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Abstract: Driving is a complex behavior that recruits multiple cognitive elements. We report on an
imaging study of simulated driving that reveals multiple neural systems, each of which have different
activation dynamics. The neural correlates of driving behavior are identified with fMRI and their
modulation with speed is investigated. We decompose the activation into interpretable pieces using a
novel, generally applicable approach, based upon independent component analysis. 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,
decreases exponentially with a rate proportional to driving speed, whereas decreases in frontoparietal
regions, implicated in vigilance, correlate with speed. Increases in cerebellar and occipital areas, presum-
ably related to complex visuomotor integration, are activated during driving but not associated with
driving speed. Hum. Brain Mapping 16:158–167, 2002. © 2002 Wiley-Liss, Inc.
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INTRODUCTION

Driving is a complex behavior involving interre-
lated cognitive elements including selected and di-

vided attention, visuospatial interpretation, visuomo-
tor integration, and decision making. Several cognitive
models have been proposed for driving [Ranney,
1994], especially for visual processing aspects and
driver attributes [Ballard et al., 2000; Groeger, 2000].
Such models, however, are complicated and hard to
translate into imaging studies. Many of the cognitive
elements expected to be involved in driving have been
studied separately using imaging paradigms designed
to probe discrete brain systems [Cabeza and Nyberg,
2000]. Recently, imaging studies have used subtractive
methods to study the neural correlates of driving
[Walter et al., 2001] but have not attempted to study
the complex temporal dynamics of driving.
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The temporal dynamics of driving are difficult to
study with functional magnetic resonance imaging
(fMRI) due to the lack of a well-understood brain-
activation model. Imaging studies utilizing cognitive
tasks typically employ subtraction between two types
of tasks modified in slight increments [Cabeza and
Nyberg, 2000], and provide visualization of brain re-
gions that differ. There is often no attempt to study the
temporal dynamics. Event-related designs can be used
to study temporal dynamics, but often rely upon
rather rigid modeling assumptions [Friston et al.,
1998].

We approach this problem by using a method de-
rived from independent component analysis (ICA), a
method that has recently been applied to fMRI data
with promising results [Biswal and Ulmer, 1999; Cal-
houn et al., 2001b; McKeown and Sejnowski 1998;
McKeown et al., 1998]. ICA was originally developed
to solve problems similar to the “cocktail party” prob-
lem [Bell and Sejnowski, 1995]. The ICA algorithm,
assuming independence in time (independence of the
voices), can separate mixed signals into individual
sources (voices). In our application, we assume inde-
pendence of the hemodynamic source locations from
the fMRI data (independence in space) resulting in
maps for each of these regions, as well as the time
course representing the fMRI hemodynamics. We re-
cently extended ICA to allow for the analysis of mul-
tiple subjects [Calhoun et al., 2001a; Woods, 1996]. We
applied this method to our driving activation data,
analyzing the data from all subjects in a single ICA
estimation. This provides a way to extract behavioral
correlates without having an a priori hemodynamic
model.

Our paradigm consists of three repeating condi-
tions, resembling a standard block design. Although
these three conditions provide a way to compare be-
havior, we do not rely upon simple comparison of the
images between different conditions, but rather exam-
ine the source locations and the modulation of the
temporal dynamics. This approach thus provides a
useful way of analyzing complex behaviors not pos-
sible using traditional (between-epoch) fMRI compar-
isons.

We also investigated whether driving speed would
modulate neural correlates differently. Driving at a
faster speed was not expected to modulate primary
visual regions much because the visual objects seen
are no more complicated than for the slower speed.
Likewise, a speed change was expected to make little
difference in the rate of finger movement or motor
activation. Increasing speed, however, may increase
activation in regions subserving eye movements or

visual attention [Hopfinger et al., 2000] or anxiety. We
thus scanned two groups of subjects driving at differ-
ent rates of speed.

EXPERIMENTS AND METHODS

Subjects

Subjects (2 female/10 male; mean age 22.5 years)
were approved by the JHU IRB, and were compen-
sated for their participation. Subjects were given ad-
ditional compensation if they stayed within a pre-
specified speed range. Subjects were screened with a
complete physical and neurological examination,
urine toxicologic testing, as well as the SCAN inter-
view [Janca et al., 1994], to eliminate participants with
Axis I psychiatric disorders. Subjects were divided
into two groups (3 subjects were in both groups), one
group driving “faster” (N � 8) and the other group
driving “slower” (N � 7). Three subjects were in-
cluded in both groups and thus scanned during both
speeds. The “slower” and “faster” driving groups
were delineated by changing the speedometer display
units from kilometers per hour (KPH) to miles per
hour (MPH), resulting in an actual speed range of
100–140 or 160–224 KPH, respectively.

