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Abstract
Naturalistic paradigms such as movie watching or simulated driving that mimic closely real-world
complex activities are becoming more widely used in functional magnetic resonance imaging
(fMRI) studies both because of their ability to robustly stimulate brain connectivity and the
availability of analysis methods which are able to capitalize on connectivity within and among
intrinsic brain networks identified both during a task and in resting fMRI data. In this paper we
review over a decade of work from our group and others on the use of simulated driving
paradigms to study both the healthy brain as well as the effects of acute alcohol administration on
functional connectivity during such paradigms. We briefly review our initial work focused on the
configuration of the driving simulator and the analysis strategies. We then describe in more detail
several recent studies from our group including a hybrid study examining distracted driving and
compare resulting data with those from a separate visual oddball task.

The analysis of these data were performed primarily using a combination of group independent
component analysis (ICA) and the general linear model (GLM) and in the various studies we
highlight novel findings which result from an analysis of either 1) within-network connectivity, 2)
inter-network connectivity, also called functional network connectivity, or 3) the degree to which
the modulation of the various intrinsic networks were associated with the alcohol administration
and the task context.

Despite the fact that the behavioral effects of alcohol intoxication are relatively well known, there
is still much to discover on how acute alcohol exposure modulates brain function in a selective
manner, associated with behavioral alterations. Through the above studies, we have learned more
regarding the impact of acute alcohol intoxication on organization of the brain’s intrinsic
connectivity networks during performance of a complex, real-world cognitive operation. Lessons
learned from the above studies have broader applicability to designing ecologically valid,
complex, functional MRI cognitive paradigms and incorporating pharmacologic challenges into
such studies. Overall, the use of hybrid driving studies is a particularly promising area of
neuroscience investigation.
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Introduction
Through most of their history, psychology and neuroscience have been inevitably
constrained by laboratory settings. Although essential for controlled, repeated experimental
measurements, the laboratory has also been an inescapable stimulus environment, prominent
in every subject’s experiences as the context for any experimental task. This is especially
true for brain imaging research. Volunteers in fMRI experiments lie supine for up to an hour
in a narrow, noisy cylinder, with their heads immobilized in a helmet-like radio frequency
coil. Anyone who has ever been a scan subject knows that the scanner itself is a salient
background for any experimental task.

The scanner environment and the laboratory context naturally constrain the types of
behaviors chosen for study. A wide array of perceptual, cognitive, and motor abilities are
presumably invariant across most environments, and cognitive neuroscience has found no
shortage of experiments appropriate for the scanner and representative of domains and
capacities ubiquitous in cognitive activities. Nonetheless, real behavior and real
environments represent combinations and applications more complex than their laboratory
versions, and it is not always clear how more basic perceptual and behavioral capacities
“add up” in ecologically realistic environments, where many stimuli and many possible
responses compete for a subject’s attention and emergent properties of more complex tasks
become important to quantify.

A key question we wished to address was our ability to study complex real-world behaviors
with imaging techniques developed to examine simpler, more constrained cognitive
neuroscience paradigms. Virtual reality (VR) offers methods for dissolving the scanner bore
and the laboratory wall. VR can simulate complex, ecologically valid environments that are
responsive to multiple complex behaviors. VR can also enable experiments that could not be
realized in any other environment, in that it allows simulations of tasks that would be
impractical, dangerous, unethical, or even impossible in real contexts. Finally, VR provides
a means, consistent with the assumptions of experimental psychology, to provide a “critical
mass” of environmental cues for a simulated driving experiment.

In this paper we discuss variations on an experimental paradigm in which we implement
VR-based paradigms in the fMRI environment. We highlight a significant methodological
problem that emerges as VR experiments achieve increasing perceptual/motor realism.
Traditional fMRI interpretive methods rest on a priori hypotheses about the time courses of
component brain functions that comprise the experimental task, and frequently reflect
experimenters’ assumptions about the functional capacities of particular brain regions and
how they act individually versus collectively. For a complex behavior like driving, these
assumptions may be questioned; additional complexities exist because multiple brain
circuits are not only activated simultaneously, but in a complex manner where a particular
region may contribute differentially to several circuits. The multiple responses of skilled
driving overlap and interact in ways that make modeling their time course uncertain.
Accordingly, we explore the application of a data-driven approach, independent component
analysis (ICA), in this complex behavioral context. ICA extracts covarying ensembles of
voxel time courses without needing an a priori specification of onsets and offsets. Rather,
the onsets and offsets are compared to the time courses estimated using ICA. In our analysis
we use group ICA, an approach pioneered by our group, which produces subject-specific
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maps and timecourses (Calhoun, et al. 2001; Erhardt, et al. In Press). The time courses of the
independent components can then be compared to the time courses of multiple behavioral
measures to explore how a complex skill like driving emerges from the complex overlapping
action of multiple brain areas unconstrained by a priori hypotheses. We also show examples
of combining ICA and GLM results, for example in our hybrid study which incorporates a
visual oddball paradigm within a simulated driving study.

