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The observation that we note the exceptional over
the mundane has been the subject of extensive psycho-
logical and electrophysiological analysis in “oddball”
paradigms. Whether detection of a sensory oddball
reflects the operation of a generic mechanism or, al-
ternatively, mechanisms sensitive to specific at-
tributes of stimulus deviance is unknown. To address
this question we used event-related functional MRI
(fMRI) to measure neural responses during presenta-
tion of nouns, of which a proportion were perceptu-
ally, semantically, or emotionally deviant. Oddballs,
regardless of deviant attributes and depth of process-
ing, activated right inferior prefrontal and bilateral
posterior fusiform cortices. Attribute-specific re-
sponses, independent of depth of processing, were ev-
ident in bilateral fusiform cortices for perceptual odd-
balls and left amygdala for emotional oddballs. By
contrast, an interaction with depth of processing was
evident in left prefrontal cortex for semantic oddballs.
We conclude that detection of oddballs reflects the
operation of a generic “deviance detection system,”
involving right prefrontal and fusiform cortices in ad-
dition to specific brain regions sensitive to the stimu-
lus attributes that determine the qualitative charac-
teristics of deviance. © 2000 Academic Press

Key Words: oddball; functional MRI; perception; se-
mantics; emotion; von Restorff memory effect; atten-
tion orienting; inferior parietal lobule; fusiform cor-
tex; prefrontal cortex; amygdala.

Many neuropsychological studies of cognitive
event-related potentials (ERPs) have focused on the
P300 complex, evoked by the presentation of “odd-
ball” stimuli (Rugg, 1995). However, the functional
significance and neural origin of this oddball-evoked
activity remain controversial. Hypotheses range
from a single cognitive operation arising from activ-
ity in a single generator (Donchin and Coles, 1988) to
the P300 reflecting summation of activity from mul-
tiple functionally independent generators, each sen-
425
sitive to a different stimulus attribute (Johnson,
1993). Using event-related fMRI we tested these hy-
potheses by presenting three types of oddballs, per-
ceptual, semantic, and emotional, all of which evoke
a P300 (Williamson et al., 1991; Fabiani and
Donchin, 1995). Specifically, we tested for attribute-
specific neural responses as well as responses com-
mon to all three oddball types. Oddball-evoked neu-
ral responses also speak to mechanisms mediating
enhanced memory for P300-evoking oddball stimuli,
referred to as the von Restorff effect (von Restorff,
1933).

During fMRI scanning, 11 subjects viewed lists of 19
nouns, serially presented, where all nouns within a
given list belonged to the same category except for one,
the semantic oddball. In these lists a further noun was
presented in a novel font (perceptual oddball) and a
further noun was emotionally aversive (emotional odd-
ball). The three oddball types were randomly posi-
tioned within the lists with the constraints that the
first five nouns were control nouns (i.e., nonoddballs),
to set the context, and that each oddball was followed
by at least one control noun. Lists were studied under
one of two tasks: deep (requiring a living/nonliving
judgement) and shallow processing (determining
whether the first letter had an enclosed space) (Craik
and Lockhart, 1972). We hypothesized that neural re-
sponses to the perceptual and emotional oddball would
be task-independent, whereas neural responses to the
semantic oddball would be enhanced by attending to
meaning in the deep encoding condition. The P300
evoked by semantic oddballs is larger when subjects
process stimuli according to semantic attributes than
when attending to physical features (Fabiani and
Donchin, 1995). Neural responses to semantic oddballs
also address the origin of the N400 event-related po-
tential, a component sensitive to semantic deviance
that is also enhanced by semantic processing (Kutas
and Van Petten, 1994). Figure 1 gives examples of the

stimuli.
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MATERIALS AND METHODS

Subjects

Informed consent was obtained from 12 right-
handed, native English speaking subjects (6 male, 6
female; age range 18–30 years; mean age 23.3). One
subject was discarded due to technical failure. A fur-
ther 10 subjects (3 male, 7 female; age range 22–32
years; mean age 26.3) completed the psychological task
outside of MRI scanning.

