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Neuropsychological studies of memory disorders have played
a prominent role in the development of theories of memory.
To test and refine such theories in future, it will be advanta-
geous to include research that utilizes physiological measures
of the neural events responsible for memory. Measures of the
electrical activity of the brain in the form of event-related po-
tentials (ERPs) provide one source of such information. Re-
cent results suggest that these real-time measures reflect rele-
vant encoding and retrieval operations. In particular, distinct
electrical responses have been associated with recollective
processing of words and with priming of visual word-form.
This source of evidence can thus enrich our understanding of
both the cognitive structure and neural substrates of human
memory.

1. Introduction

Measures of the electrical activity of the human brain
can be used as powerful tools for studying human mem-
ory. However, the feasibility of this approach depends
on the extent to which associations between memory
functions and neurophysiological measures can be val-
idated. Some recent advances in measuring the electri-
cal activity of the brain in healthy human individuals
will be reviewed below, with an emphasis on the use
of event-related potentials (ERPs) recorded from scalp
electrodes. This work will be interpreted not merely
within the context of studies of brain potentials, but
within a broader theoretical perspective that addresses
both the cognitive structure and the neural implemen-
tation of memory functions.

Studies of memory impairments in neurological pa-
tients have had a particularly strong influence on our
understanding of human memory to date [29,63,69].

Despite the insights that this neuropsychological per-
spective has provided, it has its limitations. Analyses
of cognitive functioning in patients with brain damage
may not always yield an accurate or complete reflection
of memory functions. When the neuropsychological
approach can be combined with physiological evidence
from neurologically intact subjects, however, these lim-
itations can potentially be overcome. Before consid-
ering this alliance between neuropsychology and elec-
trophysiology, I will outline a framework for concep-
tualizing certain memory functions, based primarily on
studies of amnesia.

2. The neural implementation of declarative
memory

The usefulness of studies of amnesia is perhaps a
fortuitous by-product of the fact that the amnesic deficit
can be highly selective. Some amnesic patients dis-
play a vast array of preserved cognitive functions, in-
cluding several memory functions. Accordingly, evi-
dence from amnesia has been widely used to develop
hypotheses about the fundamental structure of mem-
ory. In particular, declarative memory has been de-
fined behaviorally as the type of memory required for
recalling and recognizing facts and events and for ex-
periencing conscious recollection under such circum-
stances [132]. Although answers to a variety of ques-
tions about declarative memory must await future re-
search, ample neuropsychological evidence supports
the classification of declarative memory as distinct from
other types of memory. The key empirical support for
distinguishing between declarative and nondeclarative
memory consists of a set of dissociations, wherein am-
nesic patients demonstrate poor memory when tested
by recall or recognition but not when tested using vari-
ous implicit memory tests, which are memory tests that
make no explicit reference to prior learning episodes.

One example of an implicit memory test used to show
preserved perceptual priming in amnesia is the word-
identification test [16,36,93]. In this test, subjects at-
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Fig. 1. Memory performance in amnesic patients and age-matched
control subjects on implicit and explicit memory tests. Patients with
amnesia exhibited normal word-identification priming (top) and im-
paired 3-alternative recognition for the same words (bottom). Figure
adapted from [93].

tempt to read words presented in a degraded manner.
Priming can be observed when identification is superior
for words that were also presented in a study phase pre-
ceding the word-identification test. Although amnesic
patients generally show normal priming in the word-
identification test, they perform poorly when asked to
recognize which words were presented earlier (Fig. 1).
Preserved priming in amnesia has also been verified
with a wide variety of other implicit memory tests in a
large literature on the topic [72,119,125,126].

Besides perceptual priming, other types of memory
shown to be preserved in amnesia include motor skills,
cognitive skills, simple classical conditioning, catego-
rization learning, nonassociative learning, and working
memory [29,121,133,135]. However, for present pur-
poses, the contrast between declarative memory and
perceptual priming will be emphasized. The hope is
that this contrast will bring the fundamental divergence
between declarative and nondeclarative memory into

sharper focus. An advantage of emphasizing the con-
trast between declarative memory and priming is that
identical materials can be used for testing both types
of memory (i.e., in explicit memory tests and implicit
memory tests, respectively). Of course, in both cases
one can try to distinguish between encoding, storage,
and retrieval processes. At the retrieval end, for ex-
ample, these two memory phenomena can be distin-
guished:

(1) Conscious Recollection – when one uses declar-
ative memory to bring to mind some prior event
or some factual knowledge, with the awareness
of retrieving; and

(2) Perceptual Priming – when, as the result of prior
experience, behavior is changed in certain cir-
cumstances pertaining to a specific perceptual
event, with no necessary sense of recollection.

