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Rapid Prefrontal–Hippocampal Habituation to Novel Events
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Unexpected novel events generate an orienting response that plays an important role in some forms of learning and memory. The
orienting response involuntarily captures attention and rapidly habituates as events become familiarized. Although evidence from
patients with focal lesions and scalp and intracranial event-related brain potential recordings supports the involvement of a distributed
neural network involving association cortex and the limbic system in novelty detection, the key neural substrates and temporal dynamics
have not been defined. While subjects performed a bi-field visual-selective attention task with random novel stimuli embedded in either
attended or unattended visual fields, we measured rapid changes of regional blood oxygenation level-dependent (BOLD) signal to target
and novel stimuli using single-trial analysis of event-related functional magnetic resonance imaging with a 4T scanner. Habituation was
quantified by serial BOLD signal changes during the first 10 novel stimuli for each subject. Novel stimuli activated the bilateral superior/
middle frontal gyrus, temporal–parietal junction, superior parietal lobe, cingulate gyrus, hippocampus, and fusiform gyrus. The supe-
rior/middle frontal gyrus and hippocampus showed significant reduction of BOLD signal during the first few novel stimuli, whereas the
signals in the fusiform and cingulate gyrus were constant. Prefrontal and hippocampal responses to attended and unattended novel
stimuli were comparably habituated. These results, and previous data from lesion studies, support the view that prefrontal and hip-
pocampal regions are involved in rapid automatic detection and habituation to unexpected environmental events and are key elements
of the orienting response in humans.
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Introduction
Novelty detection is critical to both avoiding dangers and adapt-
ing to environmental changes. A novel stimulus provokes an ori-
enting response that declines or habituates as the stimulus be-
comes familiar (Sokolov, 1963). Neural representation of new
events is one of the most elementary forms of learning and mem-
ory (Parker et al., 1998; Ranganath and Rainer, 2003). Rodent
studies demonstrate that the frontal cortex and hippocampus
(Hip) are critical for detecting a mismatch between novel events
and familiar environment (Bunsey and Eichenbaum, 1996).
Event-related brain potential (ERP) evidence from patients with
focal lesions or implanted electrodes suggests involvement of dis-
tributed prefrontal– hippocampal and multimodal posterior as-
sociation cortices in novelty detection (Courchesne et al., 1975;
Knight, 1984; Yamaguchi and Knight, 1991b; Friedman and
Simpson, 1994; Knight, 1996; Halgren et al., 1998; Knight and
Scabini, 1998). Recent functional magnetic resonance imaging
(fMRI) studies have explored more precise cortical and subcor-
tical networks, which include the prefrontal cortex in addition to
the posterior association cortex and the hippocampal region
(Stern et al., 1996; Opitz et al., 1999; Clark et al., 2000; Downar et

al., 2001; Kiehl et al., 2001; Strange and Dolan, 2001; Hunkin et
al., 2002).

The temporal dynamics of fMRI blood oxygenation level-
dependent (BOLD) signal to novel stimuli has been investigated
(Clark et al., 2000; Strange and Dolan, 2001), but the results have
varied among studies, likely because of differences in the hemo-
dynamic response of brain regions of interest as well as to signal-
to-noise limitations of lower-field scanners. Conventional event-
related fMRI requires averaging of multiple trials in an individual
subject and may lose unique information associated with learn-
ing and habituation to repeated single events (Ugurbil et al.,
1999). High-field 4T MRI permits measurement of the BOLD
signal evolution with sensitivity enough to detect changes within
a single trial without averaging over many trials (Richter et al.,
1997). In this approach, a single trial can be averaged over a group
of subjects, permitting a study of rapid habituation to novel stim-
uli. The present study is the first exploration of neural activity
change to novel stimuli associated with stimulus repetition using
a single-trial analysis in a high magnetic field environment.

Another unexplored issue in previous fMRI studies is the re-
lationship between attentional state and neural responses to
novel events (Friedman et al., 1998). In most ERP and fMRI
studies, novel stimuli have been presented while subjects sus-
tained attention to a train of ongoing events. However, biologi-
cally significant novel events often occur out of the attentional
focus in daily life. Because the orienting response is evoked auto-
matically, it is predicted that the key neural substrates for novelty
detection should respond comparably with either attended or
unattended novel events.
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Materials and Methods
Subjects. Ten right-handed healthy subjects [nine females and one male;
mean age, 19.3 � 1.6 (SD)] participated in the study according to the
guidelines of the University of California. All subjects gave written in-
formed consent before participation and were screened against medical,
neurological, and psychiatric illnesses and use of prescribed medications.