Psychological Task

During scanning subjects viewed nouns presented
visually in lower case at a rate of one every 3 s. During
each of the four sessions, subjects were presented with
eight lists of 19 nouns with the words “New List” pre-
sented between lists. For each list, 16 nouns were of
the same semantic category, emotionally neutral, and
all presented in the same font. These are referred to as
control nouns. The perceptual oddball was presented in
a novel font but was emotionally neutral and of the
same semantic category as the control words. The se-
mantic oddball was of a different category but emotion-
ally neutral and presented in the same font as the 16
control nouns. The emotional oddball was emotionally
aversive but of the same category and perceptually
identical to the control nouns. The semantically related
nouns were constructed using the Edinburgh associa-
tive thesaurus (www.itd.clrc.ac.uk/Activity/Psych).
Nouns were presented in Times font (48 point; 4–10°
horizontal visual angle) except for the perceptual odd-
balls, which appeared in 16 different fonts.

Subjects engaged in two distinct encoding tasks.
During two of the sessions, subjects were required to
indicate with a push-button whether or not the first
letter in the noun had an enclosed space (the shallow
encoding task) (Craik and Lockhart, 1972). During the
other two sessions subjects indicated whether the noun
described a living or nonliving entity (the deep encod-
ing task). Encoding instructions were provided visually
at the start of each session and half of the subjects
followed the order: shallow, deep, deep, shallow, and
the other half: deep, shallow, shallow, deep. For the 10
subjects who completed the psychological task outside
of scanning, memory for presented nouns was assessed

FIG. 1. Examples of presented nouns. Abbreviations: P, percep-
ual oddball; S, semantic oddball; E, emotional oddball.
by verbal recall following the presentation of each list
of 19 nouns. Due to constraints of fMRI scanning, it
was not possible to assess recall after each list presen-
tation for the subjects who were scanned.

In discussing our oddball-induced activations we re-
fer to the P300 ERP. The P300 complex has been di-
vided on the basis of scalp topography and task corre-
lates into the frontocentral P3a, evoked by novel
distractor stimuli and a component of the characteris-
tic response to orienting stimuli, and a later parietal
P3b, evoked by infrequent target stimuli (Rugg, 1995).
Our experiment was not designed to dissociate these
two components. Furthermore, the P300 evoked by an
oddball stimulus is often preceded by a negative com-
ponent (N1 and/or N2) and often followed by slow po-
tential shifts (Alexander et al., 1997). These effects
may contribute to the slow haemodynamic responses
we observe.

Data Acquisition

A Siemens VISION system (Siemens, Erlangen), op-
erating at 2T, was used to acquire both T1-weighted
anatomical images and gradient-echo echoplanar T2*-
weighted MRI image volumes with blood oxygenation
level dependent (BOLD) contrast. For each subject,
data were acquired in four scanning sessions. A total
of 540 volumes were acquired per subject plus 20
“dummy” volumes (5 at the start of each session), sub-
sequently discarded, to allow for T1 equilibration ef-
fects. Volumes were acquired continuously every 3740
ms. Each volume comprised forty-two 3-mm axial
slices, with an in-plane resolution of 3 3 3 mm, posi-
tioned to cover the whole brain. The imaging time
series was realigned to correct for interscan movement
and normalized into a defined space (Talairach and
Tournoux, 1988) to allow group analyses. The data
were then smoothed with a Gaussian kernel of 8 mm
full-width half-maximum to account for residual inter-
subject differences (Friston et al., 1995).

Data Analysis

Data were analyzed using Statistical Parametric
Mapping (SPM98) employing a random effects model
implemented with a two level procedure. To test for the
effects of each oddball type vs control we specified six
effects of interest: the events corresponding to the pre-
sentation of the three oddball types and three ran-
domly selected control nouns (one for each oddball
type). These effects were modeled by convolving a delta
function at each event onset with the haemodynamic
response function, and its temporal derivative, to cre-
ate regressors of interest. The events corresponding to
the presentation of the “New List” marker were mod-
eled as regressors of no interest, as were low frequency
drifts in signal (cut-off 120 s). The data were normal-
ized for global effects by proportional scaling. The ran-