One implication of the dissociations between recol-
lection and priming – and between declarative memory
and nondeclarative memory in general – is that memory
should be conceived of as encompassing a set of func-
tions, not just one ability. The fact that such distinctions
are honored by neuroanatomical boundaries bodes well
for further neurocognitiveexploration. Imagine instead
an alternative state of affairs such that declarative and
nondeclarative memory depend on exactly the same
neuroanatomical regions at some gross level of analy-
sis. There might be no simple way in which declara-
tive memory could be disrupted without also disrupting
nondeclarative memory. We could still be dealing with
a fundamental distinction, but if the relevant memory
functions were implemented in intermingled neural tis-
sue it would be more difficult to clarify the neural basis
of the distinction. The discovery that declarative and
nondeclarative memory are anatomically distinct opens
the door for further investigations that can both clari-
fy the neural bases of the distinction and elucidate the
cognitive processes specifically associated with each
type of memory.

According to many theoretical formulations, am-
nesic patients experience a dysfunction that disrupts
declarative memory but leaves other types of memo-
ry entirely intact (see [64] for a collection of current
views). A central challenge is to specify exactly why
declarative memory has this special status. A starting
point, then, is the generalization that when declarative
memory breaks down in amnesia, perceptual priming
can be preserved. To this can be added the further
speculation that the requisite information storage for
declarative memory takes place within neocortical ar-
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eas dedicated for processing the particular type of in-
formation in question [28,67,135]. Clearly, all declara-
tive memories are not stored in a unitary memory store-
house in the brain. Instead, facial memories are stored
in cortical areas where facial information is represent-
ed, verbal memories where verbal information is rep-
resented, and so on; memory storage in the cortex gen-
erally follows functional specialization in the cortex.
Yet, the memory dysfunction of amnesia cuts across all
sensory modalities and encompasses the entire range
of information that can be integrated into memories
for facts and events. Moreover, the disruption is not
centered on simply encoding or retrieving declarative
memories. Amnesic patients can generally deal with
information normally in immediate memory, which be-
lies an encoding explanation, and they can retrieve old
declarative memories normally, which belies a retrieval
explanation. The consensus is thus that the problem is
in storing declarative memories (e.g. [19,20,33,37,66,
70,71,73,136,140]). The dysfunctional process is not
required for the initial encoding or retrieval of declar-
ative memories, or for acquiring and expressing non-
declarative memories.

I will now present one specific conceptualization of
this memory storage problem, based on some ideas I
proposed earlier [82]. First, amnesia can considered as
the result of a defect in a special consolidation process
whereby enduring declarative memories are stored in
the cerebral cortex. This consolidation process is es-
sential because every declarative memory is composed
of elements that are dispersed across multiple corti-
cal regions, and as a result, these elements cannot be
held together easily. So consolidation is the process
whereby the cortical elements of a declarative memo-
ry are linked together. Normally, consolidation entails
interactions between the cerebral cortex and two other
brain areas, the medial temporal region and the medial
diencephalon (Fig. 2). Structural neuroimaging, func-
tional neuroimaging, and postmortem histology have
shown that the brain dysfunction in amnesia tends to
be localized to one or both of these two key areas (e.g.,
see [84]).

Declarative memories characteristically depend on
high-level perceptual, cognitive, and emotional at-
tributes represented by a set of distinct neuronal ensem-
bles. Due to (a) the complexity of facts and events and
(b) the functional organization of the cerebral cortex,
this set of ensembles depends on multiple cortical re-
gions. The experience of a fact or event in the present
moment (i.e., in immediate memory) can be achieved
when a set of distributed neuronal ensembles is activat-

ed under the control of prefrontal networks. 1 This set of
neuronal ensembles can become temporarily connect-
ed via cortico-thalamic and cortico-hippocampal net-
works. For a short period, these temporary connections
can facilitate the reactivation of the same set of ensem-
bles. At the same time, according to the present con-
ceptualization of consolidation, an additional function
of these temporary connections is key. While cortico-
thalamic and cortico-hippocampal networks link to-
gether a set of neocortical ensembles, they also insti-
gate the formation of new ensembles that become an
integral part of the declarative memory in question.
The newly formed ensembles are referred to as “coher-
ence ensembles” [82], because their function is to pro-
vide coherence to the dispersed neocortical represen-
tation. In other words, the temporary linking function
of cortico-thalamic and cortico-hippocampal networks
is ultimately replaced by coherence ensembles locat-
ed in temporal lobe regions near the hippocampus. 2

Speculations about the localization of these coherence
modules are currently not very precise, as they are
governed chiefly by neuroanatomical possibilities and
by the pathological evidence from patients with focal
retrograde amnesia or semantic dementia [42,52,62].
Regions that may be relevant include entorhinal cor-
tex, perirhinal cortex, parahippocampal cortex, tempo-
ral polar cortex, adjacent transitional cortex, and per-
haps orbitofrontal cortex. In any case, enduring declar-
ative memories are, by this account, characteristically
composed of a set of distributed neocortical ensembles
plus associated coherence ensembles (Fig. 3).

Consolidation fundamentally entails the repeated ac-
tivation of this set of neocortical storage sites, there-
by mediating memory retrieval, associations with other
memories, and the formation of an enduring declara-

1The role of frontal networks in activating and maintaining in-
formation in immediate memory may be only one of many memory
functions that can be ascribed to the frontal lobes. However, a pre-
frontal contribution may not be necessary for experiencing stimulus
events per se. Yet, it may be critical for experience to be removed
from the present moment and thus not tightly tied to environmen-
tal stimulation [56]. Additional frontal contributions may also enter
into the picture with respect to processing strategies at retrieval, as
discussed below.