Several other groups also study simulated driving using neuroimaging. Schier et al. showed
in a EEG study that alpha power decreases during driving versus replayed scenarios and also
more alpha power was observed in later versus earlier laps (Schier 2000). Walter et al.
demonstrated a GLM comparison of driving versus watching (Walter, et al. 2001).
Uchiyama evaluated the neural correlates of driving at a safe distance (Uchiyama, et al.
2003). Young et al., Hsieh et al., and Bowyer et al., used a human factors approach and
evaluated simulated driving with fMRI and magnetoencephalography (MEG) during a dual
driving and distraction task (Bowyer, et al. 2009; Hsieh, et al. 2009; Young, et al. 2004). A
similar study of the impact of distraction from an individual speaking to the driver was
evaluated by Just et al (Just, et al. 2008). Spier et al. evaluated fMRI activity during a
realistic driving simulation using a GLM approach (Spiers and Maguire 2007). Jancke et al.
showed more alpha band activity during EEG recordings for fast driving (Jancke, et al.
2008). Mader et al. evaluated the changes associated with familiar versus unfamiliar driving
(Mader, et al. 2009) and Callan et al. investigated the neural correlates associated with
uncertainty in driver’s decision making (Callan, et al. 2009). Despite the extremely useful
information gained in the above fMRI studies, they all used a standard GLM approach,
which is limited in that it does not assess functional connectivity networks, nor does it
capture variance which is not tightly coupled to the task.

Why study intoxicated driving in an imaging environment?
In the United States alcohol is our most commonly used recreational drug and driving while
intoxicated remains prevalent. As a societal and legal problem, more than 2.5 million
persons in the U.S. were reported injured and over 40 thousand died in motor vehicle
crashes in 2006 (2007). Traffic accidents are the greatest single cause of death in 5–34 year-
olds and up to 40% are due to intoxicated drivers (Fillmore, et al. 2008). In 2008,
intoxicated driving resulted in ~13,000 alcohol-impaired driving fatalities, representing 1
death every 40 minutes in 2007 (2008). Increased understanding of the dangers and
mechanisms of alcohol will ultimately help refine existing social policy. Thus, we need to
better understand impairment in behavior and functional neural circuitry caused by alcohol
on performance on validated, realistic, simulated driving tasks under various road conditions
and at different alcohol blood levels. Important causes of accidents include brief attentional
lapses, often due to distraction. Alcohol is believed to exacerbate both of these factors as
well as being associated with impaired inhibitory control and overconfidence (Field, et al.
2008; Fillmore, et al. 2009; Kleykamp, et al. 2010; Lee 2008; Lee 2009; Lee, et al. 2009;
Lees and Lee 2007) i.e. by interacting with emotional or temperamental factors as well as
cognitive ones.

More specifically, acute alcohol administration interferes with performance on
neuropsychological tasks assessing a wide variety of cognitive processes, including
immediate memory span (Jones 1973; Parker, et al. 1974; Tarter and Jones 1971), short-term
memory (Rosen and Lee 1976; Tarter, et al. 1991), conceptual and abstracting processes,
and motor speed and coordination (Tarter and Jones 1971), which may relate to prefrontal
cortex moderation of complex motor skills (Peterson, et al. 1990). Although some evidence
suggests no alcohol-induced differences on attention tests (Tarter and Jones 1971), other
findings indicate detrimental effects on attention allocation (Lamb and Robertson 1987).
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Learning and memory are also negatively affected by alcohol (Mungas, et al. 1994; Ryback
1971).

In addition, psychophysical measures (Ahveninen, et al. 2000; Wegner, et al. 2001) are
impaired by greater degrees of intoxication and suggest slower information processing
(Colrain, et al. 1993; Krull, et al. 1993). Longer-term neuropsychological and neurological
deficits in executive function, visuospatial performance, and functions of gait and balance
are detectable as the result of chronic use in alcoholic men even after a month of sobriety
(Sullivan, et al. 2002). In general, these acute and chronic studies support deleterious effects
of alcohol on cognitive functioning.

Despite these results, there is relatively little evidence examining how exposure to alcohol
might transiently modulate brain function in the context of cognitive task performance
(Mathew and Wilson 1986; Schwartz, et al. 1993; Tiihonen, et al. 1994; Volkow, et al. 1990;
Volkow, et al. 1988). (Haier, et al. 1999). As with all pharmacological challenge studies,
working with alcohol adds complexities. Alcohol has vasoactive properties, potentially
confounding fMRI studies relying upon hemodynamic changes (Levin, et al. 1998). There
may also exist brain activation differences between chronic alcoholics and healthy controls
(Pfefferbaum, et al. 2001; Tapert, et al. 2001). Finally, behaviorally there are non-linear
behavioral alterations with increasing blood alcohol levels; for example at lower levels
subjects are aware of intoxication and tend to overcompensate by making fewer errors; more
dangerous driving errors emerge only at higher blood alcohol concentrations.

With regard to experimental design, alcohol effects on cognitive performance and brain
activation are most often studied for simpler tasks. We believe that a comprehensive study
of alcohol’s effects on driving a complex task should assess “top down”, more complex
simulated driving tasks to complement existing literature on simpler “bottom up” cognitive
tasks related to specific components of driving in the fMRI scanner. The ability to assess a
“whole behavior” such as driving in the scanner is novel and was one of the essential
motivations for the work described below.