dom effects analysis involved two stages. First, ses-
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427BRAIN MECHANISMS FOR DETECTING DEVIANCE
sion-specific parameter estimates pertaining to the
height of the haemodynamic response for each effect of
interest were calculated for each voxel. An appropriate
contrast of parameter estimates across sessions was
calculated in a voxel-wise manner to produce, for each
subject, one contrast image for that particular compar-
ison. Secondly, six contrast images for each subject
(one image for each oddball type and one for each
control noun type, all six collapsed across deep and
shallow encoding) were entered into a repeated mea-
sures ANOVA (with pooled error term) across the 11
subjects. Although this analysis collapsed across en-
coding task, the parameter estimates for reported ac-
tivations are plotted for deep and shallow encoding
tasks separately. The error bars in these plots depict
the standard error of the mean of the parameter esti-
mate differences, not the pooled error term. To test for
oddball 3 encoding task interactions, a further six
ontrast images for each subject (one image for each
ddball type minus respective control in the deep and
n the shallow encoding conditions) were entered into a
epeated measures ANOVA (with pooled error term)
cross the 11 subjects. This analysis also enabled us to
earch for an interaction with encoding task in regions
hat previously demonstrated oddball-evoked re-
ponses. The absence of a significant interaction (P ,
.05 uncorrected) in these regions suggested that odd-
all-evoked activation in these regions was indepen-
ent of encoding task. Voxel-level correction accounted
or spatial correlations between voxels according to the
heory of Gaussian fields (Friston et al., 1994). We
eport all regions which survive correction at P , 0.05

plus those regions surviving an uncorrected threshold
of P , 0.001 for which we had an a prior hypothesis for
heir activation (namely left and right prefrontal and
nferior parietal cortices and amygdala). In all random
ffects ANOVAs it was assumed that the within-sub-
ect between-contrast variability was at the same level
s the between-subject within-contrast variability for
ll pairs of contrasts (i.e., sphericity).
To examine responses commonly evoked by all odd-

alls, we carried out a conjunction analysis on the
hree oddballs versus their respective controls. The
onjunction is defined as a significant main effect in the
bsence of any interactions among the simple effects
Price and Friston, 1997) and requires an independent
aseline for each effect being tested, hence why three
ontrol words were randomly assigned as the control
or each oddball type. In both reported conjunctions the
nteractions were removed at a threshold of P , 0.001.
he conjunction therefore tests for the activating ef-

ects of oddballs relative to controls (or the modulatory
ffect of the right prefrontal cortex during presentation
f oddballs versus controls) that are common to three
ifferent contexts. The analysis testing for the modu-
atory effects of the right prefrontal cortex (Friston et

l., 1997) followed the same two-level procedure except i
hat, for each subject, the effects of interest were the
onvolved oddball and control noun regressors multi-
lied by that subject’s session-specific adjusted activity
t, or nearest to, voxel (48, 21, 21). The regressors
hemselves and the adjusted activity were modeled as
ffects of no interest.

RESULTS

MRI Data

For each oddball type, we compared the neural re-
ponse evoked by an oddball with that evoked by a
andomly chosen control noun in the same list, yielding
n independent control for each oddball. The chosen
ontrol nouns, like the oddballs, could not occur within
he first five nouns of each list and could not immedi-
tely follow an oddball or another chosen control noun.
o determine activation commonly evoked by all odd-
all types, we conducted a conjunction analysis of the
hree oddball types versus their respective controls.
ctivation, independent of encoding task, was evoked

n right inferior frontal sulcus and bilateral posterior
usiform cortex (Fig. 2). The graph in Fig. 2 demon-
trates the parameter estimates for the height of the
aemodynamic response for the three oddballs minus
heir respective control nouns in right prefrontal cortex
or both deep and shallow encoding. Right prefrontal
ctivation evoked by oddballs, irrespective of the at-
ribute conferring deviance, is consistent with a role for
his region in monitoring discrepancies between expec-
ation and experience (Fink et al., 1999).