2The most severe cases of amnesia are caused by damage to these
temporal lobe regions plus the hippocampus. In contrast, damage to
these temporal lobe regions alone can lead to semantic dementia, in
which remote memories may be disrupted more than recent memo-
ries [42]. Speculatively, damage to a circumscribed portion of these
regions with relative sparing of the hippocampus and some adjacent
temporal cortex may cause a focal retrograde amnesia [52,62], such
that the patient exhibits excessive retrograde impairments along with
a preserved ability to form new declarative memories.
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Fig. 2. Neuroanatomical regions involved in the storage of declarative memories. Figure adapted from [135].

tive memory. These several events that comprise con-
solidation can proceed whether or not the individual is
intending to memorize or rehearse the memory, such as
during the experience of related events or during sleep.
Other aspects of this theoretical formulation have been
described in detail elsewhere [82], but for present pur-
poses a key implication is that declarative memory and
priming can now be given these tentative neurobiolog-
ical definitions:

(1) Declarative Memory is a type of neocortical
memory in which the relevant plasticity occurs
across many neocortical zones and storage re-
quires a special consolidation process that is
unique to this type of dispersed neocortical mem-
ory.

(2) Priming is a type of neocortical memory in which
the relevant plasticity occurs within a single neo-
cortical zone.

Although priming has most commonly been inves-
tigated using single items such as words, sometimes
pairs of items have been used instead. In such cas-
es, priming may rely on associations among separate

representations. Such new associations might depend
on plasticity across multiple neocortical zones rather
than merely within-zone plasticity. According to the
conceptualization outlined above, this would require
consolidation. Indeed, implicit memory tests that tax
priming for new associations often reveal impairments
in amnesic patients [15,18,65,92,120,128]. Exceptions
to this generalization [31,74] may reflect the use of uni-
tized representations such that plasticity within single
neocortical zones is operative. Although other explana-
tions for impairments in priming have been given [79],
the conclusion that priming with familiar information
can be preserved in amnesia has received ample sup-
port [35,38,39]. In short, implicit memory tests do not
always show normal priming in amnesia. For priming
to be normal in amnesia, performance in healthy indi-
viduals must not be mediated by recall or recognition
and performance must not depend on new associations
represented across distinct cortical zones. The dissoci-
ation between recollection and priming in amnesia can
now be recast in neurobiological terms – recollection is
impaired due to consolidation failure following disrup-
tion of either cortico-thalamic or cortico-hippocampal
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Fig. 3. Figurative depiction of the stages of consolidation of dis-
persed neocortical memories. In stage 1, a fact or event is encoded
via representations that involve multiple cortical regions, based on
working memory processes controlled by prefrontal cortex. At about
the same time, this dispersed representation begins to make contact
with neurons in the medial temporal region. Hippocampal connec-
tions rapidly become part of a newly formed network so that the
dispersed cortical fragments can remain connected beyond the span
of immediate memory. In stage 2, coherence ensembles are formed
in entorhinal, perirhinal, and parahippcampal cortex, and in adjacent
cortical regions, and these become part of the network. Connections
become strengthened as the memory is reactivated on subsequent
occasions, while coherence ensembles develop a central role as they
take on gestalt-like aspects of the memory and its relationship to
other memories. Coherence ensembles thus function to maintain co-
hesiveness among the various parts of the declarative memory. In
stage 3, coherence ensembles take part in the reactivation of the dis-
persed neocortical memory without any necessary contribution from
hippocampal connections.

networks, whereas priming due to plasticity within sin-
gle neocortical zones is preserved.

3. Electrophysiological measures of recollection

Given these hypotheses about memory derived from
neuropsychological research, I will now explore how

300 900 ms6000

old words 
new words 
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Fig. 4. An example of an old-new ERP difference (also known as an
ERP repetition effect) obtained during a yes-no recognition test. The
ERP response to old words was more positive than that to new words,
beginning about 400 ms after word onset (from results obtained by
Paller, Kutas, and Mayes [89]). Recordings were made from the
midline parietal scalp location and positive potentials are shown as
upward deflections.

relevant evidence can be obtained by measuring brain
activity in healthy individuals. In particular, I will fo-
cus on ERPs, which are extracted from the electroen-
cephalogram using signal-averaging methods.3 Non-
invasive ERP recordings from the scalp reflect the sum-
mation of electrical activity generated in various brain
regions, activity which summates by virtue of factors
such as the spatial alignment of neurons and the syn-
chrony of neural activity [58].