Behavioral task. Visual stimuli were displayed on a liquid crystal dis-
play projector and back-projected onto a translucent Plexiglas screen
mounted on the head coil. The screen was placed at the distance of 50 cm
from the angled mirror in the head radiofrequency (RF) coil. We used a
bi-field visual-selective attention paradigm allowing examination of the
response to attended versus unattended novel events (Fig. 1). Visual
stimuli consisted of three categories [i.e., standard (82%), target (9%),
and novel stimuli (9%)]. Standard and target stimuli were presented as a
triangle (7.3 � 5.3 o). The target triangle was tilted 10 o clockwise relative
to the upright triangle standard stimulus. Novel stimuli consisted of 240
different colored images (7.3 � 5.3 o) such as pictures of animals, build-
ings, or landscapes, which were selected randomly from the picture da-
tabase (Suwazono et al., 2000). Emotional pictures were not included. All
stimuli were presented in a random sequence in either the right or left
visual field with an eccentricity of 7.5 o to the center of the screen. Sub-
jects fixated a central diamond (0.5 � 0.5 o) and attended to a sequence of
visual stimuli in one visual field. The brighter side of the diamond indi-
cates the visual field to be attended. Stimulus duration was 150 msec with
a 517 msec interstimulus interval for standard and target stimuli and 200
msec duration with a 467 msec interstimulus interval for novel stimuli.
The longer stimulus duration for novel stimuli was adopted so that the
peripherally presented complex visual novels would be more likely to
capture attention. These short presentation times for both target and
novel stimuli prevented subjects from making a saccade to a stimulus in
each visual field.

The subject’s task was to make a speeded button-press response on
each target presentation only in the attended visual field, while stimuli in
the opposite field were to be ignored. Previous bi-field attention experi-
ments, in which pictures similar to the current study were used as novel
stimuli, have demonstrated that unpredictable novel pictures generated
behavioral and physiological changes associated with the orienting re-
sponse (Suwazono et al., 2000). The experiment was a mixed design
(both blocked and event related) allowing for analysis of blocks of trials as
well as single trials. The direction of attention alternated every 36 sec
between the right and left visual field. Each block repeated alternatively
five times for one experimental session, and the whole experiment con-
sisted of five sessions. The stimulus sequence was identical across sub-
jects, and the first block was always attend-to-right condition. We ob-
tained 60 event-related responses to target and novel stimuli for each
visual field in the attended and unattended condition, respectively. Each
categorized event occurred with varied interstimulus intervals of 4 –26
sec, and this randomized stimulus interval was suitable for event-related
fMRI analysis. The subjects had a short training session without novel

stimuli before entry into the scanner. Their eye movements were moni-
tored carefully in the scanner, and central fixation was emphasized dur-
ing the session. The subjects were forced to sustain selective attention to
one visual field because of the fast rate of stimulus presentation and the
difficult discriminability of the target stimulus.