It is thought that oddball detection involves recruit-
ent of an attentional orienting system (Ritter et al.,

968). A monitoring role for right prefrontal cortex
uggests its involvement in engaging attention during
ddball presentation. Consequently, we created a sta-
istical parametric map to identify areas where activity
an be explained in terms of oddball-specific interac-
ions with right prefrontal activity. The analysis uses a
tatistical model that includes an effect of each oddball
ype, an effect of each corresponding control noun and
term that represents the interaction between each of

hese effects and the adjusted activity in the right
refrontal cortex. A conjunction analysis of these inter-
ctions for all three oddball types revealed significant
odulatory effects in inferior parietal lobule (IPL) bi-

aterally (Fig. 3). This prefrontal–parietal coupling was
ot significantly modulated by depth of processing.
In addition to a right prefrontal–fusiform generic

eviance detection network, we demonstrate attribute-
pecific responses that are evoked in neuroanatomical
egions known to be sensitive to either the perceptual,
emantic or emotional content of stimuli. The neural
esponse to perceptual oddballs, relative to their con-
rols, is shown in Fig. 4a and demonstrates activation

n posterior fusiform cortices bilaterally (P , 0.05 cor-
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428 STRANGE ET AL.
rected) extending into inferior temporal gyrus. The
response to perceptual oddballs is not significant mod-
ulated by depth of encoding, despite the shallow task
directing attention to the perceptual attributes of the
nouns, suggesting that the fusiform response to per-

FIG. 2. Areas commonly activated by all oddball types. The SPM
(threshold P , 0.001, extent threshold P , 0.05) of the conjunction is
uperimposed on a glass brain and demonstrates activation in the
ight prefrontal cortex (dorsal BA45; x, y, z coordinates 48, 21, 21;

5 4.15) and bilateral posterior fusiform (33, 275, 218; Z 5 5.51,
, 0.05 corrected and 239, 272, 215; Z 5 4.42, both in BA19)

xtending into the inferior temporal gyrus on the right. Also shown
s the SPM superimposed on a coronal section of a normalised ca-
onical T1 image at y 5 21, demonstrating activation in right infe-
ior frontal sulcus. Note that a localized region of activation, not
urviving the extent threshold, was observed in the right anterior
refrontal cortex in superior frontal gyrus (BA9; 12, 57, 36; Z 5 4.88,
, 0.05 corrected). The plot shows the parameter estimates for the

eight of the haemodynamic response in right prefrontal cortex for
he three oddballs minus their respective control words during both
eep and shallow encoding. The units are adimensional and corre-
pond to responses per unit increase in the explanatory variables
caled arbitrarily. Here and in all subsequent figures, error bars
epresent 6 1 standard error and abbreviations are: P, perceptual
ddball; S, semantic oddball; E, emotional oddball; Cp, control noun
or perceptual oddball; Cs, control noun for semantic oddball; Ce,
ontrol noun for emotional oddball.
ceptual novelty is automatic and independent of the n
aspect of the stimulus being processed. The plots also
demonstrate that the posterior fusiform is sensitive to
semantic and emotional oddballs, as indicated by the
conjunction analysis of all oddball types versus control.

Figure 4b illustrates the neural responses to emo-
tional oddballs relative to controls. Activation was ob-
served in left amygdala (P , 0.001, Fig. 4b(i)) and in
eft inferior prefrontal cortex (P , 0.05 corrected, Fig.
b(ii)). Importantly, as for perceptual oddballs, the re-
ponses in left amygdala and inferior frontal cortex
ppear automatic and obligatory in so far as they are
ot modulated by depth of processing.
Although the above responses were task-indepen-

ent, we predicted that semantic oddballs would show
nhanced responses only when subjects attended to the
emantic characteristics of stimuli. This interaction of
eep versus shallow encoding and semantic oddballs
ersus controls was evident in left ventral prefrontal
ortex, on the inferior bank of the inferior frontal sul-
us (Fig. 4c).

ehavioral Data

Figure 5 illustrates free recall for oddballs versus
ontrol nouns, which was assessed in a separate group

FIG. 3. The right prefrontal cortex exerts significant modulatory
effects on activity in the right inferior parietal lobule during presen-
tation of all oddball types relative to control nouns. The SPM (thresh-
old P , 0.001) is superimposed on a saggital section at x 5 51 and
oronal (y 5 245) of the T1 image and demonstrates activation of the
ight inferior parietal lobule (BA 40; 51, 245, 30; Z 5 4.11). Activa-
ion was also observed in left inferior parietal lobule (BA 40; 248,
57, 36; Z 5 3.79). The plot demonstrates the parameter estimates

or the degree to which the height of the right inferior parietal
aemodynamic response is modulated by the right prefrontal cortex
uring presentation of each oddball relative to respective control

ouns during both deep and shallow encoding.



