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bol strings with an accuracy greater than chance (16, 17). It is
widely assumed that this type of learning reflects the application of an implicit memory system, although this is itself
controversial (18). For a review of the distinction between
explicit and implicit memory and their relative contributions to
artificial grammar learning, see ref. 18. In this experiment, the
emphasis is on explicit learning, and consequently, we used a
modified approach in which subjects were required to learn the
grammatical status of consonant strings (the exemplars of the
grammar system) that were presented repeatedly, with trialby-trial feedback. Note that in standard applications, no
feedback is provided. In brief, each consonant string was
presented eight times, with each presentation requiring a
grammaticality judgement for which explicit feedback was
provided immediately. Thus, knowledge of the result of previous grammaticality judgements for a particular consonant
string was used to enhance performance over subsequent
presentations.
Exemplar novelty was introduced by periodically presenting
novel consonant strings. Perceptual novelty was introduced by
periodically changing the font in which exemplars were presented (see Fig. 1). Thus, a given set of exemplars was
presented eight times, and the font was changed after every
three presentations of an exemplar set. Critically, the manipulations of exemplar and perceptual novelty were orthogonal
(i.e., uncorrelated), thus enabling separable characterization
of hippocampal responses associated with each type of novelty.
Note that the hippocampal region is used here to refer to the
dentate gyrus, CA subfields, and subiculum.

ABSTRACT
It is now accepted that hippocampal lesions
impair episodic memory. However, the precise functional role
of the hippocampus in episodic memory remains elusive.
Recent functional imaging data implicate the hippocampus in
processing novelty, a finding supported by human in vivo
recordings and event-related potential studies. Here we measure hippocampal responses to novelty, using functional MRI
(fMRI), during an item-learning paradigm generated from an
artificial grammar system. During learning, two distinct types
of novelty were periodically introduced: perceptual novelty,
pertaining to the physical characteristics of stimuli (in this
case visual characteristics), and exemplar novelty, ref lecting
semantic characteristics of stimuli (in this case grammatical
status within a rule system). We demonstrate a left anterior
hippocampal response to both types of novelty and adaptation
of these responses with stimulus familiarity. By contrast to
these novelty effects, we also show bilateral posterior hippocampal responses with increasing exemplar familiarity.
These results suggest a functional dissociation within the
hippocampus with respect to the relative familiarity of study
items. Neural responses in anterior hippocampus index generic novelty, whereas posterior hippocampal responses index
familiarity to stimuli that have behavioral relevance (i.e., only
exemplar familiarity). These findings add to recent evidence
for functional segregation within the human hippocampus
during learning.
Neuropsychological evidence in human and nonhuman primates indicates that the hippocampus is crucial for episodic
memory (1–3). The functional role of the hippocampus in
episodic memory is a subject of controversy, although it is now
suggested that hippocampal subregions in animals (4) and
humans (5, 6) mediate distinct aspects of memory. Recent
human functional neuroimaging studies have also addressed its
role in memory (7–12). One suggestion is that the human
hippocampus indexes novelty (7, 8), which at the simplest level
refers to recency of prior occurrence. A human hippocampal
response during novelty processing has also been demonstrated by human in vivo recordings (13) and event-related
potential studies (14, 15). In this report, we characterize this
putative hippocampal role in novelty processing by examining
its response to two types of novelty: perceptual (nonbehaviorally relevant) and exemplar (behaviorally relevant).
Within the context of a functional MRI (fMRI) experiment,
exemplar and perceptual novelty were periodically introduced
while subjects performed an item-learning paradigm derived
from an artificial grammar system. An artificial grammar
system embodies a set of arbitrary rules governing the concatenation of symbols. In standard applications, subjects exposed to exemplars of such a grammar system learn to
categorize, as ‘‘grammatical’’ (that is, conforming to the hidden rules) or ‘‘ungrammatical,’’ subsequently presented sym-

