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The hippocampus is sensitive to the mismatch in novelty
between items and their contexts
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Abstract

In previous functional magnetic resonance imaging (fMRI) studies of continuous recognition
memory it was reported that new items elicit greater hippocampal activity than old (repeated)
items (hippocampal ‘novelty’ effects). Rather than reflecting recency differences between new and
old items, hippocampal novelty effects may instead reflect the novelty of the association between
test items and the experimental context, or a mismatch in the novelty of the test item and the
context. The present continuous recognition study assessed these possibilities by manipulating
item-context associations on a trial-by-trial basis. Each trial comprised the presentation of an
object-word (context-item) pair. Repeated items were paired either with the same context as on
their first presentation, a different but previously presented context, or a new context. The task was
to judge whether each item was old or new, regardless of the study status of the associated context.
We found no evidence that hippocampal novelty effects reflected either item and context recency,
or the novelty of the item-context association. Rather, enhanced hippocampal activity was elicited
when the novelty of the item and its context mismatched. These findings support the possibility
that hippocampal novelty effects reflect, at least in part, the disjunction in novelty between test
items and their contexts.
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Introduction

It has been reported in numerous studies that neural activity in the hippocampus is enhanced
for novel relative to familiar items (for reviews, see Nyberg, 2005; Rugg et al., 2012). For
example, in functional magnetic resonance imaging (fMRI) studies of recognition memory,
correctly rejected new items are frequently reported to elicit greater hippocampal activity
than correctly recognized old items (e.g., Stark and Okado, 2003; Brozinsky et al., 2005;
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Daselaar et al., 2006; Johnson et al., 2008; Vilberg and Rugg, 2009; Suzuki et al., 2011a,
2011b; Staresina et al., 2012; for reviews, see Nyberg, 2005; Rugg et al., 2012). Using a
continuous recognition memory procedure, Johnson et al. (2008) and Suzuki et al. (2011a)
identified novelty-sensitive hippocampal regions where such ‘new > old’ effects varied
monotonically with the number of times a test item was repeated, suggesting that the effects
co-vary with a continuously varying ‘novelty’ or ‘“familiarity” signal. Following previous
proposals (e.g., Duzel et al., 2003; Stark and Okado, 2003; Nyberg, 2005), Johnson et al.
(2008) and Suzuki et al. (2011a) suggested that these graded effects reflect hippocampally-
mediated encoding processes that vary in their level of engagement with the situational
novelty of the test item (situational novelty refers to items that, while not necessarily novel
in an absolute sense (words, for example), are novel with respect to a given experimental
context).

Three variables can potentially contribute to the situational novelty of an item. The first of
these is simple recency — the elapsed time since an item was last experienced. The second
variable is the novelty of the association between the item and the experimental context. For
example, if the MRI scanning environment defines the context, there is not only a difference
in the recency of new and old items, but also in the recency and strength of their association
with the context. The third variable is the disjunction between the novelty of the item and
context. For old items, both the item and the context are familiar. By contrast, for new items,
there is a disjunction in familiarity between the item (novel) and the context (familiar). In
short, hippocampal novelty effects might depend on the relative novelty of the items, the
novelty of an item-context association, or a disjunction between the novelty of the item and
the context.

There is evidence to suggest that the hippocampus is sensitive to associative novelty (e.g.,
Duzel et al., 2003; Kohler et al., 2005; Chen et al., 2011; Howard et al., 2011; Fandakova et
al., 2013). For example, in the study of Chen et al. (2011), participants studied face-house
associations. At test, participants were cued with a studied face or house and then presented
with the original studied associate or an associate from a different studied pair. Correctly
rejected novel associates elicited greater hippocampal activity (specifically, in CA1) relative
to when familiar associates were correctly recognized.