Experimental design

We obtained fMRI scans of subjects as they twice
performed a 10-minute task consisting of 1-min ep-
ochs of (a) an asterisk fixation task, (b) active simu-
lated driving, and (c) watching a simulated driving
scene (while randomly moving fingers over the con-
troller). Epochs (b) and (c) were switched in the sec-
ond run and the order was counterbalanced across
subjects. During the driving epoch, participants were
performing simulated driving using a modified game
pad controller with buttons for left, right, acceleration
and braking. The paradigm is illustrated in Figure 1.
Subjects were instructed to remain within a predeter-
mined speed range and were compensated addition-
ally if they successfully achieved this goal.

The simulator used was a commercially available
driving game, Need for Speed II™ [Electronic Arts,
1998]. The controller was shielded in copper foil and
connected to a computer outside the scanner room
though a waveguide in the wall. All ferromagnetic
screws were removed and replaced by plastic compo-
nents. An LCD projector outside the scanner room and
behind the scanner projected through another
waveguide to a translucent screen, which the subjects
saw via a mirror, attached to the head coil of the fMRI
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scanner. The screen subtended approximately 25 de-
grees of visual field. The watching epoch was the same
for all subjects (a playback of a previously recorded
driving session). For the driving epoch, subjects
started at the same point on the track with identical
conditions (e.g., car type, track, traffic conditions).
They were instructed to stay in the right lane except to
pass, to avoid collisions, to stay within a speed range
of 100–140 (the units were not specified) and to drive
normally.

Image acquisition

Data were acquired at the FM Kirby Research Cen-
ter for Functional Brain Imaging at Kennedy Krieger
Institute on a Philips NT 1.5 Tesla scanner. A sagittal
localizer scan was performed first, followed by a T1-
weighted anatomic scan (TR � 500 msec, TE � 30
msec, field of view � 24 cm, matrix � 256 � 256, slice
thickness � 5 mm, gap � 0.5 mm) consisting of 18
slices through the entire brain including most of the
cerebellum. Next, we acquired the functional scans
consisting of an echo-planar scan (TR � 1 sec, TE � 39
msec, field of view � 24 cm, matrix � 64 � 64, slice
thickness � 5 mm, gap � 0.5 mm) obtained consis-
tently over a 10-min period per run for a total of 600
scans. Ten “dummy” scans were performed at the
beginning to allow for longitudinal equilibrium, after
which the simulated driving paradigm was begun.

fMRI data analysis

The images were first corrected for timing differ-
ences between the slices using windowed Fourier in-

terpolation to minimize the dependence upon which
reference slice is used [Calhoun et al., 2000; van de
Moortele et al., 1997]. Next the data were imported
into the Statistical Parametric Mapping software pack-
age, SPM99 [Worsley and Friston, 1995]. Data were
motion corrected, spatially smoothed with a 8 � 8
� 11 mm Gaussian kernel, and spatially normalized
into the standard space of Talairach and Tournoux
[1988]. The data were slightly sub-sampled to 3 � 3
� 4 mm, resulting in 53 � 63 � 28 voxels. For display,
slices 2–26 were presented.

Independent component analysis

Data from each subject were reduced from 600 to 30
time points using principal component analysis (PCA)
(representing greater than 99% of the variance in the
data). This “pre-reduction” (i.e., the incorporation of
an initial PCA stage for each subject) is a pragmatic
step, and reduces the amount of memory require to
perform the ICA estimation, and does not have a
significant affect on the results provided the number
chosen is not too small [Calhoun et al., 2001a]. To
enable group averaging, data from all subjects were
then concatenated and this aggregate data set reduced
to 25 time points using PCA, followed by group inde-
pendent component estimation [Calhoun et al., 2001a]
using a neural network algorithm that attempts to
minimize the mutual information of the network out-
puts [Bell and Sejnowski, 1995]. Time courses and
spatial maps were then reconstructed for each subject
and the random effects spatial maps thresholded at P
� 0.00025 (t � 4.5, df � 14) [Calhoun et al., 2001a].

