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Most theories of memory assume that representations are strengthened with repetition. We recently proposed Competitive

Trace Theory, building on the hippocampus’ powerful capacity to orthogonalize inputs into distinct outputs. We hypoth-

esized that repetition elicits a similar but nonidentical memory trace, and that contextual details of traces may compete for

representation over time. We designed a task in which objects were incidentally encoded either one or three times.

Supporting our theory, repetition improved target recognition, but impaired rejection of similar lures. This suggests

that, in contrast to past beliefs, repetition may reduce the fidelity of memory representations.

A great deal of neuroscientific and psychological research has
been aimed at understanding the way in which memories are en-
coded and retrieved. Since the seminal studies of amnesic patient
H.M. (Corkin 2002; Squire 2009), the critical importance of the
hippocampus and surrounding medial temporal cortical regions
has been repeatedly demonstrated. However, despite decades of
advancements in our understanding of this neural network, there
is still much debate about the nature of memories and the role of
the hippocampus in supporting them.

The two dominant accounts of the role of the hippocampus
are the Standard Model of Systems Consolidation (SMSC) and
Multiple Trace Theory (MTT). Both theories assume the necessity
of the hippocampus for the encoding of new memories, and rely
on a form of hippocampal indexing as a means of interacting with
the neocortex (Teyler and DiScenna 1986; Teyler and Rudy 2007).
However, these accounts differ in their treatment of the role of the
hippocampus during retrieval. SMSC argues that, over time, the
hippocampus essentially “teaches” the neocortex which elements
are to be bound in support of a memory trace (Squire and Alvarez
1995). Once the neocortex has sufficiently “learned” the memory
trace, the hippocampus is no longer assumed to be necessary to
support it. On the other hand, MTT proposes that every time a
memory is retrieved, a different trace is established, and that the
number of these traces corresponds to the strength of that mem-
ory (Nadel and Moscovitch 1997). Importantly, MTT distinguish-
es between semantic and episodic information, and argues that
the hippocampus is always necessary to retrieve context-rich epi-
sodic information, irrespective of age. Over the years, evidence
has accumulated in support of both SMSC (Kim and Fanselow
1992; Maren et al. 1997; Anagnostaras et al. 1999) and MTT
(Lehmann et al. 2007; Sutherland et al. 2008).

A more recent theory dubbed the Transformation Hypothe-
sis (Winocur et al. 2007, 2010) discusses a transfer of memories
from episodic, contextual content to schematic, semantic content
in an attempt at harmonizing between these discrepant findings.

Under this view, memories begin as episodic and hippocampally
dependent, and are transformed into semantic memories that
are represented in extrahippocampal corticeswhicharenot depen-
dent on the hippocampus. That is, the Transformation Hypothesis
assumes that the hippocampus’ role in memories is dependent
on their age such that older and more semantic memories no lon-
ger depend on the hippocampus for retrieval. This is in some ways
consistent with both SMSC and MTT, as discussed above.

Importantly, SMSC, MTT, and the Transformation Hypothe-
sis do not deal explicitly with the issue of memory interference.
This refers to the phenomenon of certain items in memory hav-
ing some degree of representational overlap, which can make
the items in question difficult to distinguish from one another.
Inability to overcome this type of interference can lead to am-
biguity in a memory trace, and even false remembering. An accu-
mulating body of research examining hippocampal computations
has found powerful and intricate structural and functional prop-
erties that seem to be especially suited for overcoming this inter-
ference. This process of orthogonalizing overlapping inputs has
come to be known as pattern separation (Marr 1971; O’Reilly
and McClelland 1994; Treves and Rolls 1994), and is thought to
be instantiated through sparse firing patterns of dentate gyrus
granule cells onto large populations of pyramidal cells in subre-
gion CA3 (Leutgeb et al. 2007; Norman 2010; Yassa and Stark
2011). Studies in rodents (Gilbert et al. 2001; Leutgeb et al.
2007; McHugh et al. 2007) and humans (Bakker et al. 2008; Lacy
et al. 2011) have indicated that even with slight deviations from
a previously encountered stimulus or context, the dentate gyrus
and area CA3 can show evidence for detecting and representing
change from an existing representation in memory. The powerful
implication of this research is that a process such as pattern sepa-
ration may underlie the brain’s capacity to create the many
unique memory traces that together comprise one’s personal
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narrative. As such, memory interference and the consequences of
fundamental hippocampal functions suited toward orthogonali-
zation of overlapping inputs into distinct memories are important
to consider.