fMRI data acquisition and analysis. Functional images were acquired
with a 4 Tesla Varian INOVA scanner and a transmission electromag-
netic microscopy send-and-receive RF head coil using a two-shot gradi-
ent echo– echoplanar imaging sequence (22.4 cm 2 field of view; 64 � 64
matrix size; in-plane resolution, 3.5 � 3.5 mm; 18 5 mm axial slice with
0.5 mm interslice gap; repetition time, 1 sec per half of k-space; echo
time, 28 msec; flip angle, 20°). High-resolution magnetization-prepared
(MP)-Flash three-dimensional T1-weighted scans were acquired for an-
atomical normalization. The functional data were sinc interpolated in
time to correct the fMRI acquisition sequence, and then motion correc-
tion was performed using a six-parameter automated algorithm. A he-
modynamic response function (HRF) was derived empirically from the
sensorimotor cortex for all subjects (Aguirre et al., 1998) who performed
a task requiring manual responses to flickering checkerboards (20 Hz)
briefly resented (200 msec) at the central vision. We modeled fMRI
BOLD signal changes evoked by each stimulus category by means of
covariates composed of subject-specific HRF estimates and entered the
results into the modified general linear model (Worsley and Friston,
1995). Contrasts of parameter estimates across sessions comparing novel
versus standard stimuli and target versus standard stimuli separately for
each attentional condition were calculated in a voxel-wise manner for
each subject. A direct comparison of novel versus target activation was
also performed in each attentional condition. In addition to event-
related analysis, to confirm the subjects’ allocation of sustained attention
to one visual field in each block, functional activation was analyzed by
convolving a boxcar reference function with the time series of HRF rep-
resenting the periodic alteration of conditions (attend-right and attend-
left) in the blocked design. The significance threshold was determined at
P � 0.05 by Bonferroni correction for multiple comparisons and statis-
tical data were subjected to multi-subjects analysis with a random effect
model. All functional data coregistered with the three-dimensional ana-
tomical image were spatially normalized to the Montreal Neurologic
Institute (MNI) template and smoothed using a 8 mm isotropic Gaussian
kernel. The MNI coordinates were then converted to the Talairach coor-
dinates (Talairach and Tournoux, 1988).

We examined attention effects on the neural activity to novel stimuli
by combining an interaction analysis of attention by stimulus type with a
subtraction analysis of stimulus type. First, regions were determined by
the effect of stimulus type (i.e., novel versus standard) for each atten-
tional condition. These regions were masked by regions that showed a
significant interaction between attentional condition and stimulus type
(uncorrected P � 0.05). The regions activated by attended novel stimuli
with inclusive interaction masking were considered as attention sensi-
tive, whereas the regions activated by ignored novel stimuli with exclu-
sive interaction masking were defined as attention insensitive. We also
plotted the time course of changes in BOLD signal response to attended
and unattended novel stimuli in the representative regions to confirm
attention effects on BOLD signals.

To study the effect of stimulus repetition on BOLD signal changes, we
analyzed signal intensity changes in response to the first 10 novel and
target stimuli in the first experimental session and in subsequent ses-
sions. After the region of interest (ROI) was determined by the main
effect of stimulus type in the group level analysis, we identified 10 re-
gional voxels that showed maximal responses by novel and target stimuli
compared with standard stimuli in each subject within the ROI. The time
series (�16 sec after stimulus onset) of percentage mean BOLD signal
changes were obtained from those voxels in unaveraged 10 individual
trials. The maximal value in the time series for each single trial was
subjected to repeated-measures ANOVA using a within-subject factor of
sequence number (first to tenth) with adjustment by the Greenhouse–
Geisser correction. Trend analyses were also performed on the time series
of mean values across the subjects.

Behavioral data analysis. In addition to a simple measurement of mean
reaction time to the target stimuli, we analyzed the effect of novel stimuli

Figure 1. Stimulus paradigm in a bi-field visual-selective attention study.
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on the reaction time to targets. Three types of target trials were identified
according to the interval between target and preceding novel stimulus:
target stimuli presented �5 sec after a preceding novel stimulus; target
stimuli presented within 2 sec after the preceding attended novel stimuli;
and target stimuli presented within 2 sec after the preceding unattended
novel stimuli. The mean values of each target categories were subjected to
repeated-measures ANOVA associated with the Dunn post hoc analysis.

Results
Spatial attention effects on visual cortices
First, we confirmed that subjects allocated spatial attention to one
visual field during each block. Figure 2 shows activation patterns
of the occipital cortices as a function of attentional state, which
was demonstrated by contrasting attend-to-right and attend-to-
left conditions using a block design analysis. A significant in-
crease in BOLD signal was obtained in primary ( p � 0.01) and
association ( p � 0.001) visual cortices in the hemisphere con-
tralateral to the attended visual field. This indicates that subjects
allocated spatial attention to one visual field during each selective
attention block (Martinez et al., 1999; Somers et al., 1999).