Figure 1.

fMRI-simulated driving para-

digm. The paradigm consisted

of 10 1-min epochs of (a) a

fixation target, (b) driving the

simulator, and (c) watching a

simulation while randomly

moving fingers over the con-

troller. The paradigm was

presented twice changing the

order of the (b) and (c) ep-

ochs and counterbalancing

the first order across sub-

jects.
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RESULTS

Imaging results are summarized in Figure 2, with
different colors coding for each component. The re-
sulting 25 time courses were sorted according to their
correlation with the driving paradigm, and then visu-
ally inspected for task-related or transiently task-re-
lated activity. Of the 25 components, only six demon-
strated such relationship. The fMRI data are
comprised of a linear mixture of each of the six de-
picted components. That is, if a given voxel has a high
value for a given component image, the temporal pat-
tern of the data resembles the temporal pattern de-
picted for that component. Additionally, some areas

consist of more than one temporal pattern. For exam-
ple, the pink and blue components overlap heavily in
the anterior cingulate and medial frontal regions. Se-
lected Talairach coordinates of the volume and max-
ima of each anatomic region within the maps are
presented in Table I.

The group-averaged time course for the fixation-
drive-watch paradigm (with the standard deviation
across the 15 subjects) for each component is pre-
sented on the right side of Figure 2, with color use as
in the spatial component maps. The three epoch cycles
are averaged together and are presented as ‘fixation’,
‘drive,’ and ‘watch’. Although it is intriguing to try to
separate finer temporal correlates within the ICA time

Figure 2.

Independent components and associated time courses from func-

tional MRI scans. Random effects group fMRI maps are thresh-

olded at P � 0.00025 (t � 4.5, df � 14). A total of six 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 occip-

ital areas. A white component contains bilateral visual association

and parietal areas; and a component consisting of cerebellar and

motor areas is depicted in red. Orbitofrontal and anterior cingu-

late 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 also depicted with similar colors.

Standard deviation across the group of 15 scans is indicated for

each time course with dotted lines. The epochs are averaged and

presented as fixation, drive, and watch.
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courses (such as the time of a crash) we do not have
exact timing for individual events in the simulator
used and thus limited our exploration to epoch-based
averages. The ordering of the epochs did not signifi-
cantly change the results. Each of the time courses
depicted was modulated by the driving paradigm.
Four main patterns are apparent: 1) primary visual
(yellow) and higher order visual/cerebellar (white)
areas were most active during driving and less active
during watching (as compared to fixation) (W,Y); 2)
cerebellar/motor (red) and frontoparietal (blue) areas
were only in(de)creased during driving; 3) anterior
cingulate, medial frontal, and other frontal (pink) ar-
eas demonstrated exponential decrements during
driving and rebounded during fixation; and 4) visual
(green) areas transiently activated when the driving or
watching paradigms were changed.

We examined relationships between driving speed
and activation. We measured driving speed to verify
that the speed was within the range specified (100–140
or 160–224 KPH). These data are summarized for each
subject in Table II. Note that the average speed for the
“faster” group was slower than the range specified.
This was because there were more collisions at the
faster speed, thus reducing the average (although it
was still significantly higher than the “slower” group).
The increase in collisions indicates that subjects are
making more “errors” presumably because of a desire
to comply with the specified speed range.

The frontoparietal (blue) component was decreased
during the drive epoch only. Calculating the change in
activation for the two speed groups and comparing
them with a t-test revealed significantly (P � 0.02)
greater driving-related changes when subjects are

TABLE I. Areas identified by functional imaging

Component Area Brodmann Volume (cc) Max t (x, y, z)

Pink L/R Anterior cingulate 10, 24, 25, 32, 42 12.6/11.1 18.94(�9, �35, �6)/15.38(3, 43, �6)
L/R Medial frontal 9, 10, 11, 25, 32 8.2/11.3 16.97(�12, 35, 6)/14.45(6, 40, �6)
L/R Inferior frontal 11, 25(L), 47 5.4/2.2 13.20(�9, 40, �15)/9.02(12, �40, �15)
L/R Middle frontal 10, 11, 47 2.7/2.1 15.33(�18, 37, �10)/9.34(12, 43, �15)
L/R Superior frontal 9, 10, 11 1.6/3.8 11.60(�18, 43, �11)/9.70(18, 50, 16)