Initial work on fMRI of simulated driving
Our group has studied fMRI of simulated driving for over a decade. First we describe the
simulation environment; we summarize this work in logical sequence below. Next we
describe initial work related to the identification of brain networks which are modulated by
the driving stimuli. Then we describe a follow up study including many more subjects and
move into hybrid paradigms which combine the experience of driving with additional tasks
(such as acknowledging a salient stimulus with in the virtual vehicle).

The simulator environment
The incorporation of a virtual reality driving simulator into an fMRI environment provides a
highly novel way to study brain activation during simulation. It is one of the most common
experimental tools in intoxicated driving research, and many studies to date have employed
driving simulators to assess the effects of various abused substances and prescribed
medications, as well as the effects of normal aging, sleep deprivation, and other adverse
conditions on driving and driving related skills (Arnedt, et al. 2001; Deery and Fildes 1999;
Linnoila and Mattila 1973; Rimm, et al. 1982; Verster, et al. 2002). However, there are
specific challenges related to the hardware (e.g. the simulator must be non-magnetic, and not
generate radio frequency signals which interfere with the fMRI scan), the environment (e.g.
typical MRI scanners requires participants to lay on their back while driving), and the
analysis (e.g. the brain activation during simulated driving is highly complex due to the
multiple cognitive domains being stimulated). In our initial work we demonstrated the
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validity of a similar, simulated driving environment to evaluate performance measures in
sober and alcohol-intoxicated subjects compared directly to real on-road driving (McGinty,
et al. 2001).

The driving functional connectome, study of intrinsic networks identified during simulated
driving

The term “intrinsic network” is used to describe temporally coherent patterns that have been
identified both in resting data as well as in task data. During a task the timecourses and
spatial patterns are modulated, but on the whole there is considerable similarity in the
networks identified at rest and during a task (Calhoun, et al. 2008). Driving is a complex
behavior that recruits multiple cognitive elements, probably in complex ways that do not
track exactly with the task. Because of this, it makes sense to analyze simulated driving data
in a way that evaluates the functional connectivity among regions. Because of this we have
from the beginning pursued an analytic approach that enables us to study how the brain is
functionally connected and how these so called intrinsic networks are modulated by the
driving task, the so called driving functional connectome (Allen, et al. 2011; Biswal, et al.
2010). In our initial work we reported on a study of 12 individuals performing a driving
paradigm within the fMRI environment (Calhoun, et al. 2002). In all studies subjects
received brain scanning after training to asymptote performance on the driving task. The
experimental paradigm is presented in Figure 1. Simulated driving involved a ten-minute
task consisting of 1-minute epochs of (a) an asterisk fixation task, (b) active simulated
driving, and (c) watching a simulated driving scene (while randomly moving fingers over
the controller). Subjects were instructed to stay in the right lane except to pass other
vehicles, to avoid collisions, to stay within a speed range of 100–140 (the units were not
specified to the participant) and to drive normally. While in the scanner, participants held a
Nintendo-like controller, shielded in copper foil, with all ferromagnetic components
removed. Aggregate driving performance was rated on eight different measures: vehicle
collisions, near vehicle collisions, number of lane deviations, duration of lane deviations,
number of instances over maximum speed limit, total time over maximum speed limit,
number of instances below minimum speed limit, and total time below minimum speed
limit.

In analyzing the data, we were interested in moving beyond a block-design GLM approach,
which, though useful in certain contexts, can be quite limited in the context of such a
complex task (Walter, et al. 2001). When performed naturalistically, driving is particularly
unsuitable to GLM analytic paradigms, since the task generally involves adaptation to a
changing environment by altering the integration of multiple perceptual, attentional and
motor behaviors. This would involve activation of multiple circuits simultaneously with
particular brain regions likely playing different simultaneous roles in multiple functions. We
decomposed the data using group independent component analysis (ICA) also known as
“blind source separation,” an iterative algorithm that separates a mixed signal into source
components while maximizing statistical independence from one another (Calhoun, et al.
2001; Erhardt, et al. In Press). Applied to fMRI, each independent component is an
ensemble of voxels, a “brain network,” that varies in activity over time. The total fMRI
signal, then, is the sum of contributions from the varying components. The advantage of
ICA is that, contrary to the GLM, a given set of component regions have a similar time
course (hence providing a measure of functional connectivity), in addition ICA enables us to
detect components whose time courses may be related to the paradigm, but in a more
complex manner.