Brain areas activated by novel stimuli
Novel stimuli in the attended field generated increased BOLD
signal in distributed cortical regions, involving the border be-
tween the superior and middle frontal gyrus (SFG/MFG), cingu-
late gyrus (CG), precuneus (PCu), superior and inferior parietal
lobules (SPL and IPL), middle temporal gyrus (MTG), cuneus
(Cu), fusiform gyrus (FG), and hippocampus (Hip) in contrast to
standard stimuli (Fig. 3a; Table 1). Several regions were also ac-
tivated by the novel stimuli presented in the unattended visual
field, including the SFG/MFG, CG, PCu, FG, and Hip (Fig. 3b;
Table 1). The analysis using interaction masking showed abol-
ished or reduced activations in the SPL, IPL, MTG, CG, Pcu, and
FG (Fig. 3c), indicating activation of these regions are dependent
on voluntary attention. In contrast, activations in the SFG/MFG
and Hip were insensitive to attentional allocation (Fig. 3d). The
time course of the signal changes illustrated differential activa-
tion levels by attended and unattended novel stimuli in the FG

but similar patterns in the SFG/MFG and Hip (Fig. 3e). When the
activity to novel events was compared directly to target-related
activity, both attended and unattended novel stimuli also acti-
vated the right MFG (maximum t � 3.55) and left Hip (maxi-
mum t � 4.84) in addition to the bilateral FG (maximum t �
5.39).

Furthermore, stimulus laterality affected the brain activation
pattern. For example, the occipital cortex showed larger activity
over the hemisphere contralateral to stimulus presentation (vi-
sual field times hemisphere interaction; F(1,9) � 12.1, P � 0.01 in
FG for attended and unattended novel stimuli). In contrast, the
stimulus side did not affect activities in the SFG/MFG and Hip for
attended and unattended novel stimuli (no main effect of visual
field and no interaction of visual field times hemisphere in both
the SFG/MFG and Hip).

Brain areas activated by target stimuli
Subjects detected target stimuli with 94.3 � 7.7% accuracy
(range, 80.8 –99.3%; false alarm rate, 2.3 � 1.5 per whole session;
reaction time, 663 � 20 msec). There was a significant difference
among reaction times to three types of target stimuli (626 � 32
msec for targets without preceding novels, 657 � 32 msec for
targets preceded by unattended novels, and 704 � 52 msec for
targets preceded by attended novels; F(2,18) � 10.4; P � 0.001).
Planned comparisons revealed that the reaction time to target
stimuli with attended novel stimuli preceding within 2 sec was
significantly longer than that to the other two types of target
stimuli ( p � 0.02) and that the reaction time to target stimuli
with unattended novel stimuli were marginally delayed com-
pared with that to target stimuli without preceding novel stimuli
( p � 0.1).

Targets generated a distinct activation pattern from novels,
although some areas were commonly activated by target and
novel stimuli (Fig. 4a; Table 1). Several regions including motor
response-related areas (precentral gyrus, supplementary motor
cortex, putamen), supramarginal gyrus, thalamus, caudate nu-
cleus, and insula were activated preferentially by target stimuli.
These activations were also confirmed by calculation of the con-
trast between target-related versus novelty-related activity. The
CG, PCu, and IPL were activated by target stimuli as much as in
novel stimuli. Thus, these activities disappeared in a comparison
of target-related versus novelty-related activation. Although the
SFG/MFG and Hip were more activated by novel stimuli than
target stimuli as mentioned above, they were also activated by
target stimuli. However, voxel-based analysis revealed that target
and novel stimuli activated distinct areas within each region (i.e.,
only 0.4% of pixels in SFG/MFG and 4.1% in Hip were com-
monly activated by both target and novel stimuli). Task-
irrelevant targets in the unattended visual field elicited activation
only in the PCu (Fig. 4b; Table 1).

Temporal changes of BOLD signal to novel stimuli
We analyzed temporal changes of BOLD signal associated with
repetitions of novel stimuli in the first experimental session by
applying a single-trial analysis for each subject. Because Hip and
SFG/MFG were activated by both attended and unattended novel
stimuli, we measured signal changes in these regions. BOLD sig-
nal in both regions decreased rapidly during the presentation of
the first four novel stimuli (stimulus sequence effect through the
first to tenth stimuli; F(9,81) � 9.02, � � 0.31, P � 0.0005 for Hip;
F(9.81) � 9.00, � � 0.47, P � 0.0001 for SFG/MGF) (Fig. 5a). The
time series of BOLD signal changes were fitted best to a quadratic
regression function for both regions (F(2,7) � 64.2, p � 0.0001 for