There is also suggestive evidence that hippocampal activity can be modulated as a function
of the disjunction in novelty between items (Pihlajamaki, et al., 2004; Duncan et al., 2009;
Turk-Browne et al., 2012). In the Duncan et al. (2009) study, participants studied a pair of
items and, after a short delay, judged whether a probe item pair matched or mismatched the
studied pair. The probe pair was either the same two items as the sample stimulus, the same
items with interchanged spatial locations, or had had one of the objects replaced with a novel
item. Hippocampal activity was greater in this last condition than in the two former
conditions. As this study did not have a condition where the sample stimulus contained two
novel objects, it is unclear whether the reported effect reflects a mismatch in novelty or a
simple item novelty effect (see also, Pihlajamaki, et al., 2004). Nevertheless, the finding
hints at the possibility that the hippocampus is sensitive to a disjunction in novelty between
stimulus elements.

Brain Res. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thakral et al.

Page 3

Findings such as those mentioned above lend support to the possibility that previously
reported situational novelty effects in the hippocampus during continuous recognition
memory (Brozinsky et al., 2005; Johnson et al., 2008; Viskontas et al., 2008; Suzuki et al.,
2011a, 2011b) reflect differences between old and new items in their associative novelty, or
in the level of disjunction in novelty between an item and its context. In the current study,
we assessed these possibilities by manipulating associations between items and their
contexts on a trial-by-trial basis. Each trial comprised the presentation of an object-word
(context-item) pair. Repeated items were paired either with the same object as on their first
presentation (old-Old), a different but previously presented object (old’-Old), or a new
object (new-0ld). The different pairs are illustrated in Figure 1.

The task was to judge whether each word was old or new. The task-irrelevant object was
assumed to provide the ‘local’ context for the task-relevant item (cf., Tsivilis et al., 2001,
2003). We assumed that our manipulation of local context would overshadow the influence
of the relatively invariant experimental context (see also, Turke-Browne et al., 2012; Kim et
al., 2014).

In order to assess the above three accounts of hippocampal novelty effects, we conducted
three contrasts. To assess the sensitivity of the hippocampus to the relative recency of the
test pairs, we contrasted the activity elicited by new-New pairs (initial presentations) with
that elicited by old’-Old pairs (new-New > old’-Old). Because both classes of item-context
pair comprise novel associations, any difference in activity can be assumed to reflect a
difference in when the constituent items and contexts were last experienced. To assess the
possibility that the hippocampus is sensitive to associative novelty, we contrasted old’-Old
and old-Old pairs (old’-Old > old-Old). In this case, both the context and the item are
familiar, and all that varies is the novelty of the item-context association. Lastly, to assess the
possibility that hippocampal novelty effects reflect a mismatch between the novelty of an
item and its context, we assessed whether new-Old pairs elicited greater activity than any of
the other classes of test pair.

Although the primary aim of the study was to identify different classes of novelty-related
effects within the hippocampus, we took advantage of our whole-brain fMRI acquisition
protocol to investigate novelty and old > new effects throughout the rest of the brain. Only
two prior studies have described old > new item effects outside of the medial temporal lobe
(MTL) during single-item continuous recognition (Yassa and Stark, 2008; Suzuki et al.,
2011a) and, in one of those studies, the extra-MTL effects were restricted to a limited field
of view that excluded much of the neocortex (Suzuki, et al., 2011a). Yassa and Stark (2008)
reported that, relative to new items, repeated items elicited diminished responses in occipital
cortex, extending into the MTL (but, curiously, excluding the hippocampus), along with
enhanced activity in bilateral parietal cortex. By contrast, Suzuki et al. (2011a) reported
repetition-related activity reductions in retrosplenial and occipito-temporal cortex,
accompanied by enhancements in the precuneus and bilateral intraparietal sulcus (IPS). The
present experiment afforded the opportunity to extend these findings by examining whether
they are modulated by the manipulation of local context.

Brain Res. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thakral et al. Page 4