For ERP results to be useful in memory research,
ERP measures must be shown to be sensitive to impor-
tant memory functions. Towards this end, ERPs have
been recorded during various sorts of recognition tests
(e.g. [4,26,27,48,53,76,89,106,113,116,144]). The ev-
idence suggests that differential ERP responses to old
and new items may be useful for studying retrieval.
In ERP experiments with visual words, for example,
responses to old words tend to be more positive than
responses to new words about 400 to 800 ms after word
onset (Fig. 4). Similar results have also been obtained
with nonverbal materials, as in one experiment in which
subjects viewed color slides depicting a variety of peo-
ple, places, and paintings [75]. Following ERP record-
ings, subjects were shown each slide a second time and

3The present discussion of ERPs and memory has a limited scope.
Comprehensive reviews of the ERP literature have appeared else-
where [46,57,109]. Some of the issues covered here also apply to
work with other methodologies for measuring brain activity accom-
panying cognition. Other electroencephalographic phenomena as-
sociated with memory include EEG measures in the frequency do-
main [55] and slow potentials [105].



132 K.A. Paller / Neural measures of conscious and unconscious memory

asked whether they had recognized it during its initial
exposure. An average of 11% of the slides fell into
this category, and ERPs to these recognized slides were
considerably more positive than ERPs to unrecognized
slides, particularly at around 400 ms. This result par-
allels findings from other experiments in which items
recognized from a presentation earlier in the experi-
ment elicited ERPs that were more positive than ERPs
to new items. These reports of old-new ERP differ-
ences provide a good foundation for the suggestion that
recognition processes are measurable using ERPs.4

Before accepting the claim that ERPs tap process-
es central to recognition, however, we must consider
several features of typical recognition paradigms that
cloud the issue. First, both the time to make a recogni-
tion judgment and the confidence with which it is made
may differ considerably between old and new items.5

Second, the fact that subjects are required to detect
recognized items may call into play target-detection
operations that differ for old and new items. Third,
the subjective probability of old and new items may
differ, whether or not actual stimulus probabilities are
matched. All of these factors are known to influence
ERPs, so these confounding factors are particularly
worrisome. In short, it can be problematic to distin-
guish electrophysiological (or other physiological) ef-
fects due to these nonspecific factors from effects due
to recognition per se. Furthermore, and most important
in the present context, simply comparing old and new
items in a recognition paradigm does not take into ac-
count the idea that both recollection and priming occur
in such a situation.

Although several lines of evidence are consistent
with the hypothesis that ERPs are sensitive to recog-

4ERPs have also been used to show that neurocognitive events at
the time information is first encoded are predictive of whether they
will be remembered later. The phenomenon of an ERP difference
computed as a function of later memory performance, sometimes
called Dm, has been observed with explicit memory tests such as re-
call and recognition (e.g. [23,53,80,89,94,116]) but not with implicit
memory tests such as stem completion or word identification [80,
88]. More recently, such effects have been observed with fMRI [10,
25,143], with intracranial ERP recordings in the medial temporal
region [24], and with other EEG measures [55,145].

5In one experiment, for example, ERPs were averaged separately
according to confidence measures (an analysis reported in [81] of data
collected by Paller, Kutas and Mayes [89]). ERPs were more positive
for words categorized with high confidence than with low confidence.
In fact, ERPs in other paradigms are similarly correlated with decision
confidence [41,107]. Confounds with recognition confidence can
thus contribute to observed old-new ERP differences, particularly
when hits to old items are more confident than correct rejections to
new items. Confidence judgments tend to be insufficiently sensitive
to ameliorate this problem.

nition processes, much of the early evidence fell short
of being conclusive. Johnson and colleagues [47,48]
showed that ERPs correlated with increases in memory
strength as study words were repeated, which would be
expected for an ERP correlate of recognition strength.
Bentin and colleagues [6,7] recorded old-new ERP dif-
ferences and proposed that ERPs are sensitive to both
implicit and explicit aspects of memory performance.
However, the methods used were insufficient for disen-
tangling these different processes because both types of
memory were influenced by the manipulations. Like-
wise, ordinary contrasts between implicit and explicit
memory tests using the stem-completion methodology
have been insufficient for fractionating out valid neural
correlates of implicit and explicit memory [3,81,138].
Smith and Halgren [131] interpreted their ERP results
in terms of a distinction between memory strength and
contextual retrieval as two separate bases for recogni-
tion judgments [1,43,60]. Lists of 20 abstract words
were arranged such that the same 10 words occurred
in every list, and subjects were instructed to press a
button whenever one of these repeating words was pre-
sented. Recognition accuracy increased across the six
lists in healthy individuals and in patients with unilat-
eral anterior temporal lobectomies (performed for re-
lief of medically intractable epilepsy). Smith and Hal-
gren [131] suggested that increases in memory strength
were normal in all patients, but that the ability of pa-
tients with left-hemisphere excisions to use contextual
retrieval was compromised and that this explained at-
tenuated old-new ERP differences that were found in
those individuals. In other words, old-new ERP differ-
ences were thought to reflect contextual retrieval. This
conclusion was not endorsed by the authors of a simi-
lar study [114], who found no relationship between the
magnitude of old-new ERP effects and verbal memory
performance in epileptic patients.