Blue L/R Sup., med. frontal 6, 8, 9, 10 33.4/29.6 14.68(�9, 62, 15)/15.83(3, 50, 2)
L/R Anterior cingulate 10, 24, 32, 42 5.2/2.5 11.44(�3, 49, �2)/14.22(3, 47, 7)
L/R Precuneus(parietal) 7, 23, 31 1.6/3.1 8.72(�3, �54, 30)/11.38(6, �54, 30)
L/R Inf. parietal,
Sup.marg., angular 39, 40 1.4/2.0 7.91(�53, �59, 35)/7.29(53, �68, 31)
L/R Inferior frontal 11(R), 45(R), 47 0.8/3.4 6.23(�39, 23, �14)/11.89(48, 26, �10)
L/R Middle frontal 6, 8 0.3/1.2 6.94(�18, 34, 44)/7.10(27, 40, 49)
L/R Cingulate/post. cing. 23, 30, 31, 32 1.2/1.7 8.59(�3, �54, 26)/11.88(6, �57, 30)

Pink/blue
(overlap)

L/R Anterior cingulate 10, 24, 32, 42 4.5/2.4 17.52(�9, 38, 3)/15.38(3, 43, �6)
L/R Medial frontal 9, 10, 11, 32 4.1/3.8 15.79(�6, 38, �6)/15.83(3, 50, 2)
L/R Superior frontal 9, 10 0.2/0.2 7.60(�9, 52, �3)/8.43(12, 51, 20)

Red L/R Precentral 4(L), 6 3.7/0.5 5.24(�33, �13, 60)/3.45(24, �11, 65)
L/R Thalamus — 0.5/0.1 7.30(�15, �20, �10)/4.78(9, �14, 5)
L/R Cerebellum — 31.7/34.1 11.18(�6, �59, �10)/13.86(6, �71, �22)

Yellow L/R Lingual, cuneus 17, 18, 19(L) 18.4/16.6 15.1(�9, �96, �9)/18.21(18, �93, 5)
L/R Fusiform, mid. occip. 18, 19 7.2/5.9 13.07(�9, �95, 14)/11.38(18, �98, 14)
L/R Inferior occipital 17, 18 1.6/1.3 8.91(�15, �91, �8)/10.48(21, �88, �8)

Green L/R Cuneus 17, 18, 19, 23, 30 9.7/7.2 22.88(�9, �81, 9)/23.19(6, �78, 9)
L/R Lingual 17, 18, 19 4.6/2.7 21.98(�6, �78, 4)/16.12(15, �58, �1)
L/R Posterior cingulate 30, 31 0.8/0.6 13.06(�12, �64, 8)/12.33(9, �67, 8)

White L/R Fusiform, inf. occ. 18, 19, 20, 36(R), 37 15.6/12.3 9.48(�48, �70, �9)/10.56(42, �74, �17)
L/R Cerebellum — 13.0/13.5 9.36(�33, �50, �19)/12.08(42, �74, �22)
L/R Middle occipital 18, 29, 37 6.9/4.0 10.74(�33, �87, 18)/7.11(33, �87, 18)
L/R Lingual, cuneus 7, 18, 19 2.7/1.5 8.57(�27, �83, 27)/7.22(24, �92, 23)
L/R Parahippocampal 19, 36, 37 1.7/0.8 8.15(�24, �47, �10)/7.16(27, �44, �10)
L/R Superior occipital 19 1.1/0.1 12.04(�33, �86, 27)/6.09(33, �86, 23)
L/R Precuneus (parietal) 7, 19(L) 0.9/7.7 6.91(�27, �77, 36)/7.90(18, �70, 50)
L/R Inferior temporal 19, 37 0.7/0.4 6.26(�48, �73, �1)/6.04(48, �71, �1)
L/R Superior parietal 7 0.4/0.5 6.38(�18, �67, 54)/6.77(18, �70, 54)
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driving faster. This is depicted in Figure 3a and is
consistent with an overall change in vigilance while
driving at the faster speed. Previous imaging studies
have implicated similar frontal and parietal regions in
visual awareness [Rees, 2001].

Examination of the orbitofrontal/anterior cingulate
(pink) time courses during the driving epoch revealed
an exponentially decaying curve, displayed in Figure
2. We extracted the signal decreases during the 180 (3
� 60) time points of driving s(n) and normalized so
that the average of the asterisk epoch was 1 and the
minimum of the driving epoch was 0 (results were not
sensitive to this normalization). Next we transformed
the orbitofrontal time course to a linear function
through the equation x(n) � ln (s(n) � 1) and fit a line
to it such that x(n) � ây(n) � b̂. The resultant fit was
very good (average R � 0.9).