Results

Behavioral Results

Table 1 shows the mean reaction times (RTs) for correct responses and mean proportions of
correct responses for each of the context-item pairs. One-way repeated measure ANOVAs of
these variables were conducted across the 4 levels of the factor of pair type (old-Old, old’-
Old, new-0Old, and new-New). There was a main effect of pair type on RT (F(1.94, 44.53) =
11.03, p < 0.001; degrees of freedom Greenhouse-Geisser corrected for nonsphericity).
Follow-up pairwise comparisons revealed that RTs for the new-Old pairs were significantly
longer than those for old-Old and old’-Old pairs (both ps < 0.01), which did not differ from
one another. Additionally, RTs for the new-New pairs were significantly longer than those
for old-Old and old’-Old pairs (both ps < 0.01). RTs did not significantly differ between
new-New and new-Old pairs. ANOVA of the accuracy data (computed as hit rate for the old-
Old, old’-Old, and new-Old pairs and correct rejection rate for the new-New pair) also
revealed a main effect of pair type (F(2.08, 47.80) = 15.84, p < 0.001). Follow-up pairwise
comparisons revealed that accuracy for the old-Old pairs was significantly greater than that
for either the old’-Old or new-Old pairs (both ps < 0.01), which did not differ from one
another. Similarly, accuracy for the new-New pairs was significantly greater than that for
either the old’-Old or new-Old pairs (both ps < 0.01).

fMRI Results

Planned contrasts within the hippocampus—\We first tested whether hippocampal
novelty effects could be identified by contrasting activity elicited by new-New pairs and that
elicited by old’-Old pairs. The contrast failed to identify any significant effects. We went on
to test whether hippocampal activity was sensitive to associative novelty by contrasting the
activity elicited by old’-Old and old-Old pairs. This contrast also failed to identify
significant effects within the hippocampus.

Finally, we tested whether the hippocampus was sensitive to the mismatch between item and
context novelty. We searched for a hippocampal mismatch effect by performing a
conjunction analysis to identify activity common to the contrasts of new-Old > new-New
and new-0Old > (old-Old + old’-Old) (contrast weights: +1 -1 and +2 -1 -1, respectively,
each contrast thresholded at p < 0.005)1. This procedure identified a 13-voxel cluster in the
left anterior hippocampus (peak co—ordinates for the contrast of new-Old > new-New: —33
-13 -14, Z = 3.58, and peak co-ordinates for the contrast of new-Old > (old-Old + old’-
Old): -30 -13 -17, Z = 3.16, see Figure 2).

Whole-brain analyses—We conducted whole brain analyses directed towards the

identification of generic old > new and new > old item effects. The effects were identified
with the contrast between old and new items (old-Old + old’-Old + new-Old) > new-New,
and vice-versa; contrast weights: +1 +1 +1 -3 and -1 -1 -1 +3, respectively). No regions
demonstrating new > old effects were identified. By contrast, the reverse contrast revealed

IThe conjunction isolates only what is common (i.e., a mismatch in novelty) across both contrasts of new-Old > new-New and new-
Old > (old-Old + old’-Old). The purpose of using this conjunction was to avoid the identification of differences that would be
exclusive to one of the two contrasts.
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widespread differences in activity. We elucidated these findings by employing exclusive and
inclusive masking to distinguish context-independent and context-dependent effects.
Context-independent old > new effects were identified by exclusively masking the above
contrast with the bi-directional main effect of context (i.e., the main effect of the ANOVA
contrasting the old-Old, old’-Old, and new-Old conditions, thresholded at p < 0.1). Context-
independent effects were identified in numerous cortical regions, including the precuneus,
inferior parietal lobule, IPS, ventral and dorsal striatum, dorsolateral prefrontal cortex (PFC),
and anterior PFC (Figure 3 and Table 2).

Context-dependent old > new effects were identified by inclusively masking the old > new
item contrast with the main effect of the ANOVA contrasting the old-Old, old’-Old, and
new-Old pairs (thresholded at p < 0.01, giving an estimated conjoint significance of p <
0.0001; Fisher, 1950; Lazar et al., 2002). Context-dependent old > new effects were
uniquely identified a 37-voxel cluster in the left anterior PFC (peak coordinates of =39 59 4,
Z = 3.36, Figure 4). Parameter estimates were then extracted from the peak voxel within this
cluster and follow-up comparisons were conducted to investigate the pattern of activity
among the three conditions containing old items. Note that these comparisons are unbiased
with respect to the statistical procedure employed to identify the peak voxels. As depicted in
Figure 4, follow-up comparisons on peak parameter estimates revealed that activity
associated with the old-Old pairs was significantly greater than that elicited by either the
old’-Old or new-Old pairs (both ps < 0.01). Activity did not significantly differ between the
old’-Old and new-Old pairs.

