05).

Table 4
Baseline and Follow-Up Measurements for Intervention and Wait List Groups

Intervention Group n = 11 Wait List Group n = 6 Analytic n Partial η2

Outcome measure PRE POST PRE POST
Mean SD Mean SD Mean SD Mean SD

VR Tactical Driving Quotient 100.88 9.91 102.13 4.36 91.25 16.88 104.50 5.80 12 0.08
VR Operational Driving Quotient 92.09 22.28 101.27 34.68 67.33 29.51 83.83 44.14 17 0.02
WAIS-IV Digit Span (SS) 10.30 2.98 11.10 3.38 11.60 2.51 11.00 3.46 15 0.51∗∗
WAIS-IV Symbol Search (SS) 10.60 1.51 12.70 2.11 9.20 3.90 9.00 1.87 15 0.42∗
WAIS-IV Coding (SS) 10.90 1.66 11.20 1.48 10.20 1.79 10.60 2.19 15 0.00
Trail Making Test Part A (t) 52.70 12.89 52.40 9.67 44.80 11.12 44.20 15.34 15 0.03
Trail Making Test Part B (t) 53.70 8.65 57.10 8.33 41.20 16.16 46.00 9.97 15 0.09
Letter Fluency (t) 50.44 9.94 53.56 10.24 46.20 11.52 49.00 8.57 14 0.01
Animal Fluency (t) 51.67 9.43 51.33 6.32 37.00 18.57 43.00 14.76 14 0.00
CVLT-II Trials 1-5 Total Recall (t) 51.91 13.35 49.64 11.02 39.80 11.30 44.60 13.87 16 0.11
CVLT-II Short Delay Free Recall (z) –0.05 1.33 0.23 1.46 –1.10 1.71 –0.60 1.64 16 0.00
CVLT-II Long Delay Free Recall (z) –0.05 1.25 0.09 1.32 –1.00 2.03 –1.00 1.94 16 0.03
Grooved Pegboard Dominant (t) 53.90 8.41 51.70 7.78 37.20 13.50 45.60 10.36 15 0.06
Grooved Pegboard Nondominant (t) 51.00 10.81 51.80 8.69 29.20 17.28 32.80 18.02 15 0.02
Neurobehavioral Symptom Inventory Total 25.90 12.20 16.30 8.29 30.50 10.61 9.50 6.36 12 0.12
PTSD Checklist-Civilian Total 34.91 12.21 28.00 9.55 27.00 7.75 24.80 6.10 16 0.00
Beck Depression Inventory-II Total 11.55 6.64 7.55 4.63 9.00 8.31 5.80 3.77 16 0.02
Satisfaction with Life Scale Total 23.60 7.73 26.00 7.29 27.20 10.26 24.60 6.19 15 0.09
SF-36 Physical Component Total 52.41 6.77 55.67 4.52 45.35 5.85 43.72 7.90 15 0.39*
SF-36 Mental Component Total 44.89 11.06 46.25 12.23 53.41 12.41 55.69 6.81 15 0.05
Epworth Sleepiness Scale Total 7.20 5.03 7.50 3.98 5.20 3.11 4.20 2.17 15 0.19
Fatigue Severity Scale Total 33.30 16.85 29.00 14.27 26.40 8.38 24.80 11.50 15 0.00
∗p < 0.05. ∗∗p < 0.01.
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Fig. 3. Effects of NeuroDRIVE intervention on VR driving performance.
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Fig. 5. Effects of NeuroDRIVE intervention on visual search performance.

4. Discussion

This study was conducted as a pilot investigation of
NeuroDRIVE, a novel rehabilitative intervention for
TBI involving clinician-guided cognitive and driv-
ing exercises conducted within a VR environment.
Eleven participants who received the intervention
were compared to six wait-listed participants on driv-
ing abilities, cognitive performance, neurobehavioral
symptoms, and quality of life. The results of this
study provide an illustration of both the promises and

the challenges of using NeuroDRIVE, and VR (more
generally) in cognitive and functional rehabilitation
of chronic TBI.

VR-based rehabilitation offers a number of poten-
tial advantages, such as higher levels of safety
(compared to driving rehabilitation conducted in the
real world) as well as enhanced engagement and
immersion (compared to conventional forms of cog-
nitive rehabilitation). However, VR also presents
potential barriers to routine clinical use, including
significant investments of time and resources for
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Fig. 6. Effects of NeuroDRIVE intervention on health-related quality of life.

technology management and issues related to toler-
ability of VR interventions. Specifically, simulation
sickness is a well-known issue, but little is known
about its impact on the provision of rehabilitation. In
this study, 12.9% of participants were unable to tol-
erate the initial VR assessment, and another 11.8%
of those remaining were unable to tolerate the more
extensive VR intervention procedures. These rates of
VR sickness are consistent with the 7–20% incidence
suggested in previous literature (Brooks et al., 2010).
Continued improvements in VR technology and pro-
cedures for use may help to reduce the incidence of
VR sickness. Until that time, this issue is likely to
persist as a barrier to VR rehabilitation for a subset
of clinical patients and research participants.