Figure 2. Attention-related activations in the occipital cortex. A two-tailed t test with the
contrast of right-attend block versus left-attend block demonstrated that sustained attention to
one visual field activated the striate and lingual gyrus contralateral to the attended visual field,
indicating that subjects surely paid attention to one visual field for each block. The activation
data were overlaid on a normalized structural MRI of a single subject. The location of the three
coronal slices are given in Talairach coordinates (Y values). The left hemisphere appears on the
left side of image.
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Hip; F(2,7) � 10.0, p � 0.01 for SFG/MFG).
There was no difference in the degree and
speed of the habituation in Hip and SFG/
MFG (interaction of region site and stim-
ulus sequence; F(9,81) � 0.94; � � 0.44; p �
0.49). The fMRI signals remained constant
after the presentation of the fourth novel
stimuli at approximately half of the initial
response (stimulus sequence effect through
the fourth to tenth stimuli; F(6,54) �0.58, ��
0.61, p � 0.74 for Hip; F(6,54) � 1.87, � �
0.14, P � 0.1 for SFG/MGF). To examine
whether the habituation effects in Hip and
SFG/MFG are modulated by attentional al-
location, we divided 10 novel stimuli into
two groups according to the attentional state
(stimuli were presented in the attended vi-
sual field for the first, fourth, fifth, eighth,
and tenth trials, and other stimuli were in the
unattended visual field). Responses to the
first five stimuli demonstrated similar ha-
bituation for attended and unattended
conditions (F(4,36) � 15.1, � � 0.60, P �
0.0001 for Hip and F(4,36) � 15.4, � � 0.57,
P � 0.0001 for SFG/MFG in attended con-
dition; F(4,36) � 11.1, � � 0.57, P � 0.005
for Hip and F(4,36) � 3.71, � � 0.67, P �
0.05 for SFG/MFG in unattended condi-
tion; no interactions of either region site
times stimulus sequence or region site
times stimulus sequence times attentional
condition) (Fig. 5a). The hemodynamic
response curves to each novel stimulus
were also plotted in Figure 6, showing sig-
nal reduction as a function of stimulus
repetition.

To examine whether habituation is se-
lective to the Hip and SFG/MFG regions,
we compared the signal changes with those
in the FG and CG that showed significant
activity in response to novelty stimuli.
Neither of these regions showed a habitu-
ated response with any significant fitted
regression functions ( p � 0.3 for both re-
gions, Fig. 5a). Because the brain regions
used in single-trial analysis were selected
based on the main novelty effect, there was
a possibility of missing brain areas that
might show habituation without the main
novelty effect. If such regions were to exist,
they would show activation only in the
first session. However, the activated brain
regions in the first session were compara-
ble with those obtained in the whole-
session analysis. We compared the re-
sponse habituation to novel stimuli with
that to target stimuli (Fig. 5b). In contrast
to the response to novel stimuli, the signal-
to-target stimuli did not show habituation
patterns in any of the four regions. Rather,
the responses in the CG and Hip showed a
trend of increased response as a function
of stimulus number, fitted best with a qua-

Figure 3. Brain regions activated by attended novel stimuli ( a) and unattended novel stimuli ( b). The middle panels represent
the regions that are sensitive ( c) and insensitive ( d) to attentional state, resulting from the interaction masking analysis of main
stimulus type effect. e, Time course plots of signal changes are shown for attended (solid line) and unattended (dashed line) novel
stimuli in the left FG, left Hip, and right SFG/MFG. Solid values represent average � SEM across 10 subjects. The activation map
was overlaid on a normalized structural MRI, which was obtained by transforming high-resolution MP-Flash three-dimensional
structural images into standard stereotactic space (Talairach and Tournoux, 1988). The locations of the four axial slices are given
in Talairach coordinates (Z values).
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dratic regression function during the first 10 target stimuli in the
first session (F(2,7) � 10.7, p � 0.01 for CG; F2(2,7) � 6.4, p � 0.05
for Hip). There were no such trends of responses to targets in the
remaining sessions.

We also analyzed temporal changes of BOLD signal to novel
stimuli within a session for other remaining sessions and found
no habituation effects in any these sessions. To examine a long-
term change of hemodynamic response across the whole experi-
ment, we compared mean signal changes from the first through
fifth experimental session. There were no significant trends of
mean signal changes as a function of experimental session in all
four regions.