Potential RT confounds—As described in the behavioral results, RT differences were
observed across the four context-item pairs. These findings raise the possibility that
differences in the fMRI activity elicited by the different pair types were influenced by these
differences in RT. To assess this possibility, we repeated all the fMRI analyses reported
above where participant-specific mean RTs for each pair type were entered as covariates in
the second-level repeated measures ANOVA (see, ‘Image Acquisition and Analysis’). These
analyses gave rise to results essentially identical to those identified in the original analyses.
Thus, there was no evidence that RT influenced the current fMRI findings.

Discussion

In previous continuous recognition studies, hippocampal novelty effects were identified by
contrasting the first and second presentations of single items (new > old effects). Here we
assessed whether these effects reflect a difference in recency between test items or whether
instead they reflect either the relative novelty of item-context associations, or the mismatch
between the novelty of the item and its context. We failed to identify any region sensitive to
differences in the novelty of item-context pairs, as would have been expected if hippocampal
novelty effects merely reflected differences in when the items and their contexts were last
experienced. We also failed to identify associative novelty effects in the hippocampus. We
did however identify a hippocampal novelty mismatch effect. Additionally, a whole-brain
analysis revealed old > new effects in several regions. With one exception, these effects were
insensitive to variations in local context.
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Behavioral findings

The contrast of the recognition accuracy scores across the four pair types gave rise to two
findings. First, accuracy for the old-Old pairs was significantly greater than that for the old’-
Old and new-Old pairs. This effect might be a reflection of the benefit to item memory
accruing from the combination of the familiarity of the item and its association with the
context (cf. Speer and Curran, 2007). An alternative interpretation is that the benefit to item
memory when repeating an identical stimulus configuration may reflect something akin to
the unitization of the item and the context (cf. Yonelinas et al., 2010). Finally, it is possible
that participants consciously recollected item-context pairs when they were repeated, and
that the recollected information enhanced recognition accuracy (cf. Donaldson and Rugg,
1998, 1999; Yonelinas, 2002). However, as is discussed below (see, ‘Whole brain analyses’),
we think it is unlikely that recollection played much of a role in recognition decisions in the
present task.

The second result from the analyses of the behavioral data was that recognition accuracy for
the old’-Old and the new-Old pairs did not significantly differ. Thus, there was no evidence
that the study status of the context biased recognition judgments on the accompanying item.
It seems unlikely therefore that the participants integrated information about the study status
of contexts and items when making recognition judgments.

Hippocampal fMRI findings

The hippocampus was insensitive to the combined novelty of an item and its context, as this
was assessed with the contrast between new-New and old’-Old pairs. The absence of a new
> old effect is striking in light of the frequency with which such effects have been reported
in prior studies (see Introduction). This null finding is consistent with the possibility that the
hippocampal novelty effects previously reported in studies of continuous recognition
(Brozinsky et al., 2005; Johnson et al., 2008; Viskontas et al., 2008; Suzuki et al., 2011a; but
see, Yassa and Stark, 2008) reflect something other than simple recency. Additionally, we
found no evidence for a hippocampal associative novelty effect (as operationalized by the
contrast between old’-Old > old-Old pairs). Thus there was no support for the hypothesis
that previously reported hippocampal new > old effects observed during continuous
recognition reflect the novelty of the association between an item and its context.

The hippocampus was however sensitive to the mismatch between the novelty of an item and
its context. This finding provides support for the possibility that prior new > old
hippocampal effects (see above) reflected a mismatch in item-context novelty. The current
finding raises the further possibility that previously reported hippocampal novelty effects in
experiments that employed a study-test procedure (for reviews, see Nyberg, 2005; Rugg et
al., 2012) also reflected a mismatch between item and contextual novelty.