FIG. 4. Attribute-specific activations. (a) Perceptual oddballs, regardless of encoding task, activate the posterior fusiform cortices
bilaterally (33, 275, 218; Z 5 5.66 and 245, 263, 215; Z 5 4.95 both in BA19 and both P , 0.05 corrected for multiple comparisons)
extending into inferior temporal cortex. The SPM, thresholded at P , 0.001 and superimposed on a transverse section of the canonical T1
image (z 5 218), demonstrates this activation. The parameter estimates for the height of the response in right posterior fusiform during both
deep and shallow encoding are shown to the right of the section. (b) Emotionally aversive oddballs activate the left amygdala and left inferior
frontal cortex, regardless of encoding task. (i) The SPM (threshold P , 0.001) is superimposed on a coronal section of the T1 image at y 5
29 and demonstrates activation of the left amygdala (227, 29, 212; Z 5 4.14). (ii) The same SPM is superimposed on a coronal section (y 5
36) and shows activation of the left inferior prefrontal cortex (BA47; 251, 36, 212; Z 5 5.38, P , 0.05 corrected). (c) The response to semantic
oddballs is modulated by depth of processing. Left, the SPM (threshold P , 0.01) superimposed on a coronal section of the T1 image at y 5
42 demonstrates the interaction of deep vs shallow encoding of the semantic oddballs relative to control in left ventral prefrontal cortex, on

the inferior bank of the inferior frontal sulcus (BA46; 236, 42, 9; Z 5 3.88).
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430 STRANGE ET AL.
of 10 subjects. Recall was tested immediately after
each 19-noun list under both deep and shallow encod-
ing conditions. We demonstrate that the von Restorff
effect is influenced by both attribute deviancy and the
encoding task. Emotional oddballs were remembered
better than controls regardless of encoding task. Per-
ceptual oddballs, however, only showed a von Restorff
effect for shallow-encoded nouns. Semantic oddballs
show no von Restorff effect following shallow encoding
and are in fact recalled worse than controls following
deep encoding. The mean percentage of recalled control
nouns following deep encoding was 60.8% and follow-
ing shallow encoding was 50%.

DISCUSSION

Right prefrontal activation evoked by oddballs, irre-
spective of the attribute conferring deviance, is consis-
tent with a role for this region in monitoring discrep-
ancies between expectation and experience. The
activation in right inferior frontal sulcus lies between
the right ventral prefrontal region we have previously
found responsive to sensory conflict between vision and
proprioception and the right dorsal prefrontal region
we found responsive when maintaining action in the
face of conflict between intention and sensory outcome
(Fink et al., 1999). Furthermore, a previous neuroim-
aging study of visual oddballs (McCarthy et al., 1997)
reported bilateral activation of middle frontal gyrus,
with more extensive activation on the right. A role for
the right prefrontal-bilateral fusiform network in pro-
cessing generic deviance is supported by a similar net-

FIG. 5. Recall performance for the 10 subjects who completed the
psychological task outside of scanning, recalling nouns freely after
each 19-noun list presentation. The difference between recall of each
oddball type and its respective control noun is plotted following both
deep and shallow encoding. Subjects demonstrated enhanced recall
for perceptual oddballs relative to controls (i.e., a von Restorff effect)
following shallow encoding (one-tailed t test; P , 0.01), but not
following deep encoding (P . 0.2). Recall of semantic oddballs was
not significantly different from controls following shallow encoding
(P . 0.15), but deep encoding resulted in significantly less semantic
oddballs being recalled than controls (P , 0.005). A von Restorff
effect was evident for emotional oddballs following both deep (P ,
0.05) and shallow (P , 0.05) encoding. Error bars represent 6 1
tandard error.
work being engaged by viewing abnormally coloured s
objects compared to viewing their black and white
counterparts (Zeki and Marini, 1998).