Finally, we performed a correlation analysis for coactivations
of the prefrontal cortex and Hip to compare the correlated activ-

ity of these two regions between novel and target events. The
correlation coefficient was calculated across the first 10 novel and
10 target stimuli, respectively, for each subject, using the highest
signal values that were obtained in the time series analysis at the
SFG/MFG and Hip. The correlation of prefrontal and hippocam-
pal activity was significantly higher for the novel events (0.51 �
0.19; range, 0.18 – 0.75) than the target events (0.22 � 0.35; range,
�0.22 to 0.75) (t � 2.34; p � 0.05).

Discussion
The principal findings of this study were: (1) prefrontal cortex
and Hip were activated by novel stimuli, regardless of whether the
stimuli were attended or unattended; (2) prefrontal and hip-
pocampal novelty-related activity habituates rapidly; and (3) nei-

Table 1. Significantly activated regions for each stimulus condition and stimulus type in contrast to standard stimuli

Region BA L/R X Y Z Maximum t value

Attended novel stimuli
SFG 9 L �38 46 30 8.05
MFG 9 R 32 34 34 7.07

6 R 32 12 54 7.70
Posterior CG 23 L �4 �30 24 7.12

30 R 24 �68 6 8.32
PCu 31 L �8 �50 30 8.21

31 R 6 �62 28 10.8
SPL 7 R 30 �52 46 8.64
IPL 40 L �32 �54 44 9.02
MTG 39 R 45 �73 18 8.16
Cu 18 L �10 �76 16 6.74
Middle occipital gyrus 18 R 26 �80 �4 18.8
FG 37 L �42 �48 �18 10.4

37 R 42 �56 �18 7.60
Hip L �28 �22 �12 5.93

R 28 �20 �14 5.49
Unattended novel stimuli

SFG 9 L �28 48 32 6.49
9 R 30 48 34 8.34

CG 23 R 6 �18 34 6.27
PCu 7 L �6 �62 40 6.05
FG 19 L �22 �68 �8 6.20

19 R 36 �78 �12 6.94
Hip L �30 �14 �14 14.2

Attended target stimuli
SFG/MFG 10 L �26 52 16 9.68

9 R 12 56 26 7.95
Middle frontal gyrus 8 R 36 22 42 9.30

8 L �36 24 44 10.8
Precentral gyrus 4 L �44 �14 38 8.35
Anterior CG 32 R 10 36 20 9.51
CG 24 L �2 �8 34 6.58
PCu 7 R 30 �44 44 8.83
Supramarginal gyrus 40 L �40 �42 32 6.73

40 R 52 �48 28 6.65
Thamalus (anterior nucleus) L �6 �4 6 9.94

R 6 �4 8 10.7
Caudate (body) L �14 8 14 6.23

R 12 12 14 8.17
Lentiform nucleus (putamen) L �28 �12 0 9.04
Insula 13 L �36 14 �4 7.27

13 R 38 16 �6 9.58
FG 37 R 42 �46 �18 6.09
Hip L �28 �18 �14 8.69

R 30 �20 �12 7.08
Unattended target stimuli

PCu 7 R 4 �70 34 7.76

Locations are given as Talairach coordinates. BA, Brodmann’s area; L, left; R, right.

5360 • J. Neurosci., June 9, 2004 • 24(23):5356 –5363 Yamaguchi et al. • Prefrontal–Hippocampal Habituation to Novel Events



ther the response to novel stimuli in other brain regions nor the
response to target stimuli show habituation. Thus, the current
study provides compelling evidence that a prefrontal– hippocam-
pal neural system is involved in generating automatic orienting
response to novel events.

In humans, the processing of attended and unattended infor-
mation has been investigated by the ERP technique. The auditory
mismatch negativity and P3a component index changes in brain
activity related to involuntary detection and processing of stim-
ulus deviance. Both prefrontal and hippocampal lesions abolish
the normal P3a increase to the first few novel events. Hippocam-
pal lesions disrupt the P3a and sympathetic skin response
(Knight, 1996), and prefrontal lesions reduce the frontal P3a
component (Knight, 1984) and the autonomic response to novel
stimuli (Yokoyama et al., 1987). Thus, this lesion data and the
fMRI results in normals provide converging data on the habitu-
ation properties of these regions to novel events. However, other
lesions such as those involving the temporal–parietal junction
also reduce the P3a (Yamaguchi and Knight, 1991b), suggesting
that a distributed neural systems is involved in novelty process-
ing. Consistent with these ERP data, the current study demon-
strated widely distributed cortical activations by novel stimuli
when they are presented in the attended visual field. This is also
consistent with recent fMRI studies using a novelty oddball task
(Opitz et al., 1999; Kiehl et al., 2001).