We explicitly incorporated these hippocampal computations
into a framework of episodic memory function, which we referred
to as Competitive Trace Theory, or CTT (Yassa and Reagh 2013).
This account builds directly on hippocampal indexing theory
(Teyler and DiScenna 1986; Teyler and Rudy 2007) and attempts
to harmonize between ideas of both SMSC and MTT, much like
the Transformation Hypothesis (Winocur et al. 2010). In short,
we argue largely in agreement with MTT that the hippocampus
is always necessary to support context-rich episodic details, but
we are in agreement with SMSC that cortical learning can support
central features of a memory trace with sufficient time and re-
activations. Also in line with the Transformation Hypothesis, we
envision memory as existing on a continuum from episodic to
semantic content. Critically, we differentiate our account from
this and other previous theories by arguing that, in addition to
the passage of time, reactivation of events can affect where a mem-
ory falls on this continuum. We propose that with every reactiva-
tion event, competition may be induced by a similar, but not
identical, memory trace being established. That is, the hippocam-
pus is ideally suited to distinguish one event from another in
memory, but under conditions of identical input, this ability to
represent very similar events differently may lead to somewhat
dissimilar representations for identical stimuli. The overlapping
elements of the trace are assumed to become strengthened and
semanticized, leaving a core set of factual elements of a memory.
The nonoverlapping elements—rich contextual details that may
be highly similar, but are simply not the same as those of prior
encoding events—are assumed to compete with one another for
inclusion in the memory trace. This competition is thought to
occur at the level of the cortex, which does not have an interfer-
ence minimization scheme, unlike the hippocampus. The two
possible consequences of this competition among nonover-
lapping elements are (1) forgetting of these contextual details
(decontextualization of the memory trace) and (2) insertion of il-
lusory contextual details in any given reactivation (recontextual-
ization of the memory trace).

One simple prediction of CTT is that, given the hippocam-
pus’ powerful capacity for orthogonalization, it is possible that re-
peated encoding events of identical items will establish these
competing elements of memory traces. Though stimulus identity
is held constant, external (e.g., certain aspects of an object that
are encoded) and internal (e.g., attention and affective fluctua-
tions) contextual elements may vary from one experience to the
next. That is, a separate encoding event with an identical central
stimulus may lead the hippocampus to create a memory trace
with distinct components. This describes a potential negative
consequence of pattern separation having occurred. Whereas pat-
tern separation computations reduce interference among similar
inputs, it is possible that these computations can create par-
tially nonoverlapping representations of identical stimuli, which
would itself induce interference. This would induce competition
each time a partially nonoverlapping memory trace is encoded,
strengthening overlapping elements (e.g., the sort of object re-
peatedly seen), and weakening nonoverlapping elements (e.g.,
very specific details about that object across encounters). We hy-
pothesize asymmetrical consequences of this competition among
memory traces: (1) general recognition of studied items should
improve with multiple exposures, but (2) detailed discrimination
of studied items may actually be hindered by multiple exposures.

We designed a behavioral paradigm to directly test this pre-
diction. Twenty-one healthy volunteers (12 females and nine
males, mean age ¼ 20.9 yr, standard deviation ¼ 1.3) from the