A seemingly analogous hippocampal novelty mismatch effect was identified by Turk-
Browne et al. (2012). In that study, participants viewed a continuous stream of scenes and
made an indoor/outdoor judgment to each scene. The scenes were organized into triplets.
The first two scenes of each triplet were assumed to serve as the ‘temporal’ context for the
third scene, the item. Contexts were repeated either with the same item as on their initial
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presentation or with a novel item. Additionally, some repeated items were preceded by novel
contexts. Greater hippocampal activity was elicited in this latter condition relative to when
both contexts and items were novel. Turk-Browne and colleagues (2012) interpreted this
elevated hippocampal activity as evidence for a hippocampally-mediated retrieval process.
They proposed that when a familiar item was paired with a novel context, the resulting
mismatch elicited retrieval of the context originally associated with the item. A similar
interpretation can be applied in the present case for the hippocampal effect elicited by new-
Old pairs (where, as in Turk-Browne et al. (2012), a novel context preceded a familiar item).
An alternative possibility however is that the enhanced hippocampal activity elicited by new-
Old pairs reflected a hippocampally-mediated encoding process that ‘overwrote’ the original
item-context association. It will be important for future studies to disambiguate these two
possibilities.

According to both of the above accounts, enhanced hippocampal activity for old’-Old
relative to old-Old pairs should also have been evident, a finding we failed to observe. A
possible explanation for this null result is that the inter-trial interval between presentations of
new-New pairs that were interchanged to form old’-Old pairs was too short on average to
permit the formation of unique item-context associations. This possibility arises from the
finding that context-item associations can seemingly be formed when the context and the
item are separated in time (Turk-Browne et al., 2012; see also, Howard and Kahana, 2002;
Sederberg et al., 2008). By this argument, the context belonging to a given new-New pair
might also have formed part of the context associated with the word belonging to a
succeeding new-New pair, if the inter-pair lag was sufficiently short. We assessed this
possibility in a follow-up analysis in which we segregated old’-Old pairs according to
whether the new-New pairs from which they were created were separated by 5 or fewer
(old’-Old-close) or more than 5 intervening pairs (old’-Old-far). The contrast between old’-
Old-far > old’-Old-close pairs failed to identify any effects within the hippocampus or at the
whole-brain level. Thus, there was no evidence that the activity elicited by old’-Old pairs
differed according to the temporal separation of the original and re-paired context. These
findings therefore provide no support for the possibility that the enhanced hippocampal
activity elicited by new-Old pairs reflects the novelty of the item-context association, rather
than a mismatch in the novelty of the context and its associated item.

It is also worth noting that our failure to identify an associative novelty effect is difficult to
reconcile with the idea that associative novelty effects are driven by expectancy violations
(Kumaran and Maguire, 2006, 2007a; Chen et al., 2013; for a review, see Kumaran and
Maguire, 2007b). According to this idea, a repeated context would be predicted to generate
an ‘expectation’ for the item it was originally paired with. In the case of old’-Old pairs, the
context should have generated an expectancy for the originally associated item, an
expectation that was violated with the presentation of a novel associate. It is currently
uncertain whether such expectancy violations depend on the explicit, intentional retrieval of
items associated with a repeated context, and thus this possibility cannot be ruled out at
present. In the present experiment, contexts were both task-irrelevant (participants were
instructed to treat them merely as a warning cue for the upcoming word) and, in addition,
preceded the critical items (words) by only 300 ms. Together, these factors may have led to
participants failing to use repeated contexts to explicitly generate expectations about the
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associated word. In short, additional research is required to elucidate conditions under which
associative novelty effects are observed.

fMRI findings

In contrast to prior continuous recognition studies (Yassa and Stark, 2008; Suzuki et al.,
2011a), we failed to identify any cortical regions demonstrating enhanced activity for new
relative to old items. Whereas this null finding might indicate that, like their hippocampal
counterparts, extra-hippocampal novelty effects depend upon a mismatch in item and
contextual novelty, it should be noted that both of the aforementioned prior studies
employed multiple repetitions of old items. In neither case was it demonstrated that new >
old effects were reliably present for the contrast between new items and items that had been
repeated once only, the situation analogous to the present study. Thus, it remains to be
determined whether cortical novelty effects are context-dependent.