An alternative position was advocated by Rugg and
colleagues, who used several lines of evidence to argue
that old-new ERP differences reflect relative familiari-
ty and not recollection. The central assumption, from
two-process models of recognition, was that relative
familiarity (a discrepancy between the level of famil-
iarity cued by an item and the level of familiarity that
the individual would expect a priori) can function as a
basis of recognition judgments. According to Jacoby
and Dallas [43], for example, familiarity can be based
on fluent perceptual processing of repeated items. In
one study, injections of the anticholinergicagent scopo-
lamine were found to produce a decrement in recog-
nition performance along with an increase in old-new
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ERP differences [96]. The authors suggested that the
drug had a detrimental effect on recollection that coin-
cided with an increase in the extent to which recogni-
tion judgments were based on relative familiarity (i.e.,
thus endorsing a functional account of ERP repetition
effects antithetical to the hypothesis of Smith and Hal-
gren [131]). In other experiments, the finding that old-
new ERP differences were apparent for low-frequency
words but not for high-frequency words was interpret-
ed in relation to the idea that low-frequency words give
rise to a higher level of relative familiarity, an idea that
may also explain the recognition advantage for such
words [108,111]. However, if we grant that recognized
low-frequency words also tend to engage more recol-
lection [32], this evidence is equivocal with respect to
associating ERPs with familiarity versus recollection.

Conclusively determining whether or not ERPs can
be linked to recollection versus other factors required
a different empirical approach. In an attempt to isolate
neuronal activation specific to recollection, Paller and
Kutas [88] introduced a procedure based on produc-
ing behavioral dissociations between recollection and
priming. Instead of comparing ERPs to old versus new
words, ERPs were compared between different types of
old words presented during an implicit memory test, the
word-identification test. A levels-of-processing ma-
nipulation at study was used to produce a memory dis-
sociation of the sort previously demonstrated. When
subjects study words by focusing on word meaning for
one set of words and letter identity for another set of
words, the two sets of words are generally associated
with different levels of recall performance and similar
levels of priming [43,102,104], although this general-
ization is controversial [8,17,103]. Of course, memory
tests cannot be relied on for absolutely pure measures of
underlying memory phenomena (i.e., memory tests are
not process-pure). Nonetheless, reliable dissociations
between certain priming tests and explicit memory tests
provide a key ingredient for a convincing interpretation
of the ERP findings. The two types of studied words
under scrutiny differed in the extent to which recollec-
tion was provoked, but they were the same with respect
to (a) physical stimulus characteristics, by virtue of the
counterbalanced design, (b) the behavioral responses
made in the implicit memory test, and (c) the magnitude
of priming. Accordingly, we hypothesized that the ERP
difference wave was an electrophysiological correlate
of recollection, distinct from the influence of priming
or other confounding factors. These results constitute
the first published evidence to strongly support the hy-
pothesis that the subjective experience of recollection

can be monitored via measures of the electrical activity
of the brain.

Several other methods have also been used to re-
veal ERPs associated with recollection. One method
is to require subjects to respond according to their ex-
perience (i.e., a full experience of recollection is to be
given a “remember” response and a context-free feel-
ing of familiarity a “know” response), as in prior be-
havioral experiments (e.g. [32,142]). When applied
in ERP studies, results showed that ERPs were sen-
sitive to recollective processing, although the specif-
ic nature of ERP differences associated with pure fa-
miliarity varied across studies [22,109,129]. Indeed,
the early portion of ERP repetition effects have been
linked to N400 reductions and occasionally ascribed to
familiarity in the absence of recollection. However, an
alternative interpretation of N400 differences in mem-
ory paradigms is that they reflect conceptual priming
and working memory operations as typically engaged
during prose comprehension [78].

Another methodology for investigating electrophys-
iological correlates of recollection has been to include
a memory test in which source information must be
retrieved (e.g., the voice of spoken information). In
several studies, ERP differences were found between
recognized old items according to whether the source
was also correctly remembered or not [45,124,141,147,
148]. Based on the assumption that recollection would
tend to occur more often for words attributed to the
correct source than for words attributed to the wrong
source, the findings were interpreted as evidence that
ERPs are sensitive to recollective processing (see al-
so [130]).

In addition, the hypothesis of Paller and Kutas [88],
that an ERP correlate of recollection could be isolated
based on an appropriate encoding manipulation, was
substantiated by results from several follow-up experi-
ments. First, a variation of the design was used along
with a between-subjects manipulation of the extent to
which conscious recollection occurred [90]. These re-
sults showed that the ERP correlate of recollection was
not limited to the particular circumstances in the initial
experiment, and that it was larger in subjects more like-
ly to experience recollection. Furthermore, in the same
experimental paradigm, abnormal ERP responses were
observed from elderly participants with mild declara-
tive memory impairments [50]. Another ERP study
was conducted using a group of amnesic patients with
moderate to severe declarative memory impairments
compared to age-matched control subjects [78]. The
magnitude of late positive ERP differences was found
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to be correlated with the extent of memory impairment
in these patients, either measured via memory tests for
the words used in the experiment or via standardized
neuropsychological tests.