Given the wide use of ICA, we now provide a brief comment on the use of ICA on fMRI
data. The selection of ICA components has matured since ICA of fMRI was introduced over
twelve years ago. One key parameter that needs to be selected is the number of components.
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Many studies have used around twenty-five components, which we call a low model order
analysis. There are information theoretic approaches, implemented in the most widely used
software packaged which can determine the number of components (e.g. (Li, et al. 2007)).
More recently there has been interest in doing higher order ICA, with some evidence that
around seventy-five components is optimal (Abou-Elseoud, et al. 2010; Kiviniemi, et al.
2009). This latter approach is quite useful as it splits up somewhat distinct networks, and
through evaluation of inter-component correlation (i.e. functional network connectivity) one
can still see natural groupings of the networks that would be revealed in low model order
ICA (e.g parts of the default mode network tend to be more correlated with one another than
with other components) (Allen, et al. 2011). There are also several large studies which can
be used as a referene for selecting components. For example, we have recently released
component images from twenty-eight intrinsic networks derived from over six-hundred
healthy individuals as well as all seventy-five components, see http://mialab.mrn.org/data
(Allen, et al. 2011).

Results showed we could successful decompose the activation into interpretable pieces using
a novel, generally applicable approach, based upon independent component analysis. Results
were quite interesting and we showed that some regions turn on or off, others exhibit a
gradual decay, and yet others turn on transiently when starting or stopping driving. Signal in
the anterior cingulate cortex, an area often associated with error monitoring and inhibition,
decreased exponentially with a rate proportional to driving speed, while decreases in
frontoparietal regions, implicated in vigilance and later coined the default mode network
(Raichle, et al. 2001), correlated with speed. Increases in cerebellar and occipital areas,
presumably related to complex visuomotor integration, were activated during driving but not
associated with driving speed. This initial study was quite encouraging and demonstrated the
wealth of information that could be captured during simulated driving within an imaging
environment. We moved ahead from this point to begin studying the impact of alcohol on
these intrinsic networks associated with simulated driving.

First study of EtOH and simulated driving
In our next study we evaluated nine participants who were scanned in two sessions on two
different days (Calhoun, et al. 2004). Sessions were run at the same time of day (mid-
morning). An outline of the study design is show in Figure 1 (bottom). For the first scan
session, participants received a placebo after which they were removed from the scanner and
administered a dose of beverage alcohol individualized to participant body weight, age, and
sex, calculated using a published algorithm (Kapur 1989), and designed to produce a blood
alcohol content (BAC) of 0.04% or 0.08%. BAC’s were determined immediately before
drinking and before and after all scan sessions, using a hand-held breath meter
(Intoximeters, Inc.); subjects were blind to their BAC’s.

Compared to sober baseline, at the lower BAC, behavioral performance slightly improved
and participants reduced average speed. At the higher BAC, subjects drove at a higher
average speed (p<0.008, corrected). Additional details on scanning techniques and fMRI
preprocessing may be found in previous reports (Calhoun, et al. 2001; Calhoun, et al. 2002;
Calhoun, et al. 2004). At the lower BAC (mean 0.041 ± 0.016) on the 5-point analog scale
(where 5 indicated maximal intoxication), participants indicated subjective intoxication of
mean 1.0 ± 0.7 and at the higher BAC (mean 0.096 ± 0.040), participants self-rated
intoxication of mean 3.1 ± 0.8. The difference on the subjective intoxication scores was
significant (p<0.000001).

ICA imaging results from the analysis are summarized in Figure 2, with different colors
coding for each component. The average independent component time courses for each
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experimental condition are presented in the right panel of Figure 2. For visualization, the
three epoch cycles are averaged together and are presented as ‘fixation’, ‘drive’, and
‘watch’. The left panel of Figure 2 displays the average components-of-interest determined
from the sober-condition data. Cerebellar networks are depicted in the same color as the
motor and supplementary motor regions and are differentiated by a turquoise border
surrounding the region. The right panel displays the average time courses from the sober-
condition and high-dose-condition, color-coded as in the spatial component maps, with the
alcohol condition indicated in gray.

We examined the extent of alteration in the average component time courses as an effect of
alcohol dose, to calculate a “disruption score” for each condition. This is a score indicating
the degree to which alcohol intoxication changed the fMRI activity compared to the same-
day sober scan. The time courses from the same-day sober scan were correlated to the
corresponding intoxication scan. The disruption score is the difference in this correlation
from high-dose to low-dose. The change in the component disruption score with respect to
dose is shown in Figure 3 (color-coded as in Figure 2). All components were found to be
more disrupted for the high-dose experiment than for the low-dose experiment (the changes
are all negative). Significant differences were found for the regions indicated in the first
analysis, namely, the orbitofrontal component and the primary motor/supplemental motor
area (SMA) component (p<0.001). This is suggestive of a global change in the time course
shape induced by intoxication, however there was no significant change in the amplitude of
the BOLD signal, as reported in experiments involving sensory stimuli (Calhoun, et al.
2004; Levin, et al. 1998).

A direct comparison of significant aggregate behavioral measures (vehicular collisions and
speed over 140), alcohol dose, and fMRI signal, was performed by computing the dose-
related correlation of the behavior results with the component time courses. All p values
were greater than 0.2 except for two results: First, the cerebellar component exhibited a
significant dose-related effect with driving greater than 140 (p<0.001, corrected). This may
reflect less efficient processing of the complex motor coordination required at higher speeds.
The dose-related cerebellar involvement is also consistent with previous studies implicating
a detrimental effect of alcohol upon complex motor control (Peterson, et al. 1990) and
alcohol associated decreases in cerebellar blood flow (Volkow, et al. 1988). Second, because
their visual and attentional fields narrow, inebriated drivers are less responsive to peripheral
events and often exhibit depressed perceptual and motor functioning (Mascord, et al. 1995).