Unlike new > old effects, old > new effects were robust and widespread throughout the
cortex. Context-independent effects were observed in, among other regions, posterior
parietal cortex in the vicinity of the IPS, along with the anterior PFC, the striatum, and
precuneus. It is notable that old > new effects were not identified in cortical regions typically
associated with the successful recollection of qualitative information about a study episode
(e.g., the angular gyrus, medial PFC, and posterior cingulate/retrosplenial cortex; for
reviews, see Kim, 2010; Rugg and Vilberg, 2013). Rather, the present effects include regions
—such as the IPS and anterior PFC - that correspond to those previously reported to
accompany familiarity-based recognition judgments (for reviews, see Vilberg and Rugg,
2008; Kim, 2010). Thus the current findings support the assumption that the recognition of
test items during continuous recognition is typically supported primarily by an acontextual
familiarity signal (Johnson et al., 2008; Suzuki et al., 2011ab; Rugg et al., 2012, but see,
Huijbers et al., 2010).

Only one cortical region — the left anterior PFC — demonstrated a context-dependent old >
new effect. This took the form of greater activity for old-Old than for either old’-Old and
new-Old pairs. The left anterior PFC has been previously implicated in familiarity- rather
than recollection-based recognition judgments (e.g. Yonelinas et al., 2005; Vilberg and
Rugg, 2007; for a review, see Kim, 2010). Thus the present results raise the possibility that
the region identified here as context-sensitive is especially sensitive to the strength of the
familiarity signal supporting recognition judgments, reflecting the enhancement of
familiarity arising from the repetition of the same item-context configuration (see,
‘Behavioral findings’). As was noted previously, along with the anterior PFC, the IPS has
also been implicated in familiarity-based recognition judgments (for reviews, see Vilberg
and Rugg, 2008; Kim, 2010). Indeed, it has been reported that activity in this region co-
varies with familiarity strength (Yonelinas et al., 2005, Suzuki et al., 2011a, Johnson et al.,
2013). In light of these findings, one might have expected this region to parallel the anterior
PFC in demonstrating greater activity for old-Old than either old’-Old or new-Old pairs.
Although evidence for such an effect was not forthcoming from the analyses described
above, such an effect was evident in the left IPS for the directed contrast between old-Old
and the other two classes of test pairs containing old items (peak co-ordinates of -39 —64 55,
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Z = 2.54, 101 voxels at a threshold of p < 0.05). Thus, there is little or no evidence from the
present study to suggest that the left anterior PFC and the left IPS are differentially sensitive
to the strength of the familiarity signal supporting recognition memory judgments.

Conclusion

Remarkably, we were unable to identify any regions, either within or outside the
hippocampus, where activity was enhanced for novel relative to familiar item-context pairs.
Hence, we found no evidence to suggest that previously reported hippocampal novelty
effects reflect differences in the time since an item was last experienced. We did however
identify a hippocampal effect that reflected the mismatch in novelty between an item and its
local context. This finding supports the possibility that hippocampal novelty effects reflect a
disparity in novelty between test items and their contexts.

Methods and materials

Participants

Twenty-four participants (mean age of 23 yrs, range 18-30; 11 females) with normal or
corrected-to-normal vision completed the experiment; each participant contributed data to
the analyses described below. Participants had no contraindications for MRI and reported
themselves to be right-handed and free of neurological and psychiatric disease. Informed
consent was obtained prior to participation. The experimental protocol was approved by The
University of Texas, Southwestern Medical Center at Dallas Institutional Review Board.

Stimulus Materials

Experimental items consisted of 272 color pictures of objects obtained from Hemera Photo
Objects 50,000 Volume 11 (2001). Each object was paired with a semantically unrelated
concrete word. The words were selected from the word norms compiled by Nelson et al.
(2004) and ranged in length from 3 to 9 letters and in frequency from 1 to 600 counts/
million. For each participant, the object-word (context-item) pairs were randomly sorted and
selected to create 4 lists, one for each of the pair types. The first list provided the initial
presentations of context-item pairs (new-New pairs), the second list comprised repeated
items paired with the same context as the initial presentation (old-Old pairs), the third list
comprised repeated items paired with a different repeated context (old’-Old pairs), and the
fourth list comprised repeated items paired with a new context (new-Old pairs).