Two previous functional imaging studies of visual
(McCarthy et al., 1997) and auditory (Higashima et al.,
1996) oddball detection have demonstrated oddball-
evoked activation of IPL. The former study suggested
that bilateral IPL activation reflected the engagement
of working memory whereas the latter suggested that
right IPL mediates auditory discrimination. We sug-
gest instead that the activation of IPL, which was most
significant on the right, reflects increased attention to
oddballs relative to control nouns. Note that the right
hemisphere, particularly the IPL, is thought to be crit-
ical for human attention (Heilman et al., 1985; Mesu-
lam, 1990; Driver and Mattingley, 1998). Our data
suggest that a discrepancy detector located in the right
prefrontal cortex mediates this attentional engage-
ment.

It has been suggested that activity in the inferior
frontal sulcus and IPL mediate a “preparation-to-pro-
cess” function of the orienting response (Baudena et al.,
1995; Halgren et al., 1995; Halgren and Marinkovik,
1995), a component of which is manifest electrophysi-
ologically as the P300 evoked by novel stimuli (Halgren
and Marinkovik, 1995). The orienting response pre-
pares an organism to process (via arousal and directed
attention) and react to biologically prepotent stimuli.
Although the IPL makes a major contribution to the
P300 (Smith et al., 1990; Halgren et al., 1998), the P300
evoked by novel stimuli has a shorter latency in pre-
frontal than in parietal cortex (Baudena et al., 1995;
Halgren et al., 1995) and prefrontal lesions attenuate
this P300 component over both anterior and posterior
cortex (Knight, 1984). This supports our observation of
prefrontal modulation of IPL activity as well as the
suggestion that prefrontal cortex plays a leading role in
organizing the human orienting response (Halgren and
Marinkovik, 1995). Furthermore, the observed pre-
frontal-IPL response to oddballs might explain why
lesion studies report attenuation of the oddball-evoked
P300 following either lesions to temporoparietal junc-
tion (TPJ, which includes the inferior parietal lobule)
or prefrontal cortex (Knight et al., 1989; Yamaguchi
and Knight, 1991). In further support of a prefrontal
role in engaging attention, patients with frontal dam-
age exhibit diminished visual attention to novel events
(Daffner et al., 2000) leading to the suggestion that
rontal damage prevents the generation of a signal
ndicating that a novel stimulus requires additional
ttention.
The posterior fusiform region activated by all oddball

ypes has been shown to be equally sensitive to words
nd letter strings but insensitive to word meaning
Nobre et al., 1994). This suggests that posterior fusi-
orm mediates a prelexical stage in word processing
rior to semantic or emotional evaluation. This is con-

istent with our observation that perceptual oddballs
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evoke activation in bilateral posterior fusiform, indi-
cating sensitivity to perceptual attributes of stimuli
(Desimone and Ungerleider, 1989). Functional imaging
data have shown that posterior fusiform mediates
early preferential selection of attended visual stimuli
(Heinze et al., 1994) with selective responses to infre-
quent targets (Coull et al., 1998). Furthermore, intra-
cranial ERPs demonstrate that focusing attention on
words evokes focal field potentials in posterior fusiform
(Nobre et al., 1998). We propose, therefore, that acti-
vation in posterior fusiform reflects attentional modu-
lation of this prelexical stage, yielding all three types of
oddball nouns preferential access to higher stages of
the word recognition process. In addition, therefore, to
the specific fusiform role in processing perceptual fea-
tures, we demonstrate modulation of a perceptual re-
gion by the semantic and emotional content of stimuli.
Activation in posterior fusiform may, however, also
reflect longer time spent attending to oddballs. It has
been demonstrated that activity in bilateral posterior
fusiform increases with increasing presentation dura-
tion of words (Price et al., 1996) and reaction times
howed that subjects took longer to respond to oddballs
han they did to controls (main effect of oddball signif-
cant at P , 0.05, with no interactions reaching signif-

icance).
Human lesion data (Aggleton, 1992) and neuroimag-

ing studies (Morris et al., 1996) indicate that the amyg-
dala has a critical role in detecting and responding to
stimuli that represent threat. A recent functional im-
aging study (Isenberg et al., 1999) also demonstrates
an amygdala response to visually presented threaten-
ing words. The left inferior frontal gyrus may also play
a role in detecting threat as it has been shown to
activate with increasing fearful intensity of faces (Mor-
ris et al., 1998). These activations may, however, be
attributed to simple aversiveness rather than to emo-
tional deviance from the current context. One way to
dissociate these effects would be to measure neural
responses commonly evoked by an aversive word pre-
sented in a neutral context and by a neutral word that
is presented in an aversive context.