METHODS
Subjects. Informed consent was obtained from 14 righthanded subjects (8 male, 6 female; age range 18–27 yr; mean
age 21.7).
Psychological Task. The finite-state grammar system in Fig.
1a was used to generate exemplar consonant strings under the
constraint that all strings consisted of four letters. A total of 30
strings (e.g., JMQH), mixed with 30 arbitrarily chosen nongrammatical lures (e.g., JQMH), were presented, one every
3.2 s, over the course of the experiment. The strings were
presented serially to subjects in sets of 10 (5 grammatical; 5
ungrammatical), and presentation of this exemplar set constituted an activation epoch. Subjects were required to make an
immediate judgement of each item’s grammatical status by
pressing the appropriate button. Visual feedback was given for
each response. In the initial stages of the experiment, subjects
had no knowledge of the underlying rules of the grammar and
responded by guessing. Each set of exemplar strings was
presented eight times and was followed by a sensorimotor
control epoch. The control epoch consisted of serial visual
Abbreviations: fMRI, functional MRI; SPM, statistical parametric
mapping; BOLD, blood oxygenation level-dependent.
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FIG. 1. The introduction of perceptual and exemplar novelty in the
context of item learning. (a) The artificial grammar system. Grammatical four-consonant letter strings are formed by starting on the left
and moving right in the direction of the arrows. (b) Experimental
design. Every exemplar-set presentation constitutes an activation
epoch (red rectangle), each of which is followed by a control epoch
(white rectangle). Every exemplar set is presented eight times, after
which a new set of exemplars is presented, allowing the introduction
of exemplar novelty (1). Every three activation epochs the font in
which exemplar strings are presented is changed, enabling the introduction of perceptual novelty (2). (c) Behavioral data averaged for all
subjects expressed as a percentage of correct grammaticality judgements (error bars here, and in all subsequent plots, depict 61 SE). The
data show improving grammaticality judgements as subjects become
increasingly familiar with each set of exemplars. When a new exemplar
set is presented, performance falls, but across the entire experiment
subjects gradually acquire more abstract knowledge about the grammar system and use this knowledge to maintain performance after a
change in exemplar set.

presentations of either PPPP or NNNN (5 of each), which also
required one of two predetermined button presses. Across the
eight presentations of an exemplar set, subjects learned the
status of individual items. After a particular set of exemplars
was presented eight times, a novel set of 10 exemplar strings
was presented, allowing the introduction of exemplar novelty
(Fig. 1b). The eight presentations of an exemplar set consti-
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tuted a block of the experiment; hence, the experiment consisted of six blocks defined by the onset of an exemplar change.
The font in which exemplars were presented was changed every
three exemplar set presentations (the fonts used were: Arial
Narrow, Bodoni MT, Book Antiqua, Bookman Old Style,
Century Gothic, Century Schoolbook, Chicago, Courier, Geneva, Helvetica, Monaco, Monotype Corsiva, New York, Palatino, Times, Times italics). The font change involved an
entirely new font that could not be predicted by the subject.
fMRI Scanning. A Siemens Vision system (Siemens, Erlangen, The Netherlands), operating 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 two scanning sessions separated by a 5-min
rest period. A total of 480 volumes were acquired per subject
plus 6 ‘‘dummy’’ volumes, which were subsequently discarded,
to allow for T1 equilibration effects. Volumes were acquired
continuously every 6,400 ms. Each volume comprised 64 3-mm
axial slices, with an in-plane resolution of 3 3 3 mm, positioned
to cover the whole brain. The imaging time series was realigned
to correct for interscan movements, coregistered with the
subjects’ structural MRI to enable overlay of functional data
onto the subjects’ structural data and normalized into a space
defined by the atlas of Talairach and Tournoux to allow group
analysis. The data were then smoothed with a Gaussian kernel
of 8 mm full-width half-maximum to account for residual
intersubject differences (19). For each subject, low-frequency
cosine functions were used to model and remove lowfrequency drift in signal. The data were normalized for global
effects by proportional scaling. It should be noted that for the
analysis of hippocampal topography (Fig. 4), the data were
smoothed with a Gaussian kernel of 6 mm full-width halfmaximum to minimize correlation between selected regions.
Data Analysis. Data were analyzed by using Statistical
Parametric Mapping (SPM97) employing a random effects
model. Five scans were acquired during each activation and
sensorimotor control epoch and averaged to create one mean
scan per epoch. For exemplar novelty, the six blocks of eight
activation and control scans were averaged further into one
time series of the alternating eight activation and eight control
conditions after exemplar change. Each scan in the time series
was then weighted to model either a linear or an exponential
time 3 condition interaction (novelty-dependent activation).
The weighted time series for each subject were entered into a
one-sample t test across the 14 subjects. Analysis for effects of
perceptual novelty was identical except that the time series
consisted of the three activation and three control epochs after
font change. We carried out a small volume correction (SVC)
(20) to the P values of the ensuing maxima on all reported
hippocampal regions. We report only those that survive this
SVC at P , 0.05, except for the left anterior hippocampal
activation in response to exemplar novelty, which was significant at trend, with SVC yielding a P value of 0.067 (P , 0.005
uncorrected).