An analogous experimental strategy has also been
used in the auditory modality [34]. Spoken words were
presented under two different study conditions using
a levels-of-processing procedure. Priming of lexical
decision response time was the same across different
study conditions, whereas recognition was not. We
interpreted test-phase ERPs that differed between study
conditions as reflections of the retrieved visual imagery
engaged when the words were heard. This differential
imagery took place both during study and test, even
though the test condition did not require it. Indeed,
we speculated that our electrophysiological measures
reflected the recapitulation of this visual imagery, a
prominent factor supporting accurate word recognition.

ERP correlates of recollection can also be elicited
by photographs of faces [85,86]. In these experiments,
participants were first asked to memorize a set of faces
that were each accompanied by a voice simulating the
voice of that individual (e.g., “I’m Alison and I won
the Boston Marathon twice”). In a test phase, ERPs to
these faces (“remember faces”) showed reliable differ-
ences in comparison to ERPs to new faces as well as
to ERPs to faces that had been presented in the study
phase without voices and with instructions to forget
(“forget faces”). Importantly, results from a separate
behavioral experiment showed that perceptual priming
did not differ between the two types of studied faces,
whereas remember faces were later recognized much
more accurately. The ERP difference between the two
types of studied faces was therefore taken as a neural
correlate of recollection, disentangled from ERP cor-
relates of priming. Of course, it will also be neces-
sary to specify the full range of cognitive processes that
contribute to recollective experience in these situations.

In this regard, a reasonable speculation is that re-
trieval occurs through interactions between frontal and
posterior cortical areas. Results from applying both
ERP and fMRI methods in the same face recollec-
tion paradigm [95] have supported this speculation.
Furthermore, other ERP results likewise suggest that
frontal regions are particularly important for success-
ful episodic retrieval [97–99,139], as do many recent
results from neuroimaging and neuropsychology [77,
115,127].

In future, our understanding of the neural substrates
of recollection is likely to be enhanced by combining
neuropsychological approaches with methods for mea-

suring neural correlates of memory functions. Howev-
er, several challenges must be faced when attempting to
localize the sources of scalp-recorded ERPs, and when
attempting to establish a correspondence between ERP
correlates of recollection and fMRI correlates of rec-
ollection. First, the brain events that lead to an ERP
response are not necessarily identical to those that will
lead to an fMRI response [58,59,61,110]. Furthermore,
recollective processing will tend to engage a large set
of brain areas, such that the scalp-recorded electrical
activity will reflect a combination of activity from those
sources. When a large number of intracranial sources
are activated at the same time in this manner, it may
be exceedingly difficult to unambiguously identify the
separate sources based on scalp data. In some cir-
cumstances, as when very focal effects are achieved
in well-understood experimental contrasts, topograph-
ic information can be used to suggest that particular
brain regions may be active. Added evidence from oth-
er sources (e.g., magnetoencephalography, neuropsy-
chology, transcranial magnetic stimulation, etc.) can
be used to build a stronger case for localization of func-
tion. Nonetheless, combining ERP and fMRI evidence
from the same behavioral paradigm can be expected to
provide many additional insights into the brain events
responsible for recollection.

Topographic findings in studies of ERP correlates
of recollection have converged in some respects and
diverged in others. Most consistently, both parietal
and frontal scalp effects have been observed. Often,
the parietal effects are found to be larger over the left
hemisphere and the frontal effects over the right hemi-
sphere, but it is likely that both hemispheres are in-
volved. Some topographic differences across studies
may reflect the different sorts of memorial information
retrieved, which would be expected to depend on dif-
ferent neocortical regions. At the time of retrieval, ac-
tive regions presumably include the parts of neocortex
where specific information is stored as well as coher-
ence ensembles implementing the linking function –
additional consolidation will occur when information
is retrieved and when it is then related to other stored
information. An important goal for future experimen-
tation will be to determine whether neural correlates of
consolidation can be distinguished from neural corre-
lates of memory search, retrieval, evaluation, and rec-
ollection.

In sum, studies of old-new ERP differences led to di-
vergent hypotheses about relationships between ERPs
and memory retrieval, whereas subsequent studies suc-
ceeded in isolated ERP correlates of recollective pro-
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cessing. Due to the fact that both recollection and prim-
ing tend to occur when studied items are presented in
a memory test, conventional analyses of old-new ERP
effects tend to be equivocal with respect to isolating
ERPs associated with one type of memory or the other.
Demonstrations of ERP correlates of recollection were
most successful when (1) ERPs were recorded during
recognition tests as well as when subjects were not re-
quired to make overt recognition responses; (2) ERPs
were contrasted as a function of study conditions that
differentially influenced declarative memory but did
not differentially influence the magnitude of priming;
and (3) behavioral measures were included to confirm
the memory dissociations. The idea that observations
can be made of the neural events responsible for con-
scious recollection is important because such observa-
tions should prove helpful for testing theories about the
neurophysiology of declarative memory.