However, when novel events occurred outside of attentional
focus, the activated regions were confined to the prefrontal cortex
and Hip. It is unlikely that these activities are residuals after the
general activity is reduced by the removal of spatial attention
effects, because the activity levels in these regions were compara-
ble between the attended and unattended conditions. Activity in
the parietal and occipital regions is dependent on the voluntary
attentional state. Positron emission tomographic studies indicate

that hippocampal activation by novel in-
formation occurs at an early stage of a
long-term memory encoding process with
little attentional modulation (Tulving et
al., 1996; Iidaka et al., 2000). Because in-
voluntary capture of attention is the cen-
tral mechanism of the orienting response
(Sokolov, 1963), the comparable prefron-
tal– hippocampal activations to both at-
tended and unattended novel stimuli indi-
cates that these structures are critical
regions for the orienting response. A num-
ber of studies in rodents have demon-
strated that the prefrontal cortex and Hip
are activated by behavioral arousal and sa-
lient sensory stimuli. Specifically, the Hip
plays a critical role in mnemonic processes
by detecting mismatches between novel
events and familiar environment (Squire,
1992; Bunsey and Eichenbaum, 1996),
whereas the functional role of right pre-
frontal cortex in episodic memory is still
controversial (Brewer et al., 1998; Wagner
et al., 1998). Thus, the present study seems
to fit with evidence that a prefrontal– hip-
pocampal neural system plays an impor-
tant role in some forms of episodic mem-
ory for novel events.

The neural network for target detection
was distinct from that for novelty process-

ing, although some areas were commonly activated by target and
novel stimuli. Several regions including motor response-related
areas (precentral gyrus, supplementary motor cortex, putamen),
supramarginal gyrus, thalamus, caudate nucleus, and insula were
activated preferentially by target stimuli. These brain areas acti-
vated by target detection are consistent with other fMRI studies
(McCarthy et al., 1997; Menon et al., 1997). They were not acti-
vated by low-frequency task-irrelevant stimuli, typically novel
stimuli, which were embedded in trains of standard and oddball
targets. Thus, these brain areas are more involved in detecting
task-defined stimulus relevance. ERP studies in lesioned patients
have suggested that the temporal–parietal junction is critical for
generation of both the P3b and P3a (Knight et al., 1989; Yamagu-
chi and Knight, 1991b). Consistent with this proposal, the
present study demonstrated the activation of the supramarginal
gyrus in target detection and inferior parietal lobule in novelty
detection. However, this region does not seem to be involved in
involuntary novelty detection because of the lack of activation by
unattended novel stimuli. The temporal–parietal junction ap-
pears to be involved in the network that represents the voluntary
orienting system to salient stimuli.

The unattended target stimuli generated activation of a cir-
cumscribed area in the PCu. This region might be involved in
automatic detection of small changes in the perceptual content of
visual stimuli, regardless of attention. Recent fMRI studies sug-
gested the involvement of this region in shifting attention (Simon
et al., 2002; Astafiev et al., 2003). However, this is not likely in the
present study because the PCu activation was also observed in the
attended condition, which required no need for shifting atten-
tion. Alternatively, the posterior cingulate and adjacent PCu are
implicated in monitoring and interpreting events occurring in
our environment, especially in the peripheral visual space
(Raichle, 2000).

Figure 4. Brain regions activated by attended target stimuli ( a) and unattended target stimuli ( b). The format is the same as
Figure 3.
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The orienting response is crucial for
preparing to respond to novel events, and
repetition of a novel event rapidly dimin-
ishes its biological salience. ERP and intra-
cranial studies have demonstrated rapidly
habituated response to stimulus repetition
within the first several trials of a recording
session (Knight, 1984; Yamaguchi and
Knight, 1991a; Friedman and Simpson,
1994; Knight and Scabini, 1998). How-
ever, ERPs cannot precisely localize the
neural sources of these effects, and intra-
cranial recordings are not typically per-
formed simultaneously in cortical and
limbic regions. Thus, no prior evidence ex-
ists with both temporal and spatial infor-
mation regarding habituation of the ori-
enting response. The present study
provides direct evidence of rapidly habitu-
ating responses to novel events in prefron-
tal and hippocampal regions. Interest-
ingly, by modeling neural sources for the
P3a habituated response, Friedman et al.