RESULTS
The specific effect tested was a condition (exemplar or perceptual change) 3 time interaction, where time refers to the
time elapsed after a change in either exemplar or font (i.e., the
adaptation of hemodynamic responses after exemplar or perceptual changes). Fig. 2 shows the hippocampal response to
perceptual novelty and its modulation with time. A greater left
anterior hippocampal response is seen for initial, relative to
repeated, presentations of perceptually novel items, reflected
in a significant linear time 3 condition interaction. This
response shows adaptation with increasing font familiarity.
Modeling exponential adaptation also yielded activation, of
lesser significance, in the same region. The profile of hip-
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interaction was reflected in reducing activation, relative to the
recurring baseline, in anterior hippocampus.
Strikingly, a reverse effect, reflecting increasing familiarity
with exemplars, was associated with augmented bilateral posterior hippocampal activation (Fig. 3c). Hence, familiarity with
the meaningful characteristics of stimuli (i.e., grammatical
status within a rule system) produced augmentation of posterior hippocampal responses bilaterally. Increasing font familiarity, which has no behavioral relevance, did not engage the
posterior hippocampus. Thus, in bilateral posterior hippocampus, we observed a time 3 condition interaction for, and only
for, repeated exemplar presentations.
The plots presented in Fig. 3 b and c show the BOLD
response collapsed across the six exemplar changes and averaged across all subjects. Note that any variance caused by
abstraction of grammar system knowledge (perhaps reflecting
implicit learning) will be expressed across the entire experiment. Any such effect in the present analysis can be discounted, because the analysis involved collapsing data across
the six blocks defined by the onset of exemplar change.
Consequently, the emphasis is on explicit learning, driven by
the trial-by-trial feedback (subjects respond to repetition items
on the basis of whether previous responses in the grammatical
decision task were correct or incorrect). We did, however, test
for an interaction with abstraction of grammar system knowledge. The effects of this latter type of learning on the observed
hippocampal activations would be stronger at the end of the
experiment; hence, we compared novelty- and familiarityinduced activations in the first half of the experiment with the
second half. No interaction was present in the hippocampus in
either the novelty or the familiarity comparisons.

DISCUSSION

FIG. 2. Hippocampal region in which there is a significant time 3
condition interaction in response to perceptual novelty and adaptation
with familiarity. (i) Coronal section of a T1-weighted anatomical image
(at y 5 216) that conforms to the stereotaxic space. The image is taken
from 1 of the 14 subjects. T1-weighted images in all subsequent figures
are taken from the same subject. Superimposed on this section is a SPM
(thresholded at P , 0.01) indicating a decreasing linear time 3 condition
interaction in the left hippocampus after introduction of novel font.
The section has been chosen to demonstrate left anterior hippocampal
activation (x, y, z coordinates 222, 216, 224; Z 5 3.25). (ii) Graphic
representation of activation at this voxel relative to the baseline
condition as a function of repeated presentation of fonts. The plotted
time course shows the BOLD response collapsed across the 16 font
changes and averaged across all subjects. 2, introduction of novel font.