4. Electrophysiological measures of perceptual
priming

Perceptual priming differs from recollection in many
respects, and experimental juxtapositions of recollec-
tion and priming can potentially provide insights into
the distinctive nature of these two memory phenome-
na. To reveal neural correlates of priming, an approach
analogous to that used by Paller and Kutas [88] was
adopted by taking advantage of manipulations that in-
fluence priming more than recollection. In one exper-
iment, words were displayed at study either as com-
plete words or by showing one letter at a time in quick
succession [91]. Priming was enhanced in the for-
mer relative to the latter condition, whereas recognition
was relatively unaffected. ERPs corresponding to this
differential priming were recorded during the priming
test, when all words were displayed as complete words.
This ERP difference between conditions was interpret-
ed as a reflection of differential processing of visu-
al word-form (i.e., words represented as whole units),
given that so many other aspects of word processing
were matched in the two study conditions. The ERP
difference can thus be taken as an ERP correlate of just
one subtle aspect of priming pertaining to visual word
form, and it may be insensitive to other possible con-
sequences of prior experience with a word and to other
changes that could contribute to behavioral measures
of priming. The ERP correlate of visual word-form
priming [91] differed from ERP correlates of recollec-
tion recorded in a largely similar paradigm [90] in that

it occurred slightly earlier and had a focal topography
centered at occipital scalp locations.

These results were substantiated in a subsequent ex-
periment in which priming was manipulated by pre-
senting words either spelled forward or backward [87].
In this experiment, Paller and Gross [87] used both im-
plicit and explicit memory tests, in different subjects.
In the implicit memory test (detecting proper names
among other words), ERPs showed a reduced response
for the backward-study condition that was interpret-
ed as an ERP correlate of visual word-form priming.
On the other hand, in the explicit memory test (yes-no
recognition) the ERPs were predominated by ERP cor-
relates of recollection in the form of a positive shift for
both study conditions, particularly the backward-study
condition. Presumably, ERPs associated with recollec-
tion overlapped with and obscured the early ERP dif-
ferences that were apparent during the implicit mem-
ory test. These results thus provided further support
for the idea that ERPs from posterior scalp locations
can include an electrophysiological correlate of visu-
al word-form priming (see also [49,51]). In addition,
these ERP correlates of priming confirm the necessity
of valid experimental procedures to disentangle ERP
correlates of implicit and explicit memory, which can
be indistinguishable in standard old/new contrasts.

A few other methods have also been used to search
for ERP correlates of priming. In several ERP experi-
ments, a masked repetition priming procedure was used
in which subjects were unaware of the priming [122,
123]. Posterior ERP effects were found for words when
the same word had been presented about 2.5 s earlier in
masked format, and so may also reflect a sort of percep-
tual priming. However, the fact that the retention inter-
val was considerably shorter than in the priming studies
above could mean that quite different processes are op-
erative. Presumably, repetition effects within working
memory rely on different mechanisms than repetition
effects at longer delays, although this remains to be
investigated fully. In another experiment, ERPs were
elicited by new words, deeply encoded old words, and
shallowly encoded old words, and a putative ERP cor-
relate of priming was observed from 300–500 ms [112].
This positive response for old relative to new words was
observed whether or not the old words were recognized
and regardless of encoding task or whether an implicit
or explicit memory test was given. The functional fea-
tures of this potential are thus consistent with an ERP
correlate of priming. Given the different approach used
in this study, however, it is unclear whether the ERP
effects reflect the same process or processes as in the
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Fig. 5. Brain potentials specifically associated with visual word-form
priming and recollection. The upper waveform was computed by
subtracting brain potentials elicited by words previously viewed for-
ward or backward; priming magnitude was relatively greater in the
studied-forward condition [87]. The lower waveform was computed
by subtracting brain potentials elicited by words previously studied
in an imagery task versus an orthographic task; recollection was rela-
tively stronger in the imagery condition [88]. Recordings were made
from the midline parietal scalp location and positive potentials are
shown as upward deflections.

prior results from study phase manipulations of visual
word-form [87,91].

A direct comparison between an electrophysiologi-
cal correlate of recollection and an electrophysiologi-
cal correlate of perceptual priming is shown in Fig. 5.
These measures of brain events underlying recollec-
tion and priming provide new empirical footholds for
theoretical advances regarding the critical differences
between memories that are accessible to consciousness
and those that are not – and perhaps between conscious
and unconscious events in general. In particular, elec-
trophysiological correlates of priming are needed to
help clarify the significance of priming. While priming
can be considered a type of unconscious memory mea-
sured in certain contrived situations, much controver-
sy surrounds the question of how priming contributes
to memory and/or perceptual functions under normal
circumstances. Dissociations between recollection and
priming in amnesic patients and in healthy subjects,
particularly findings that priming can occur even when
an individual cannot explicitly distinguish between old
and new items, support the view that priming effects do
not contribute to performance on explicit memory tests
(e.g. [13,14]). However, priming may contribute to oth-
er functions. One position, championed by Wiggs and
Martin [146] is that perceptual priming may result from
decreased neural activity following perceptual learning,
which may be the essence of efficient perceptual pro-
cessing. Data from neuronal recordings, neuroimag-
ing, and neuropsychology support this view. In ventral

temporal areas of monkey visual cortex, some neurons
tend to show reduced responses to stimulus repetitions
or “repetition suppression” [5,11,21]. The character-
istics of this phenomenon, such as its automatic na-
ture, suggest that it may mediate behavioral measures
of perceptual priming (although the converse result,
repetition enhancement, was found in some neurons
for task-relevant stimuli [68]). Repetition suppression
may reflect changes in the perceptual representation of
an object as the elements of the representation become
refined and sharpened, and as some neurons drop out
of the neuronal ensemble or ensembles critical to the
object representation [21]. The alteration of cortical
representations in this manner is thought to be a normal
facet of perceptual learning, such that perceptual prim-
ing effects are a reflection of the more efficient per-
ceptual processing that comes naturally with repeated
experience.