Johns Hopkins University undergraduate community gave in-
formed consent in accordance with the University’s Institutional
Review Board, and participated in the study. In this experiment,
participants first underwent an incidental encoding phase in
which pictures of common objects were judged as being more
commonly found “indoors” or “outdoors.” Each object was
viewed for 2.5 sec, with a 0.5-sec inter-stimulus interval. Responses
were made and recorded during the 2.5-sec stimulus presentation.
We manipulated the number of times study items were encoun-
tered such that 150 objects were seen only once, and 150 objects
were seen a total of three times each (resulting in 600 trials in
total) (Fig. 1A). Trial order was pseudorandomized such that
items repeated multiple times were not presented back-to-back.
Following incidental encoding, subjects completed a surprise re-
trieval phase in which their memory for the previously seen ob-
jects was tested. This phase consisted of 400 objects, 150 of
which were repeated targets, 150 were similar lures, and 100
were novel Foils (Fig. 1B). Of the 150 targets and lures, each respec-
tively consisted of 75 objects that were viewed only once during
encoding, and the other 75 were viewed three times during encod-
ing. Finally, lure items were categorized into five similarity bins
based on a priori behavioral assessments (Lacy et al. 2011). Lure
bins ranged from bin 1 to bin 5, with bin 1 being the most similar
to the original object, and bin 5 being the most dissimilar. This
provided a range of lure similarity, and thus allowed us to analyze
the effects of item repetition on discrimination across five levels
of difficulty. This aspect of our manipulation is critical, as the
amount of memory interference is parametrically distributed
across our lure items. This allows us to assess whether any effects
of repeated exposures are limited to certain levels of memory inter-
ference. In the retrieval phase, subjects were tasked with indicat-
ing whether each object was “old” (an identical target) or “new”
(a similar lure or a novel foil). The experiment was programmed us-
ing PsychoPy stimulus presentation software (Peirce 2007, 2008).

Raw response proportions can be seen in Table 1. For statisti-
cal comparisons, target recognition was assessed in terms of nor-
malized d′ values (z[Target Hit Rate] – z[Foil False Alarm Rate])

Figure 1. Schematic of the trial design. All images were presented for
2.5 sec, with a 0.5-sec inter-stimulus interval. (A) Encoding phase consist-
ing of 600 trials. Judgments were incidental (“Indoor/Outdoor?”), and
subjects were unaware of a subsequent memory test. One-hundred-and-
fifty images were encountered once, and another 150 were encountered
three times. (B) Retrieval phase consisting of 400 trials (150 repeated
Targets, 150 similar Lures, and 100 novel Foils). Of the Targets and
Lures, half of the original images were presented once, and the remaining
half three times. Judgments were overtly mnemonic (“Old/New?”).
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derived from signal detection analysis. An independent samples
t-test revealed that subjects performed significantly better at
target recognition (assessed via d′) for objects seen three times
than for those seen only once (t(20) ¼ 3.899, P , 0.001) (Fig. 2A).
We note that the average response criterion was not significantly
altered between 1- and 3-exposure images across lure bins
(C1exposure ¼ 0.64, C3exposures ¼ 0.69; t(20) ¼ 0.23, P . 0.05) or
within particular lure bins (all P . 0.05), suggesting that the
data reflect effects on mnemonic processes rather than simply bi-
ased response criteria. This result supports our first hypothesis
that general recognition of repeated target items is improved by
multiple encoding events.

We assessed discrimination of similar lure objects via a re-
peated measures ANOVA with number of repetitions (one vs.
three) and lure bin (bin 1 through bin 5) as fixed factors. We cor-
rected for response bias by calculating a lure discrimination index
(LDI) for each subject: p(“New”|Lure) – p(“New”|Target), or lure
correct rejections – target misses. Importantly, we used a pooled
term for misses, combining miss rates across 1- and 3-exposure tar-
gets. This yields a single value for correcting lure discrimination
values, capturing a general tendency toward biased “New” re-
sponses for each subject throughout the experiment. Although
prior studies in this vein have included a “Similar” response to dis-
ambiguate explicit recognition of a lure item vs. simple forgetting
of the original stimulus (vs. the more inclusive “New” response),
we note that our corrected LDI accounts and corrects for overall
forgetting rates. The repeated measures ANOVA revealed a signifi-
cant effect of lure similarity bin (F(4,76) ¼ 88.018, P , 0.001 cor-
rected, h2

P = 0.822), indicating variability in difficulty across
bins. We furthermore observed a significant effect of the number
of exposures (F(1,19) ¼ 11.673, P ¼ 0.003 corrected, h2