Based on the anatomic regions which contribute most to each components, we can interpret
them in terms of well-known neurophysiological networks as discussed in (Calhoun, et al.
2002). The seven components can be divided into four patterns with alcohol and speed-
related effects (Calhoun, et al. 2002). Hypothesized functions (and short anatomic
description) of these networks are 1) vigilance (fronto parietal); one of the first presentations
of what was later coined the default model network, 2) error monitoring and inhibition
(anterior cingulate and medial frontal), 3) motor (primary motor cortex), 4) higher order
motor (cerebellar), 5) visual (lingual, cuneus), 6) higher order visual (fusiform, middle
occipital), and 7) visual monitoring (cuneus, lingual, posterior cingulate). We delineated the
networks affected by driving speed in the previous study, as well as the networks affected by
alcohol dose in the current study. We have discussed the involvement of these circuits in the
context of simulated driving in detail previously, and the reader is referred to this work for
further discussion (Calhoun, et al. 2002; Groeger 2000).

Improved in-scanner simulation environment
Since this initial work was performed, we have developed a custom driving simulator which
records continuous behavior during the driving task described above (Carvalho, et al. 2006).
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The driving interface and environment has also been modified. The hand-held controller has
been replaced with a steering wheel and gas and brake pedals similar to those found in
modern automobiles. The pedals are arranged in a position near the feet comparable to
automobile pedals, and the steering wheel is placed just outside the scanner on a plastic table
mounted above the participant. Both steering wheel and pedals are connected to computers
outside the MRI room via a shielded cable. This allows continuous information on steering
and pedal activity to be recorded. As before, the display is visible through a mirror mounted
above the participant which lying prone in the MRI scanner. Using this new software and
hardware, we can compare the dynamic fMRI time courses to the continuous behavior of
each participant. This, in contrast to previous results comparing aggregate behavioral scores
averaged across the entire session, enables us to compare behavior to brain activity at a
much higher temporal resolution.

Follow-up study of EtOH and simulated driving
We recently replicated and significantly extended our earlier fMRI results on the impact of
EtOH on brain activity during simulated driving. Our initial study involved 9 participants
scanned on a 1.5T scanner using our initial simulator setup (Calhoun, et al. 2004). The more
recent study included 40 participants (20 males) scanned on a 3T scanner using our custom
simulator environment (Meda, et al. 2009). We used two complementary image analysis
techniques to investigate alcohol-related changes in temporal dynamics of the driving
circuitry at two dosage levels compared to placebo. We report five crucial networks
including, orbito-frontal/anterior cingulate, fronto-temporal, primary/secondary motor,
cerebellar and the resting state networks as being modulated by alcohol in a dose-related
manner. As before, each subject received 3 separate single blind doses of beverage alcohol
individualized to weight, and sex (Kapur 1989) designed to produce BACs of 0.05%
(moderate) or 0.10% (high) and one placebo dose. 3T functional magnetic resonance
imaging (fMRI) scanning along with continuous behavioral measurement was performed on
subjects during simulated driving. Brain function was assessed and compared using both
ICA and a conventional GLM analysis. ICA results replicated and significantly extended our
previous 1.5T study (Calhoun, et al. 2004). GLM analysis revealed significant functional
differences in several areas between the three doses, complementing the ICA results. The
GLM analysis revealed a significant dose-dependent response in areas including the
amygdala and parahippocampus. Further, we found consistent behavioral changes while
driving intoxicated supporting our imaging results. Further, driving behaviors such as
opposite white line crossings and mean speed independently demonstrated a significant
dose-dependent change. Behavior-based factors also predicted the frontal-basal-temporal
circuit to have a functional impairment with alcohol dosage across baseline scaled, good and
poorly performing drivers. In this study we were able to reveal neural correlates of driving
behavior and found dose related spatio-temporal disruptions in critical driving-associated
regions including the superior, middle and orbito frontal gyri, ant erior cingulate, primary/
supplementary motor areas, basal ganglia, and cerebellum.

A synthesis of the two major papers from our group and their correspondence with event-
related driving data from Spiers et al 2007 is shown below in Table 1 (Spiers and Maguire
2007). These combined data allow us to make specific hypotheses regarding intoxicated
driving. For example, alcohol disrupts the fidelity of visuospatial performance, especially
for more complex images, likely by interfering with higher order visual and parietal circuits
and interpretation of complex images may be more affected by alcohol intoxication (Leone
and McCourt 2010; Miller and Fillmore 2010). In addition, a frontal-parietal network was
identified by (Van Horn, et al. 2006) as most affected by alcohol consumption, and
modulated by visual feedback. Thus we predict that alcohol’s impact on the "white” circuit
from (Calhoun, et al. 2004) will be associated with a failure to appreciate and to deal with
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road obstacles and other vehicles in a timely manner, leading to accidents. Such an
association would only be apparent in an event-related design and was therefore not detected
in our work to date. If validated, such a hypothesis would be useful, as it links a putative
global effect of alcohol on the neural basis of perception to "downstream" effects on other
neural circuits, validated by behavioral measurements. Additionally we would predict that
goal directed visuo-motor performance, for example a task involving steering accurately
around cones, would be particularly disrupted by alcohol and involve significant alterations
in FNC between the higher-order visual and error monitoring/inhibition/attention span and
executive/attention/motor planning circuitry delineated in Table 1.