There exists evidence for greater episodic memory
for emotionally aversive relative to neutral events (Ca-
hill et al., 1996) and words (Bower, 1992), but whereas
amygdala activation during encoding has been shown
to correlate with subsequent retrieval of visual stimuli
(Cahill et al., 1996), the same has yet to be demon-
strated for emotional words. Our findings that, regard-
less of encoding task, the left amygdala is activated by
emotionally aversive nouns and that these nouns are
recalled better than their neutral controls, suggests
that amygdala activity during encoding of emotional
words would correlate with subsequent recall.

The responses evoked by perceptual and emotional
oddballs were not significantly modulated by depth of

processing suggesting automatic and obligatory re-
sponses. The left prefrontal response evoked by seman-
tic oddballs was, however, significantly enhanced by
attending to the semantic characteristics of nouns
(deep encoding) relative to attending to their percep-
tual features (shallow encoding). This left prefrontal
activation is commonly associated with memory encod-
ing tasks, particularly those that emphasise processing
of study material in terms of semantic attributes (Tulv-
ing et al., 1994; Dolan and Fletcher, 1997).

Perceptual oddballs were remembered better than
controls following shallow but not deep encoding. This
modulation of the von Restorff effect by depth of encod-
ing could be due to the shallow task directing attention
to the perceptual attributes of the nouns, yielding the
perceptual deviance more memorable. Nonetheless, a
previous study found a von Restorff effect for percep-
tual oddballs only following rote encoding, which does
not direct attention towards perceptual attributes, and
not following elaborative encoding (Fabiani et al.,
1990). As suggested by Fabiani et al. (1990), the mod-
ulation we observe may also arise from differences in
retrieval strategy following the two levels of process-
ing. Although the perceptual oddball will be noted as
deviant during both encoding tasks, only following
shallow encoding might subjects use this perceptual
attribute in their retrieval search. Deep encoding
would encourage a category-cued retrieval strategy,
however, making subjects less reliant on perceptual
characteristics during encoding. That emotional odd-
balls are recalled better than control nouns following
both encoding tasks suggests that the mnemonic ad-
vantage given to emotionally aversive stimuli is not
modulated by encoding task or subsequent retrieval
strategy. Semantic oddballs are recalled worse than
controls following deep encoding, most likely reflecting
an effect of the category-cued retrieval strategy
adopted following deep encoding of the semantically
related control nouns.

There is evidence that interactions between frontal
and medial temporal perirhinal cortices mediate the
von Restorff effect (Parker et al., 1998). Intracranial
recordings (Halgren et al., 1980) and lesion studies
(Knight, 1996) have implicated the hippocampus as a
possible generator of the P300 but these results have
been disputed (Polich and Squire, 1993) and previous
functional imaging studies of oddball detection have
failed to demonstrate hippocampal activation (Hi-
gashima et al., 1996; McCarthy et al., 1997). In our
experiment, the lack of oddball-induced medial tempo-
ral lobe activation may have been due to the fact that
all nouns were novel in the experimental context, yield-
ing high baseline hippocampal activity (Dolan and
Fletcher, 1997; Strange et al., 1999).

In conclusion, our data provide evidence in support
of both hypotheses (Donchin and Coles, 1988; Johnson,
1993) concerning the origin and function of oddball-

evoked neural activity. Oddball nouns engage a dis-
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432 STRANGE ET AL.
crete attention orienting network as well as attribute-
specific, functionally independent brain structures.
The activation of an attention network coupled with
enhanced activity in neuroanatomical regions known
to be sensitive to the perceptual, semantic, or emo-
tional content of stimuli, may influence the von
Restorff effect for oddballs. Importantly, however, we
have shown that this memory effect is likely to depend
on interactions between the attribute conferring devi-
ance, the encoding task and the subsequent retrieval
strategy.
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