For those individuals with chronic TBI who are
able to tolerate VR, the results of this study pro-
vide encouraging preliminary support for the use of
this technology for cognitive rehabilitation. Participa-
tion in the NeuroDRIVE intervention was associated
with sizable and statistically-significant improve-
ments in working memory and visual search/selective
attention—two cognitive skills that represented a
primary focus of the intervention. By comparison,
no significant changes were observed in untrained
areas such as verbal fluency, verbal learning/memory
or fine motor performance. These results suggest
that immersive virtual environments (such as those
used in the NeuroDRIVE intervention) can provide

a valuable and engaging means to achieve cognitive
rehabilitation goals, particularly when these goals are
closely matched to the VR training exercises. For
research purposes, the intervention exercises used
in this study were standardized across participants;
however, greater levels of cognitive improvement
may be attained in clinical practice by tailoring the
VR rehabilitation activities to the areas of great-
est need for individual patients, and by providing a
greater quantity of intervention overall.

Contrary to our expectations based on previ-
ous research, the NeuroDRIVE intervention did not
produce significant improvements in driving skills
(relative to the control group) as measured by the
VR driving assessment. This finding may be due to a
number of factors related to our chosen approach to
driving rehabilitation, as well as to some limitations in
our study sample. Potentially, the NeuroDRIVE inter-
vention method of providing simultaneous training of
cognitive and driving skills may have interfered with
our ability to produce a positive impact on driving
skills; more focused driving training may be optimal
to achieve benefits in this complex functional skill.
Additionally, compared to a more acute population,
the chronic TBI population examined in this study
may be less receptive to (or less in need of) train-
ing in a functional skill like driving. Just as elderly
drivers may adopt strategies to manage driving chal-
lenges and reduce the risk of accidents (Langford &



M.L. Ettenhofer et al. / Neurocognitive Driving Rehabilitation in Virtual Environments 541

Koppel, 2006), those with more remote TBIs may
have already functionally adapted to injury-related
changes in cognitive, sensory, or motor function, and
may be less likely to benefit from additional train-
ing. Consistent with this possibility, our intervention
group demonstrated ‘average’-level driving perfor-
mance even before receiving the intervention. Future
studies of VR driving rehabilitation may benefit from
a focus on those individuals who show measurable
driving impairments prior to beginning the interven-
tion. Of note, our control group also demonstrated
significantly higher estimated preinjury intellectual
functioning (high average range overall) than our
intervention group (average range overall). This dif-
ference may have also influenced our participants’
relative receptivity to intervention and could have
also enhanced practice effects within the control
group, potentially reducing the measured effect size
of treatment.

While relatively few clinical studies have focused
on VR approaches to cognitive and functional reha-
bilitation, a sizeable body of literature has shown
that VR can be useful for treatment of men-
tal health conditions such as phobias (Parsons &
Rizzo, 2008; Walshe, Lewis, Kim, O’Sullivan, &
Wiederhold, 2003) and post-traumatic stress (Ger-
ardi, Cukor, Difede, Rizzo, & Rothbaum, 2010;
Rizzo, Reger, Gahm, Difede, & Rothbaum, 2009).
As expected within a population that has suffered
traumatic injuries, our sample exhibited relatively
high levels of post-traumatic stress overall. In many
individual cases, our participants’ TBIs were sus-
tained in a motor vehicle accident. Not uncommonly,
these participants anecdotally reported apprehension,
avoidance, or hypervigilance related to driving. Tar-
geted treatment of post-traumatic stress was not a
focus of this pilot study, however, exposure and/or
relaxation techniques would be relatively straightfor-
ward to integrate into future VR treatment protocols
and may increase its clinical value for many TBI
patients.

This study has a number of limitations that are
important to consider in interpretation of our results.
Most notably, the overall sample size was small,
and may have contributed to uneven randomization
and a limited ability to detect significant differences
between the intervention and control groups. The
drop-out rate in this study (35–40%) also introduces
the possibility that factors related to selective attri-
tion could have impacted results. Future studies with
larger sample sizes are warranted to replicate and
extend these findings. Additionally, stratified ran-

domization methods may reduce the likelihood of
pre-treatment differences between groups.

In summary, the results of this study provide an
encouraging early view of the clinical potential of
NeuroDRIVE and related VR-based approaches to
rehabilitation of cognitive and functional deficits
in TBI. Additional research, including larger-scale
studies directly comparing NeuroDRIVE with other
active treatment modalities, should be conducted to
validate and extend these findings. Continued devel-
opment should be performed to further increase the
feasibility and effectiveness of this technology and
the underlying rehabilitation techniques in prepa-
ration for use in real-world clinical environments.
Additional research is also needed to examine poten-
tial neural mechanisms of intervention effects, and to
examine risk factors for unsafe driving after TBI.
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