An important question is how best to integrate our collective observations to date into
modern cognitive neuroscience paradigms. AR Laird (personal communication) using the
BrainMap analysis approach (Laird, et al. 2009) recently examined multiple literature-
derived circuits in BrainMap, each of which is commonly co-activated under similar task
conditions. The corresponding circuit to our Blue "motor" network (Meda, et al. 2009) in
Laird’s unpublished work for example includes primary sensorimotor cortices for the upper
extremities and was associated with action and somesthesis corresponding to hand
movements (such as finger tapping, grasping, pointing and tactile stimulation) and included
such tasks as grasping and pointing that comprised ventral precentral gyri, central sulci,
postcentral gyri, superior and inferior cerebellum and primary sensorimotor cortices
representing the upper extremities that corresponds to one or more circuits we have
identified using ICA.

Overall, results suggest that alcohol causes functional impairments localized to brain regions
related to motor planning and control, goal directedness, error monitoring and memory.
Overall, our findings might imply a significant impairment in attention, cognitive, goal
direction, motor planning and emotional/working memory related functional capabilities
while driving under the influence of alcohol.

Hybrid driving and visual oddball task
Prior studies report that accidents involving intoxicated drivers are more likely to occur
during performance of secondary tasks. We studied this phenomenon, using a dual-task
paradigm, involving performance of a visual oddball (VO) task while driving in an alcohol
challenge paradigm (Allen, et al. 2009). Previous functional MRI (fMRI) studies of the VO
task have shown activation in the anterior cingulate, hippocampus, and prefrontal cortex.
Thus, we predicted dose-dependent decreases in activation of these areas during VO
performance. Forty healthy social drinkers were administered three different doses of
alcohol, individually tailored to their gender and weight. Participants performed a VO task
while operating a virtual reality driving simulator in a 3T fMRI scanner. Analysis showed a
dose-dependent linear decrease in blood oxygenation-level dependent activation during task
performance, primarily in hippocampus, anterior cingulate, and dorsolateral prefrontal areas,
with the least activation occurring during the high dose. Behavioral analysis showed a dose-
dependent linear increase in reaction time, with no effects associated with either correct hits
or false alarms. In all dose conditions, driving speed decreased significantly after a VO
stimulus. However, at the high dose this decrease was significantly less. Passenger-side line
crossings significantly increased at the high dose. These results suggest that driving
impairment during secondary task performance may be associated with alcohol-related
effects on the above brain regions, which are involved with attentional processing/decision-
making. Drivers with high blood alcohol concentrations may be less able to orient or detect
novel or sudden stimuli such as road obstacles during driving. The hippocampus is known to
be associated with visuospatial memory (Burgess 2002) in the case of our observations, this
represents likely underpinning of the ability to remember the vehicle's spatial location on the
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road prior to target-related distraction. The decreased alcohol-associated hippocampal
activation we measured is likely linked to our observation that more driving errors occurred
following target stimuli.

We also evaluated brain activity during a go no-go task collected separately from the
simulated driving task (Anderson, et al. 2011). Fifty-one healthy volunteers were studied.
Alcohol increased time needed to respond to stimuli and frequency of inappropriate error
responses, i.e. false alarm errors in a dose-dependent manner. FMRI showed alcohol
decreased activity in both the anterior cingulate and inferior frontal gyrus during correct
rejections and false alarm responses and this also occurred in a dose-dependent manner. No
statistically significant reaction time impairments were visible at the moderate alcohol dose,
consistent with the adoption of a breath alcohol concentration of 0.08% as the legal driving
limit in many states in the USA. Overall, these findings suggest that acute alcohol use
impairs cognitive control through a dose-dependent decrease in cortical activation and that
regions implicated in error monitoring are affected by alcohol and associated with impaired
behavioral performance. Both anterior cingulate and inferior frontal gyrus were also
identified in our previous simulated driving studies, as well as being associated with aspects
of error processing.

Inter-network analysis
In the Meda study (Meda, et al. 2009), our group identified five, independent critical
driving-associated brain circuits whose inter-regional connectivity was disrupted by alcohol
intoxication. Moving beyond within-network connectivity, we can also evaluated the
connectivity among networks, called functional network connectivity (FNC) (Jafri, et al.
2008). We had previously reported (Anderson, et al. 2011) that alcohol compromised
cerebellar activation but with no differences between moderate and high alcohol doses in the
context of a cognitive control task. This region is implicated in numerous limbic, sensory
and motor functions (Schmahmann, et al. 2007) its decreased activation under acute alcohol
conditions is previously documented (Gundersen, et al. 2008; Van Horn, et al. 2006) and
may underlie alcohol-provoked impairment seen in mood, behavior, cognition and motor
activity (Volkow, et al. 2008). In particular, decreased cerebral activity may be directly
linked with the poor motor coordination often associated with alcohol intoxication.