(2001) found that only the prefrontal dipole activity showed re-
duction over time, fitting with habituated hemodynamic re-
sponse in the prefrontal cortex.

The effect of stimulus repetition has also been studied in pre-
vious fMRI experiments. Clark et al. (2000) reported repetition-
related changes in response amplitude to distracter stimuli em-
bedded in a detection task. Prefrontal activity linearly increased
as a function of stimulus repetition, which was inconsistent with
ERP studies using the same paradigm. In contrast, other fMRI
studies demonstrated habituating responses in the hippocampal
region associated with familiarity to stimulus novelty (Strange et
al., 1999), in which the hemodynamic response was measured by
a block design, so the time scale of response change was larger
than the current study. Because subjects encountered a unique
picture for each novelty trial, perceptual aspects of stimulus nov-
elty were kept intact across the experiment. However, because the
appearance of picture stimuli was not informed to subjects be-
forehand, contextual novelty was strongly engaged at the exper-
imental onset. In this regard, most previous fMRI studies have
informed their subjects about occurrence of novel events before
the start of the experiment, decreasing the initial surprising value
of the novel events. Because the stimulus sequence of novel stim-
uli was the same across subjects, there is also a possibility that the
fixed stimulus order may have affected the habituation effect. In
contrast to the habituation effect to novel stimuli, habituation
effects are not expected for voluntary detection of target stimuli be-
cause contextual novelty is not associated with the feature of those
stimuli. Responses to target stimuli showed an augmentation ten-
dency in the CG and Hip. The distinct time courses of neural re-
sponse to target and novel stimuli may be attributable to changes in
either response strategy or confidence level of discrimination associ-
ated with repeated target presentation (Clark et al., 2000).

Finally, additional evidence for the involvement of the pre-
frontal– hippocampal neural system in novelty processing can be
obtained from neurochemical studies. Rodent experiments have
revealed a neurochemical basis for prefrontal– hippocampal ac-
tivation to novel stimuli and their habituated response. It was
demonstrated that basal forebrain cholinergic neurons project-
ing to the prefrontal cortex and Hip are activated by salient stim-
uli, and they are involved in arousal and/or attentional processes

Figure 5. Effects of stimulus repetition on BOLD signal to novel ( a) and target ( b) stimuli at
the Hip, SFG/MFG, FG, and CG. The maximal signal intensity value in the hemodynamic response
curve within 10 sec after stimulus onset was obtained from each subject. Time duration after the
first standard stimulus to each novel stimulus was 8, 10, 18, 24, 44, 48, 50, 54, 66, and 70 sec,
respectively.

Figure 6. Changes of the time series of hemodynamic response curve for first five trials in response to attended and unattended
novel stimuli in the Hip and SFG/MFG. Values represent average � SEM across 10 subjects.
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(Acquas et al., 1996). It was also reported that the prefrontal
cortical and hippocampal ACh release was reduced by habitua-
tion and the reduction pattern was almost identical in both re-
gions. Thus, the cholinergic transmitter system may underlie the
prefrontal– hippocampal novelty detection system demonstrated
in the current study. The differential role of the prefrontal cortex
and Hip on novelty processing is undetermined. However, evi-
dence from lesion and electrophysiological recordings indicates
that the prefrontal cortex initiates the orienting response within
150 msec with subsequent rapid engagement of hippocampal
cortices within the ensuing 150 msec (Alain et al., 1998).

In summary, the present study demonstrated that (1) the pre-
frontal cortex and Hip are automatically activated by novel stimuli,
regardless of the locus of attention, and (2) only prefrontal–hip-
pocampal novelty-related activity habituates rapidly. Thus, the cur-
rent study and previous data from lesion studies support the view
that prefrontal–hippocampal regions are involved in rapid auto-
matic detection and habituation to unexpected environmental
events and are key elements of the orienting response in humans.
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