pocampal adaptation in our data conforms to a pattern
observed with direct recording from ‘‘novelty-sensitive’’ single
hippocampal neurons (13, 21) and to the pattern of cortical
activity produced by repetition priming (22).
The response of the hippocampus to exemplar novelty is
shown in Fig. 3b and was again assessed as a condition 3 time
interaction. Initial presentation of novel exemplars was associated with an activation in left anterior hippocampus, 10 mm
superior to the region indexed by perceptual novelty. With
repeated exemplar presentations, activation in this region
again showed significant adaptation. This pattern of response
in the hippocampus was best modeled as an activation followed
by an exponential decline. Thus, a significant time 3 condition

These data demonstrate a functional dissociation between
anterior and posterior regions of the human hippocampus
within the same experiment. The fact that both exemplar and
perceptual novelty activated left anterior hippocampus suggests that this region processes novelty that is both behaviorally
relevant (exemplar novelty) and irrelevant (perceptual novelty). Conversely, posterior hippocampal regions showed a familiarity effect that is expressed only for aspects of stimuli
relevant to learning (i.e., grammatical status). We propose that
a function of the anterior hippocampus is to register mismatches between expectation and actual experience. By expectation, we refer to a predictive set about the future based
on recent experience. Furthermore, if this novelty has behavioral significance (here a requirement to learn exemplar
status) familiarity with these novel items leads to engagement
of posterior hippocampal regions.
The sensitivity of the anterior hippocampus to novelty is
supported by event-related potentials recorded within the
medial temporal lobes in epileptic patients (15). Damage to the
hippocampus proper (patients with sclerosis) is associated with
attenuated anterior medial temporal lobe event-related potentials for novel visually presented words, whereas responses
to repetitive presentations are unaffected. Interestingly, in
addition to the anterior medial temporal response to new
words, word repetitions have been found to evoke a different
potential (23), which may have a more posterior distribution
along the longitudinal hippocampal axis than the anterior
potential evoked by new words (15).
The fact that our activation was left-sided might be expected,
given the putative role of the left hippocampus in verbal
memory (24). The presentation of novel vs. repeated words has
been shown to activate the left hippocampus (25), whereas
viewing novel versus familiar pictures of people, scenes, and
landscapes has been reported to activate the right anterior
hippocampus (8). The lack of a right anterior hippocampal
response to either exemplar or perceptual novelty may
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FIG. 3. Dissociation in the anterior–posterior hippocampal axis for exemplar novelty. (a) T1-weighted anatomical sagittal image with red lines
indicating the anterior–posterior positions of the coronal sections demonstrated in b and c. (bi) SPM prepared as above showing enhanced left
anterior hippocampal activation after the introduction of exemplar novelty followed by deactivation (threshold P , 0.05). The coronal section has
been chosen to demonstrate left anterior hippocampal activation (coordinates 218, 216, 214; Z 5 2.60). (bii) Graphic representation of activation
at this voxel relative to the baseline condition against number of presentations of an exemplar set. The plot shows the BOLD response collapsed
across the six exemplar changes and averaged across all subjects. 1, introduction of novel exemplar set. (ci) SPM (threshold P , 0.01) showing
that increasing familiarity with exemplars activates the posterior hippocampus bilaterally. The coronal section has been chosen to demonstrate right
posterior hippocampal activation (coordinates 24, 234, 22; Z 5 3.63) and also shows the left posterior hippocampal activation (coordinates 222,
238, 26; Z 5 3.67). (cii) Graphic representation of activation of the right posterior hippocampal voxel relative to the baseline condition as for b.

therefore ref lect stimulus form, as suggested by a recent
functional neuroimaging study (26) in which the right hippocampus was more responsive to objects than words during
encoding. The same study (26) observed left hippocampal
activation during encoding of meaningful (as opposed to
nonsense) stimuli. Our findings suggest that more posterior

hippocampal regions are engaged by meaning. The proposed
left hippocampal role in processing unexpectedness of stimuli (27) would appear to be a function of the left anterior
hippocampus.
A noveltyyencoding hypothesis developed by Tulving (28)
states that novelty assessment plays a crucial role in determin-
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FIG. 4. Topography of hippocampal activation as a function of relative familiarity. Activation in the left hippocampus spreads posteriorly as
meaningful items (exemplars) become increasingly familiar. Three voxels within the left hippocampus, each separated by 12 mm along the transverse
plane, were identified by an SPM constructed to detect any change in activation relative to baseline across the 14 subjects. (a) The BOLD response
of the principal component within a 4-mm radius of each chosen voxel is plotted relative to baseline. (b) The coordinate of each chosen voxel is
shown below each plot along with the region from which the principal component was selected (superimposed on a transverse section of the
T1-weighted anatomical image). Note that the left anterior hippocampal activation displayed in Fig. 3b peaks at the second/third presentation of
the exemplar set. This activation is situated at y 5 216, which in the anterior–posterior axis is midway between the first and second chosen voxels
displayed.