In recent work, we were able to explore the above ideas in more depth. We evaluated the
FNC between driving-related circuits in order to determine how these networks
communicate with each other during sober and alcohol-intoxicated states (Rzepecki, et al.
2010). We explored such differences in connections between the above brain circuits and
driving behavior, in forty individuals under the influence of alcohol versus placebo. During
the active dose, we found specific disruptions of functional network connectivity between
the frontal cortex-basal ganglia and the cerebellar circuits (see Figure 7). The temporal
connectivity between these two circuits was found to be less correlated (p <0.05) when
driving under the influence of alcohol. This disconnection was also associated with an
abnormal driving behavior (unstable motor vehicle steering). Connections between frontal-
basal ganglia and cerebellum have recently been explored; these may be responsible in part
for maintaining normal motor behavior by integrating their overlapping motor control
functions. These connections appear to be disrupted by alcohol intoxication, in turn
associated with an explicit type of impaired driving behavior.

Combining imaging and behavior
In our newer simulation environment we are able to record continuous behavior. We thus
have information about multiple behavioral measures in addition to the multiple intrinsic
networks that can be extracted from the brain imaging data. Such data is highly suitable for
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analysis with multivariate approaches, hence enabling a fusion of the imaging and
behavioral data. We have successfully used the group ICA approach to evaluate the
relationship of continuous driving behavior with the driving related intrinsic networks
(Carvalho, et al. 2006).

In other work, we apply a novel statistical method, multi-set canonical correlation analysis
(M-CCA), to study the fMRI datasets acquired during the simulated driving task (Li, et al. In
Press). The M-CCA method jointly decomposes fMRI datasets from different subjects/
sessions into brain activation maps and their associated time courses, such that the
correlation in each group of estimated activation maps across datasets is maximized.
Therefore, the functional activations across all datasets are extracted in the order of
consistency across different dataset. On the other hand, M-CCA preserves the uniqueness of
the functional maps estimated from each dataset by avoiding concatenation of different
datasets in the analysis. Hence, the cross-dataset variation of the functional activations can
be used to test the hypothesis of functional-behavioral association. We studied 120
simulated driving fMRI datasets and identify parietal-occipital regions and frontal lobe as
the most consistently engaged areas across all the subjects and sessions during simulated
driving. The functional behavioral association study indicates that all the estimated brain
activations are significantly correlated with the steering operation during the driving task.
M-CCA thus provides a new approach to investigate the complex relationship between the
brain functions and multiple behavioral variables, especially in naturalistic tasks as
demonstrated by the simulated driving study.

The future
fMRI driving studies still require improvement in design and strategy. For example, our
prior research did not employ maximally realistic driving software, multiple driving
scenarios or an event-related design. With regard to the latter, from a cognitive neuroscience
viewpoint, the multiple task-relevant cognitive networks involved in driving are required to
change rapidly to keep pace with the varying, (sometimes rapidly) environmental demands
of this complex task, implying the possibility of moment-to-moment reallocation of brain
regions among varied task components. Parsing these changes and inter-relationships
optimally requires event-related designs; however few investigators have used such
paradigms in this specific context. Another facet of this question is that motor vehicle
accidents are rare events that are essential to study because of their importance, yet cannot
be captured in block design fMRI, because when occurring uncommonly they are averaged
into signals produced by non-emergency everyday driving scenarios. On the other hand
when presented frequently in “blocks” to allow conventional analysis, they become
predictable by research subjects and are no longer naturalistic These observations emphasize
the need for event-related driving scenarios, whose importance lies in part in the recognition
that serious accidents are robustly linked to the occasional errors and momentary lapses seen
when real-life driving behavior is closely examined in non-virtual paradigms (Boyle, et al.
2008). These lapses are believed to be the proximate cause of failure to react effectively to
road hazards or similar changes in driving conditions. To date, the single published fMRI
driving study to use an event-related design (Spiers and Maguire 2007) was a significant
step forward, but neither examined intoxicated driving, nor did it use an ICA-based design
to fully assess data; it was also based on a driving videogame not designed to examine
accident conditions in detail.

In terms of analytic approaches, the study of naturalistic tasks, simulated driving in
particular, would benefit from more functional connectivity studies. In our own work we
have found that this provides an extremely rich source of information which has led to the
generation of new hypotheses as well as to a more complete study of the brain dynamics
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involved in a complex task that is afforded by a standard GLM analysis (Calhoun, et al.
2002). To date, very few other studies of simulated driving have use connectivity or
network-based approaches, it is critical for such studies to bring additional analytic
approaches to bear in order to fully capitalize on the complexity of the functional dynamics
involved. This is even more important when studying modifications to these dynamics (such
as in the case of alcohol intoxication that we have discussed in this article).