The aforementioned 4 lists were used to create 4 continuous recognition runs (no context-
item pairs were repeated across runs). Each run consisted of 96 context-item trials with an
additional 22 null trials (3500 ms of fixation). Context-item pairs were presented at the
center of a grey screen. On each trial, the context (object) was first presented in isolation for
300 ms. The item (word), presented in 25-point Arial font with yellow characters, was then
superimposed across the center of the context for 500 ms, after which both the context and
item were removed. A central fixation cross was then displayed for 2700 ms followed
immediately by the presentation of the next context or the onset of a null trial. Contexts
subtended maximum horizontal and vertical visual angles of 4.61°. The maximum horizontal
angle subtended by the items was also 4.61°.
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Trials in each run were organized into a series of 6 blocks (participants were unaware of this
organization and, from their perspective, viewed only a continuous stream of context-item
pairs). The initial block consisted of 8 new-New pairs. Each subsequent block consisted of a
1:1 ratio of new and old items (i.e., 8 new-New, 2 old-Old, 2 old’-Old, and 4 new-Old pairs).
Critical fTMRI contrasts were conducted on the last 5 blocks. Items were repeated after
between 1 and 30 intervening items (with a mean lag of 14 items)z. The mean lag for
context repetitions for old-Old and old’-Old pairs was 15 contexts. Trial presentation was
pseudorandom, and no more than 3 context-item pairs of any given type were presented
successively (following the 8 initial new-New pairs). No more than two null trials were
successively presented. Each run terminated with 20 s of fixation.

Experimental Procedures

The task was to judge whether each item was being viewed for the first or the second time,
and to respond ‘new’ or ‘old’, respectively. Participants were instructed to treat the
associated context as a warning cue to prepare for the upcoming item. It was stressed that
the identity and study status of the context were irrelevant and that decisions should be based
solely upon the study status of the following item. Instructions also stressed the need to
respond as quickly as possible without sacrificing accuracy. Responses were made on a
button-box with the middle (old response) and ring (new responses) fingers of the right
hand. Prior to entering the scanner participants completed a short practice run consisting of 7
context-item pairs (with at least 1 trial of each condition) that were presented on a laptop
computer.

Image Acquisition and Analysis

MR images were acquired on a 3 T Philips Achieva MRI scanner (Philips Medical Systems)
using a 32-channel head coil. Functional images were acquired using an echo-planar
imaging (EPI) sequence (SENSE factor of 1.5, flip angle 70°, 80 x 80 matrix, FOV = 24 cm,
TR = 2000 ms, TE = 30 ms, 34 slices, 3 mm slice thickness, 1 mm gap, 3 mm isotropic
voxels). The images were acquired oriented parallel to the anterior/posterior commissure
plane in ascending order. For each continuous recognition run, 205 volumes were acquired
(yielding an effective sampling rate of 2 Hz, given the 3.5 s inter-trial interval). Anatomic
images were acquired using a magnetization rapidly acquired gradient echo sequence
(MPRAGE; 240 x 240 matrix, 1 mm isotropic voxels).

fMRI analysis was conducted with Statistical Parametric Mapping (SPM8, Wellcome
Department of Cognitive Neurology, London, UK). Functional image preprocessing
included realignment to the mean image, slice-time correction (using the middle slice as
reference), reorientation, spatial smoothing with a 8 mm full-width-half-maximum (FWHM)
Gaussian kernel, and spatial normalization to Montreal Neurological Institute (MNI) space
using a standard EPI template (Cocosco et al.,1997). Anatomic images were normalized to
MNI space for each individual participant (using the T1 template of SPM8) and then
averaged across participants to create a mean image across all participants. The timeseries in

2\When items repeated at lags of less than or equal to 5 intervening items were excluded from these analyses an identical pattern of
results was observed. Thus, the present effects are unlikely to reflect the influence of items maintained in short-term or working
memory between successive presentations.
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each voxel was temporally smoothed using a high-pass filter of 128 s and scaled to a
constant mean within a session. Sessions were not concatenated prior to first-level analysis
(see below).