ing whether information is encoded into long-term memory.
Interestingly, the regions of left anterior hippocampus activated in the present study lie in close proximity to an area we
have previously shown using positron emission tomography
(PET), to be engaged during encoding of novel categoryexemplar word pairings (7). Furthermore, intracranial potential studies have demonstrated that the left anterior medial
temporal lobe response to the first presentation of words
correlates with subsequent recognition (15) and delayed verbal
recall (29) of these words. Although in the present paradigm
we have not explicitly dissociated novelty assessment from
episodic memory encoding, our data are compatible with a
view that the hippocampal response to a novel stimulus is an
important component in efficient episodic memory formation.
By contrast, activation in bilateral posterior hippocampal
regions, as exemplars become more familiar, may reflect active
processes involved in retrieval. Note that increasing familiarity
with exemplars allows subjects to make grammaticality judgements on the basis of previous feedback, suggesting that

subjects engage episodic retrieval mechanisms as exemplars
become more familiar [as indicated by exemplar theories of
categorization (17)]. This suggestion is in agreement with a
previous study (30) in which cued recall of words, previously
repeatedly presented, activated both posterior hippocampi.
A recent meta-analysis of positron emission tomography
studies of episodic memory (5) indicated that hippocampal
activations associated with encoding are located primarily in
rostral hippocampus, whereas activations associated with retrieval were located in caudal hippocampus. Although our
study design addresses novelty, it is of interest to speculate on
the relevance of our data to these findings. If exemplar novelty
and familiarity in the present paradigm are considered to
involve an emphasis on encoding and retrieval, respectively,
our data would provide support for this functional divide
within the hippocampus. However, we note that a recent
review of fMRI data (6) concluded that the posterior medial
temporal lobe is associated with episodic encoding and suggested that PET studies had demonstrated both anterior and
posterior medial temporal activations during encoding.

Neurobiology: Strange et al.
The anterior–posterior hippocampal divide we describe
suggests a functional topography related to familiarity. In a
post-hoc analysis of our data, we demonstrated that with
increasing familiarity for meaningful stimuli, there was a
topographical spread of hippocampal activity in an anterior–
posterior axis (Fig. 4). Although descriptive, these data suggest
that older, well rehearsed memory representations are associated with activity in more posterior hippocampal regions. In
this respect, our data provide system-level support for a
recently proposed theory of hippocampal function—the ‘‘multiple-trace theory’’ (31)—which states that reactivation and
rehearsal of memories cause the formation of multiple memory traces within the hippocampus. Our results suggest that
these memory traces may be organized in a topographical
manner.
A key observation in patients with hippocampal lesions is
that the severity of anterograde and retrograde amnesia
correlates with the extent of hippocampal damage (32–34).
Given the observed left anterior hippocampal role in generic
novelty detection, our data might suggest that anterior hippocampal lesions will impair new learning and hence account
for the anterograde component of the amnesic syndrome. The
extent of retrieval impairment may, because of the observed
anterior–posterior familiarity gradient, reflect both the extent
of posterior hippocampal damage and the degree of familiarity
for the event being retrieved. This suggestion is supported by
the famous patient H.M. (1), who had bilateral resection of the
anterior hippocampus but sparing of posterior hippocampus
(35) and exhibits dense anterograde amnesia but can recall
memories acquired before surgery. Intriguingly, 25 years ago,
Penfield (36) speculated that the temporal extent of retrograde
amnesia depends on the posterior extent of hippocampal
resection. Our findings of a functional segregation within the
human hippocampus provide a basis for understanding the
diversity of memory deficits consequent on damage to distinct
regions of the hippocampus.
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