Comparing the subjects driving slower with those
driving faster using a t-test reveals a significant dif-
ference (P � 0.02) in the rate parameter, â. That is, the
rate of decrease in anterior cingulate pink signal is
faster in the subjects driving at a faster rate (a more
difficult task). This speed-related rate change is also
consistent with the involvement of the orbitofrontal
and anterior cingulate involvement in disinhibition
(i.e., “taking off the brake”) [Blumer and Benson, 1975;
Rauch et al., 1994]. A comparison of the rates is de-
picted in Figure 3b. No significant correlations were
found for any of the other revealed components.

The components identified by our analysis lend
themselves naturally to interpretation in terms of well-
known neurophysiological networks. This interpreta-
tion is depicted graphically in Figure 4, using colors
corresponding to those in the imaging results. Results
are divided into six domains containing one or more
networks: 1) vigilance; 2) error monitoring and inhi-
bition; 3) motor; 4) visual; 5) higher order visual/
motor; and 6) visual monitoring. Components are
grouped according to their modulation by driving
with the speed-modulated components indicated as
well.

DISCUSSION

A previous fMRI study involving simulated avia-
tion has found speed-related changes in frontal areas
similar to those that we have observed [Peres et al.,
2000]. Attentional modulation may explain the speed-
related changes as these two components (blue, pink)
include areas implicated in both the anterior and pos-

TABLE II. Behavior results from the driving data

Subject

Slow Fast

Average Maximum Average Maximum

1 106 142 140 248
2 106 126 125 190
3 117 138 124 220
4 113 131 122 206
5 114 140 151 196
6 120 140 137 192
7 98 141 155 246
8 159 213

Average 111 137 139 214

Figure 3.

Components demonstrating significant speed-related modulation. The anterior cingulate/orbito-

frontal component decreased more rapidly for the faster drivers. The frontoparietal component

demonstrated decreases during the driving epoch and greater decreases for the faster drivers. The

lines connect the three subjects who were scanned during both faster and slower driving.
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terior divisions of the attention system [Posner et al.,
1997; Schneider et al., 1994]. Orbitofrontal cortex has
been demonstrated to exhibit fMRI signal change dur-
ing breaches of expectation (i.e., error detection) in a
visual task [Nobre et al., 1999]. Our finding of anterior
cingulate cortex in the pink component and both ante-
rior and posterior cingulate cortex in the blue compo-
nent is consistent with recent studies demonstrating
functionally distinct anterior and posterior cingulate
regions in spatial attention [Mesulam et al., 2001]. The
frontal and parietal regions identified in the blue com-
ponent have also been implicated in attentional tasks
involving selected and divided attention [Corbetta et al.,
1991, 1998]. The angular gyrus, superior parietal gyrus,
and posterior cingulate gyrus were also identified in the
simulated aviation task. In our study, these areas were
contained within the same component and are thus func-
tionally connected to one another; i.e., they demonstrate
similar fMRI signal changes, and in that sense are dis-
tinct from areas involved in other components.

It is also informative to consider the components
identified in the context of their interactions. The
overlapping areas of the blue and pink components,

consisting mainly of portions of the anterior cingu-
late and the medial frontal gyrus, are indicated in
Figure 2 and Table I. The anterior cingulate has been
divided into rostral ‘affect’ and caudal ‘cognition’
regions [Devinsky et al., 1995], consistent with the
division between the pink and blue components.
Note that activity in the blue regions decreases rap-
idly during the driving epoch whereas the pink
regions slowly decrease during the driving condi-
tion. One interpretation of these results is that a
change in vigilance is initiated once the driving
condition begins. Error correction and disinhibition
are revealed as a gradual decline of this component
at a rate determined in part by the vigilance net-
work. During the fast driving condition, the vigi-
lance component changes more; thus the error cor-
rection and disinhibition component decreases at a
faster rate. An EEG study utilizing the NFS simula-
tion software revealed greater alpha power in the
frontal lobes during driving than during replay, and
was interpreted as being consistent with a reduction
of attention during the replay task [Schier, 2000].
Our results are consistent with this interpretation,

Figure 4.

Interpretation of imaging results. The colors correspond to those used in Figure 2. Components are

grouped according to the averaged pattern demonstrated by their time courses. The speed

modulated components are indicated with arrows.
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as neither error monitoring nor vigilance is presum-
ably prominent during replay (watching).