As we have reviewed, studying intoxicated driving allows one to determine how a widely
socially used intoxicant (that is straightforward and safe to administer and measure in
laboratory conditions) affects the above interactions, using functional network connectivity
measures in a socially relevant context. Acute administration of any psychoactive substance
however inevitably involves complex interactions between drug, internal set and
experimental setting, extending beyond, in this case, blood alcohol concentrations and the
nature of the driving paradigm, including temperamental characteristics of the driver, mood
and triggers by other drivers’ behavior. All of these are potentially amenable to future study,
(e.g. in the latter case by manipulating avatars in VR) and in terms of affective components,
by examination of mood-related circuitry that is extractable from fMRI signal even in non-
affectively-based tasks using ICA strategies.
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Figure 1.
Timeline of the Simulated Driving Paradigm and Outline of 2-day Study Design for EtOH
Experiments: The driving paradigm (top) consisted of ten, one-minute epochs of (a) a
fixation target, (b) driving the simulator, and (c) watching a simulation while randomly
moving fingers over the controller. Two-day study design (bottom) for EtOH experiments
consists of two scan sessions on each day.
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Figure 2.
Results from the alcohol intoxication study: Group fMRI maps are thresholded at p<0.005
(corrected for multiple comparisons). A total of seven components are presented. A “green”
component extends on both sides of the parieto-occipital sulcus including portions of
cuneus, precuneus, and the lingual gyrus. A “yellow” component contains mostly occipital
areas. A “white” component contains bilateral visual association and parietal areas; and a
component consisting of motor areas is depicted in red. Cerebellar areas are also depicted in
red (but with a turquoise border). Orbitofrontal and anterior cingulate areas identified are
depicted in pink. Finally, a component including medial frontal, parietal, and posterior
cingulate regions is depicted in blue. Group averaged time courses (right) for the fixate-
drive-watch order are depicted with similar colors for the sober versus high-dose conditions
(the drug condition is shown in gray). The three repeated epochs are averaged and presented
as fixation, drive, and watch.
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Figure 3.
Differences in disruption scores for the ICA time courses: Within-day correlations were
computed between the sober condition and the drug condition on the same day as a measure
of the amount of disruption induced by the EtOH. The differences in these correlations are
presented for each component with color corresponding to Figure 2. The high dose condition
was in all cases less correlated with its sober counterpart than was the low dose condition
(all values are negative). Significant (p<0.001) differences were observed for the pink
(orbitofrontal/anterior cingulate) and red (motor) components only.
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Figure 4.
Screen Shot from Driving Simulator and Snapshot of Hardware setup: The picture on the
left shows a typical screen shot taken from the driving simulation program. Pedestrians are a
relatively common sight, as are cars, especially at intersections. The picture on the right
shows the inside of the scanner room where the participant is scanned. The steering wheel is
located just outside the scanner in a position comfortable for the participant. Pedals are
located where the feet naturally fall in a position comparable to vehicle pedals.

Calhoun and Pearlson Page 20

Neuroimage. Author manuscript; available in PMC 2012 January 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
GLM results for high versus sober during the drive versus observe condition: Regions that
demonstrated a significantly lower functional activation (thresholded at p = 0.05 FDR
corrected) during the high dose relative to placebo condition. Maps were derived from a
random effects (RFX) repeated measures ANOVA comparing the three dosages conducted
through a standard GLM analysis in SPM2
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Figure 6.
Response to oddball task at different EtOH doses: (top) Screen shots of the driving software,
with arrow pointing to: 1. standard presentation; 2. no stimulus presentation; 3. oddball
presentation. (bottom) Contrast plots showing the dose-dependent linear trend of the noted
brain activations (BA 19, BA 24) in the targets vs. standard comparison.
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Figure 7.
Correlation differences of circuit combinations for sober versus alcohol condition: (A) Axial
slices of basal ganglia component. (B) Axial slices of cerebellum component. (C) Image of
all five independent critical driving-associated brain circuits (1) anterior cingulate, middle
and orbito frontal gyri, (2) primary/secondary motor cortex, (3) fronto-basal ganglia, (4)
cerebellum, and (5) resting state. Yellow dotted lines show network connections which do
not differ significantly between baseline sober and alcohol intoxication conditions; the red
arrow shows the network connection between the fronto-basal ganglia and cerebellar circuits
which differs significantly between baseline sober and alcohol intoxication conditions (D)
Graphical representation of correlations between different network combinations.
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Figure 8.
Example of CCA results integrating behavioral and imaging data: The group activation map
is shown on the left, mean time course overlaid with the paradigm for three repetitions of
[F]ixation-[D]riving-[W]atching in the middle, and confidence interval (CI) of behavioral
correlation on the right. This map shows correlation in parieto-occipital regions and
anticorrelation in medial frontal regions. The time course has high regression coefficients
associated with the driving paradigm (0.48 ± 0.20)—indicating that the frontal and parieto-
occipital brain regions are highly consistent across all the subjects when performing the
driving task. Among the eight behavioral factors defined in Section 3.5, this component has
significant association with the average and differential of steering weave.
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