P = 0.381)
and a significant interaction between lure bin and number of ex-
posures (F(4,76) ¼ 3.267, P ¼ 0.026 corrected, h2

P = 0.147). For all
observed effects, power .0.9. These results suggest that subjects’
ability to correctly reject lures varied as a function of exposures,
and that this did not affect all lure bins uniformly. Post hoc con-
trasts were conducted following the ANOVA to probe for differ-
ences at specific levels of mnemonic interference across lure
bins, which were corrected for multiple comparisons using
Scheffé’s method (yielding critical FS ¼ 9.968), and nonsphericity
of error. We found that rejection of similar lures was diminished
for objects encoded three times relative to those encoded only
once in bin 2 (F(1,76) ¼ 13.399, P , 0.05 corrected) and bin 3
(F(1,76) ¼ 19.507, P , 0.05 corrected) (Fig. 2B). Additionally, this
same contrast was marginal in lure bin 4, but fell short of signifi-
cance given our corrected threshold (F(1,76) ¼ 6.214, uncorrected
P ¼ 0.015). It is possible that this particular comparison would
have been significant given a larger sample size, although our
analyses were clearly powered for detecting effects in other bins
(based on observed power .0.9 in the ANOVA main effects and
interaction). No differences were observed in bins 1 and 5. In sum-
mation, lure discrimination was impaired with multiple expo-
sures in conditions of moderate mnemonic interference (bins 2
and 3, and perhaps bin 4). However, when interference was espe-
cially high (bin 1) or low (bin 5), multiple encoding events did not
adversely affect mnemonic discrimination. It is important to note
that when interference is especially high, pattern separation may

fail, and when it is especially low, it may
not be required. We additionally note
that our null effect at bin 1 is possibly
due to floor performance, and that dis-
crimination at this level of interference
is maximally difficult (indeed, correct re-
jection rates here did not differ from
chance with either 1 or 3 exposures).
Taken together, in the present data,

bins 2–4 best approximate the trials on which a pattern separation
mechanism is likely engaged, although we cannot speak to this
directly without supporting neural data.

In this experiment, we presented subjects with common ob-
jects that were incidentally encoded, and later tested their ability
to recognize target items and correctly reject similar lures. We var-
ied lure similarity to assess the levels of difficulty at which this ef-
fect was most pronounced. However, unlike prior studies in this
vein, we manipulated the number of times subjects encountered
the objects during encoding, with half being viewed only once
and the other half being viewed three times. Consistent with
our hypotheses based on the recently proposed CTT, we found
that target recognition was improved with multiple exposures,
but that multiple exposures also degraded discrimination of sim-
ilar lures from items in memory.

The first result is certainly uncontroversial. It is rather intui-
tive that multiple opportunities to experience something should
strengthen its representation in memory (Ebbinghaus 1885),
which is exactly what we observed for target recognition in this
experiment. To evoke an example from daily life, one might ex-
pect that the ability to recognize a particular intersection of city
streets improves as one visits that intersection more frequently.

Table 1. Raw proportions correct (mean, SD) of target hits and lure correct rejections by
number of exposures (mean novel foil CR rate ¼ 0.97, SD ¼ 0.04)

Target hit
Lure bin

1 CR
Lure bin

2 CR
Lure bin

3 CR
Lure bin

4 CR
Lure bin

5 CR

1 Exp. 0.73 (0.07) 0.47 (0.14) 0.72 (0.11) 0.80 (0.10) 0.85 (0.14) 0.92 (0.10)
3 Exp. 0.90 (0.07) 0.47 (0.17) 0.61 (0.17) 0.70 (0.12) 0.80 (0.18) 0.90 (0.09)