The inverse correlation between speed and frontal/
cingulate activity suggests an alternative interpreta-
tion. Driving fast should engage reflex or over-learned
responses more so than critical reasoning resources.
As the cingulate gyrus has been claimed to engage in
the monitoring of such resources, such a view implies
that the cingulate gyrus should be less activated as
well. Such interpretations, although consistent with
our results, require further investigation. For example,
it would be interesting to study the effect of speed at
more than two levels, in a parametric manner. In
addition, physiologic measures such as galvanic skin
conductance could be used to test for correlations with
stress levels.

Other activated components we observed were
consistent with prior reports. For example, the vi-
sual association/cerebellar component (white) dem-
onstrates activation in regions previously found to
be involved in orientation [Allen et al., 1997] and
complex scene interpretation or memory processing
[Menon et al., 2000]. This component also appears to
contain areas involved in the modulation of connec-
tivity between primary visual (V2) and motion sen-
sitive visual regions (V5/area MT), such as parietal
cortex (Brodmann area 7), along with visual associ-
ation areas [Friston and Buchel, 2000]. These areas
along with the primary visual areas (yellow) have
been implicated in sensory acquisition [Bower,
1997] and attention/anticipation [Akshoomoff et al.,
1997]. Activation in both the white and yellow com-
ponents was increased above fixation during watch-
ing and further increased during driving. This is in
contrast to [Walter et al., 2001], but is consistent
with sensory acquisition (present in both driving
and watching) combined with the attentional and
motor elements of driving (present in the driving
epoch). That is, the further increase in these areas
during driving appears to be an attentional modu-
lated increase [Gandhi et al., 1999].

The transient visual areas (green) demonstrate an
increase at the transitions between epochs. We identi-
fied similar areas, also transiently changing between
epochs, in a simple visual task [Calhoun et al., 2001a].
Similar areas have been detected in a meta-analysis of
transient activation during block transitions [Konishi
et al., 2001] and may be involved in switching tasks in
general. The red component was mostly in the cere-
bellum in areas implicated in motor preparation
[Thach et al., 1992]. Primary motor contributions were
low in amplitude presumably due to the small amount
of motor movement involved in controlling the driv-

ing task (0.1/0.9 Hz rate on average for left/right
hand, no significant difference with speed). This
would also explain why there was little activation
during the watching epoch as during this time motor
preparation and visuomotor integration are presum-
ably minimal.

A few comments on the particulars of our method
are in order. It is important to consider how the
preprocessing stages affect the resulting images.
The relevant stages performed include timing cor-
rection, motion correction, spatial normalization
and smoothing. The first three are necessary to at-
tempt to place the image data from all subjects into
the same point of reference in both time and space.
The smoothing is useful as it both reduces the
amount of high-frequency spatial noise as well as
desensitizes the images to errors in the motion cor-
rection and normalization. It is straightforward to
demonstrate that spatial smoothing will not affect
the (spatial) ICA estimate (i.e., the mixing matrix
will be the same though the source maps will be
smoothed) and thus is a reasonable preprocessing
step [Hyvarinen and Oja, 2000].

We also performed a standard subtractive analysis
of these data (results not shown) in which the blocked
paradigm was entered as three regressors of interest,
fixation, driving, and watching. Results revealed some
of the same areas revealed by the ICA results, al-
though they were not separated into different maps.
For example, the orbitofrontal component, though de-
creasing in an exponential fashion, is similar enough
to our paradigm to be revealed. The fronto-parietal
regions were delineated in the same map (though they
very clearly have different dynamics). Finally, the
transient visual regions were not shown in the sub-
tractive results because they are quite different from
the regressors entered.

The goal of this study was to capture the temporal
nature of the neural correlates of the complex behavior
of driving. We decomposed the activation due to a
complex behavior into interpretable pieces using a
novel, generally applicable approach, based upon in-
dependent component analysis (see Fig. 4). Several
components were identified, each modulated differ-
ently by our imaging paradigm. Regions that in-
creased or decreased consistently, increased tran-
siently, or which exhibited gradual signal decay
during driving were identified. Additionally, two of
the components in regions implicated in vigilance and
error monitoring/inhibition processes were signifi-
cantly associated with driving speed. Imaging results
are grouped into cognitive domains based upon the
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areas recruited and their modulation with our para-
digm.

It is clear that driving is a complex task. The ability
to study, with imaging, a complex behavior such as
driving, in conjunction with paradigms studying more
specific aspects of cognition, may enhance our overall
understanding of the neural correlates of complex be-
haviors.
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