fMRI data were analyzed in two stages. In the first stage, events of interest were defined as
the new-New, old-Old, old’-Old, and new-Old pairs attracting an accurate response (old
pairs derived from the new-New pairs presented in the lead-in block of each run were treated
as events of no-interest). Pairs associated with inaccurate responses, false-alarms, and
failures to respond, along with new-New pairs from the lead-in blocks, were modeled as a
single event of no-interest. Delta functions were used to model neural activity at the onset of
the context for each pair. The associated BOLD response was then modeled by convolving
the delta functions with the canonical hemodynamic response function and its temporal and
dispersion derivatives (Friston et al., 1998). In all, the first-level GLM for each participant
contained 4 events of interest (new-New, old-Old, old’-Old, and new-Old), a single event of
no-interest, 6 regressors corresponding to the motion parameters (three for rotation and three
for rigid-body translation), and a constant for each run which modeled mean image intensity.
An AR(1) model was implemented to correct for serial correlations in the error covariance
(Friston et al., 2002).

Individual participant parameter estimates for the four events of interest (old-Old, old’-Old,
new-0ld, and new-New) were derived from the preceding single-subject GLMs and entered
into a second-level one-way repeated measures ANOVA in which participants were modeled
as a random-effect. To evaluate effects within the hippocampus, a mask was created by
manually tracing the hippocampus using the across-participant mean normalized 3D
anatomical image (based on standard anatomical landmarks; Insausti et al., 1998; Pruessner
et al., 2000). The mask image was smoothed with an 8-mm FWHM Gaussian smoothing
kernel using MRIcron software (Rorden et al., 2007). A voxel-wise threshold of p < 0.005
was used for targeted a priori contrasts (see Introduction) aimed at identifying effects within
the hippocampus (see also, Johnson et al., 2008; Suzuki et al., 2011a, 2011b). Correction for
multiple comparisons (p < 0.05) was effected by imposition of a cluster extent threshold of
10 voxels within the hippocampal mask. The threshold was estimated using a Monte Carlo
simulation of 10,000 iterations with a FWHM of 8 mm implemented using the AlphaSIM
tool in Analysis of Functional Neurolmages (AFNI) software (http://afni.nimh.nih.gov/afni/
AFNI_Help/AlphaSim.html). For whole-brain analyses an individual voxel threshold of p <
0.001 was used, corrected to p < 0.05 by imposition of a cluster extent threshold of 21
voxels (estimated using the same procedure as just described). All pairwise contrasts (see
Results) were conducted using the error term derived from the parent ANOVA. The peak
voxels of significant effects are reported in MNI coordinates.
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Highlights

New items elicit greater hippocampal activity than old items (‘novelty’
effects)

These effects may reflect a novelty mismatch between test items and the
context

Enhanced hippocampal activity was elicited when item-context novelty
mismatched

Prior hippocampal novelty effects may thus reflect mismatch in item-context
novelty
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new-New old-Old

old-Old

new-0Old

Figure 1.
Context-item pairs. Repeated items (words in yellow) were paired with either the same

context (object) as on their first presentation (old-Old), a different but previously presented
context (old’-Old) or a new context (new-Old). The new-New pairs are the initial
presentation of each context-item pair and are shown on the left with the relevant old-Old,
old’-0Old, and new-Old pairs on the right.
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old-Old old-Old new-0Old new-New

Figure 2.
A. Hippocampal effects identified by the conjunction across two contrasts: new-Old > new-

New and new-Old > (old-Old +old’-Old). In this and subsequent figures, bar graph shows
the mean parameter estimates (+ 1 between participant SE) for each pair type extracted from
the peak voxels. Parameter estimates are shown for illustrative purposive only.
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Figure 3.
Context-independent old > new effects. Results are overlaid on the standardized brain of the

PALS-B12 atlas implemented in Caret5 (VanEssen, 2005). Left hemisphere is on the left.
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old-Old old-Old new-0Old new-New

Figure 4.
Context-dependent old > new effects within the left anterior prefrontal cortex. Parameter

estimates for the new-New pairs are shown for illustrative purposes only as follow-up
comparisons were conducted excluding this pai.
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Mean + 1 standard deviation proportions of correct responses and associated reaction times (RTs) for each pair

Table 1

type
Condition  Proportion  RT (ms)
old-Old 0.88+0.12 837145
old’-Old  0.81+0.15 851+155
new-Old  0.80+0.12 881+ 155
new-New  0.91+0.09 908+ 180
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