Figure 2. Results from the Retrieval phase. (A) Target recognition per-
formance (normalized d′ indices) was improved for objects encoded
three times compared to those encoded only once. (B) Lure correct rejec-
tion (bias-corrected Lure Discrimination Index) was generally hindered by
three encoding events compared to a single encoding event. This effect
was specific to moderate degrees of mnemonic interference (similarity
bins 2 and 3, and marginally in bin 4).
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However, our second result is considerably less intuitive. Our find-
ings suggest that although the ability to generally recognize some-
thing is strengthened with multiple encounters, one’s ability to
discriminate among similar items in memory decays, as evinced
by a marked decrease in lure discrimination. Revisiting the exam-
ple of the intersection of city streets, this implies that if one were
to frequently visit a particular intersection, one’s ability to finely
discriminate that intersection from other very similar ones is not
enhanced, but rather hindered. It is possible that such a dynamic
involves a trade-off between “gist” memory and “detail” memory
(Nadel et al. 2000), respectively enhancing the former and degrad-
ing the latter, though the exact mechanistic underpinnings of
such a distinction are unclear.

We propose that the mechanism of such a trade-off lies in the
capacity of the hippocampus to orthogonalize highly overlapping
inputs into orthogonal outputs (Yassa and Stark 2011). This capac-
ity may be so robust, in fact, that identical repetitions are none-
theless capable of inducing competition among memory traces
that can enhance the overlapping central features of a memory,
but lead to drop-off of distinguishing contextual details as recent-
ly proposed by CTT (Yassa and Reagh 2013). This notion is consis-
tent with recent evidence that the extent of similarity among
neural patterns from one exposure to the next is predictive of sub-
sequent memory (Xue et al. 2010), and it stands to reason that
even exact repetitions of a studied item may, in some cases, lead
to a decay in such pattern similarity. In our own model, we have
conceived of memory traces existing on a continuum from richly
detailed and episodic to decontextualized and semantic, with the
passage of time and the occurrence of reactivation events driving
the process (Fig. 3). The present data support this account of mem-
ory updating. Alternatively, repetition has been observed to shift
reliance toward familiarity (rather than recollection) as one re-
members a given event (Jacoby et al. 1998). As such, repetition
may affect one’s ability to discriminate as a memory trace shifts
its dependence entirely from the hippocampus to cortical sub-
strates, and may elicit differential effects of decay and interfer-
ence. In particular, higher reliance on familiarity may make a
memory trace more susceptible to interference, and may thus hin-
der discriminability (Sadeh et al. 2014). We note, however, that
such an account is not inconsistent with the tenets of CTT, and
that increased reliance on familiarity can be seen as a result of
semanticization as the hippocampus itself induces interference
with repetition.

A limitation of this experiment lies in the range of the num-
ber of exposures used. Although we could certainly extend this
range to include conditions of 5 or more exposures, this would
lead the encoding phase of the task to be prohibitively long in
duration. Also, in preliminary work, we discovered that if addi-

tional encoding opportunities are introduced, subjects become
keenly aware of the repetition, and the nature of the task changes.
Specifically, with five repetitions, subjects became aware of the
repetition, and reported engaging mnemonic strategies (counting
exposures, comparison and matching to last exposure, etc.). In the
three-exposures condition used here, some subjects reported be-
ing somewhat aware of multiple exposures to certain stimuli,
but did not recognize the extent to which images were being re-
peated. Thus, we opted to use the 3-exposure condition.

We note that the timeframe of the present study differs from
those described by consolidation theories. Specifically, our exper-
iment operates over the order of an hour or so, whereas consolida-
tion is thought to take substantially longer in the mammalian
brain. It is likely that the consolidation window is quite variable
and that some of these synaptic modification processes begin on
a smaller timescale. For example the conversion of early to late
long-term potentiation occurs over the first hour after encoding
an experience (Frey and Morris 1997). During that window, it is
possible that reactivation of the memory allows for synaptic mod-
ification. This time window is also consistent with reconsolida-
tion studies (Tronson and Taylor 2007). Importantly, a key tenet
of CTT is that, in addition to the passage of time, reactivations
can cause a memory to become decontextualized and lose episod-
ic detail. It is this latter component that our experiment specifi-
cally manipulated, though in future experiments we intend to
test the predictions of CTT as relates to elapsed time, and its inter-
action with reactivations.

These data provide basic support for one of the central tenets
of CTT and offer a simple paradigm by which trace competition
can be assessed in future studies using high-resolution brain imag-
ing of hippocampal subfields.
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