At a general level, these physiological findings in
monkeys are in concordance with results from neu-
roimaging studies in humans, despite species differ-
ences and the uncertain relationship between unit and
hemodynamic responses. PET and fMRI evidence as-
sociating priming with reduced responses in occipi-
totemporal and other regions has been interpreted to im-
ply that priming may result from decreased neural ac-
tivity with repetition [2,9,12,44,117,118,134]. More-
over, despite divergence between paradigms it is con-
ceivable that ERP correlates of visual word-form prim-
ing [87,91] may correspond to the reduced occipitotem-
poral responses observed with PET and fMRI. Howev-
er, the mapping between the electrical response (larger
positive potential over occipitoparietal scalp for primed
items) and the blood flow and oxygenation changes
(presumably reflecting less neuronal activity in occipi-
totemporal cortex) is presently underconstrained. Fur-
ther work that can isolate activity mediating circum-
scribed aspects of priming, such as priming of visual
word-form, will open the door for the detailed mod-
eling that is necessary for establishing an ERP-fMRI
correspondence. If a strong correspondence can be es-
tablished, these memory phenomena could be moni-
tored with sharp spatial and temporal resolution, which
would be a promising step closer to clarifying the sig-
nificance of the corresponding neuronal events.

To return to the neuropsychological approach, and
in line with the divergence between the brain regions
required for normal declarative memory and those in-
volved in perceptual priming,several case studies of pa-
tients with occipital damage have documented priming
deficits without corresponding recognition deficits [30,
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54,137]. However, in no patient were all types of
priming impaired. Indeed, it is reasonable to suppose
that plasticity in correspondingly different brain regions
may be responsible for priming in different types of
priming test. Moreover, priming effects may often re-
flect a combination of facilitated processing at multi-
ple stages rather than solely within a single computa-
tion. A yet more complicated scenario must be enter-
tained if repetition suppression and repetition enhance-
ment tend to occur together, as the evidence on mon-
key neuronal responses suggests. Results from a re-
cent fMRI study suggest that one factor that can influ-
ence which of these two effects occurs is stimulus fa-
miliarity [40]. In fusiform regions, repetition suppres-
sion was found with novel faces and symbols, where-
as repetition enhancement was found with well-known
faces and symbols. However, enhanced responses with
repetition may reflect explicit recognition, as found in
fMRI studies of category learning and recognition with
dot patterns [100,101]. Thus, to understand the brain
substrates of priming, it will be necessary to survey
multiple cortical regions with a variety of behavioral
paradigms wherein recollective processing can be well
controlled. As in ERP studies of memory described
above, it will be necessary to use paradigms that can
dissociate neural correlates of recollection from neural
correlates of priming.

5. Conclusions: Cognitive neuroscience and
human memory

Studies of amnesia have implicated certain brain ar-
eas in memory, but moving forward to a comprehensive
understanding of the neural implementation of memory
functions will require an alliance among multiple em-
pirical approaches. Studies in both healthy and brain-
damaged people will be needed. The usefulness of
electrophysiological and functional neuroimaging tech-
niques in this regard will require experimental designs
that take optimal advantage of the spatial and temporal
resolution provided by each method.

Recent results support the speculation that brain po-
tentials can provide objective measures of an unobserv-
able phenomenon, the conscious experience of retriev-
ing a memory. These electrophysiological correlates
of conscious recollection contrast with other findings
showing that different brain potentials are associated
with perceptual priming of visual word-form. The fur-
ther development of such contrasts between recollec-
tion and priming using this methodology should pro-

vide a rich source of evidence pertaining to the neural
implementation of human memory.

Such studies of the neural bases of human memo-
ry have the potential for expanding the insights gained
from prior cognitive and neuropsychological studies
of memory. Contrasts between recollection and prim-
ing, in particular, have launched tremendous theoreti-
cal development, although more work will be required
to adequately test and develop these ideas. A tenable
working hypothesis about these two phenomena, em-
phasized here, characterizes recollection and priming
as two different types of neocortical memory. Priming
is thought to depend on isolated instances of neocor-
tical plasticity such that subsequent processing in one
or more specific cortical regions is altered. In con-
trast, recollection is thought to require the formation of
links among sets of neocortical regions in the service
of creating an enduring declarative memory. Given the
evidence that ERPs can be used to monitor processes
associated with recollection and priming, this approach
should be useful for developing more fine-grained hy-
potheses about the neurophysiology of the two types of
memory. These efforts to understand the neural bases
of human memory may thus lead ultimately to a valid
biological characterization of the subjective experience
of conscious recollection.
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