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According to dual-process models, recognition memory
is supported by distinct retrieval processes known as
familiarity and recollection. Important evidence support-
ing the dual-process framework has come from studies
using event-related brain potentials (ERPs). These stu-
dies have identified two topographically distinct ERP
correlates of recognition memory –the ‘parietal’ and
‘mid-frontal’ old/new effects – that are dissociated by
variables that selectively modulate recollection and
familiarity, respectively. We evaluate the extent to which
ERP data support dual-process models in light of the
proposal that recollection is a continuous rather than a
discrete memory process. We also examine the claim
that the putative ERP index of familiarity is a reflection of
implicit rather than explicit memory. We conclude that
ERP findings continue to offer strong support for the
dual-process perspective.

Introduction
Recognition memory – the judgment that a stimulus event
has been previously experienced – has been amajor focus of
interest among experimental psychologists and cognitive
neuroscientists for more than two decades [1,2]. Among the
issues addressed during this period one has stood out:
whether recognition memory judgments are supported by
one or by multiple kinds of mnemonic information. Accord-
ing to single-process accounts [3–5], recognition judgments
arebasedon theevaluationofa single typeof evidence,anda
positive judgment ismadewhen the strength of the evidence
exceeds a criterion level. In commonwith the single-process
account, dual-process accounts [6–8] propose that recog-
nition is supported by an undifferentiated, strength-like
form of information (usually referred to in the context of
these accounts as familiarity). However, advocates of dual-
process accounts argue that recognition relies on a second,
functionally distinct, memory signal that results from the
retrieval of qualitative information about the study episode.
The retrieval of episodic information in response to a recog-
nition test item,which isusually assumed to rely ona subset
of the processes that also support recall, is referred to as
recollection.

Although the relative merits of single- versus
dual-process accounts of recognition continue to be debated,
especially in the experimental psychology literature, it is
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probably fair to say that the majority of contemporary
researchers adhere to some kind of dual-process model,
although the details of the different models differ markedly
[6,7,9–11]. Most of these researchers would ascribe to the
notion that familiarity-based recognition is fast-acting, rela-
tively automatic and does not provide qualitative infor-
mation about the study episode (see Box 1 for differing
perspectives). Recollection, by contrast, is conceived as a
slower, more effortful process that gives rise to consciously
accessible informationabout both the prior occurrence of the
test item and the context of that occurrence. Thus, recollec-
tion is often operationally defined as recognition accom-
panied by accurate source memory – memory for a
specific feature of the study context, such as the location
or color of an item. Another popular, albeit controversial
[3,11], method for segregating recollection- and familiarity-
driven recognition relies on the ‘remember/know’ procedure,
which requires the subject to report whether recognition is
accompanied by specific details of the study episode [12].

The broad acceptance of dual-process models stems not
only from the findings of psychological experiments, some
of which are still the subject of vigorous debate (e.g.
[13,14]). Dual process models are also favored because
converging evidence suggests that recollection and famili-
arity can be dissociated at the neural level. This evidence
includes investigations of patients with lesions thought to
be restricted to the hippocampus [15,16] (see Refs [17,18]
for opposing evidence), differential patterns of neural
activity revealed by functional magnetic resonance ima-
ging (fMRI) (e.g. Refs [19–21]), and dissociations among
retrieval-related event-related potential (ERP) effects. In
this article, we briefly review the reasons why ERP find-
ings are thought to support the dual-process perspective.
We go on to consider howwell these findings fare in the face
of recent proposals that, one, recollection, in common with
familiarity, is supported by a continuous rather than a
discontinuous memory signal, and, two, a putative ERP
correlate of familiarity has beenmischaracterized and is in
fact an index of implicit memory.

ERP correlates of recollection and familiarity
It is more than 25 years since the first reports that ERPs
elicited by correctly classified old (studied) items are more
positive-going than those elicited by correctly classified
new (unstudied) test items [22,23]. It is these ERP ‘old/
new effects’ that are the subject of this article. We focus
here on studies conducted since the mid-1990s that have
d. doi:10.1016/j.tics.2007.04.004
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Box 1. Theoretical conceptualization of familiarity

The dual-process perspective, with its two processes of familiarity

and recollection, is widely accepted, but the nature of familiarity is

disputed. Familiarity is often operationally defined as information

that supports recognition in the absence of recollection. This

exclusionary definition leaves open the possibility that familiarity

has more than one basis, so the alternatives considered below are

not mutually exclusive. Most researchers agree that familiarity

represents a content-free ‘strength of evidence’ signal. According to

global matching models (e.g. Refs [63,64]), familiarity varies with

the closeness of the match between test cues and previously studied

information. Similar matching computations have been implemen-

ted in neural network models simulating cortical learning mechan-

isms [7]. Other perspectives suggest that familiarity arises from the

facilitated processing accorded repeated stimuli (the ‘fluency

heuristic’ [65,66]). Insofar as fluent processing is a reflection of

implicit memory, this view might be compatible with accounts

equating familiarity with perceptual [8] or conceptual [1] priming.

Although these views have been challenged by evidence held to

dissociate familiarity from implicit memory, it might be premature

to dismiss this perspective altogether. If, as we believe, familiarity is

multiply determined, then dissociations between implicit memory

and familiarity might be observed under some conditions but not

others (e.g. Ref. [67]).

Box 2. ERPs and the neural dissociation of cognitive

processes

Unlike studies using fMRI or other functional neuroimaging

methods, with ERP data it is rarely possible to dissociate cognitive

processes on the basis of the differential localization of associated

neural activations. Instead, qualitatively distinct ERP scalp topogra-

phies indicate that the distribution of neural activity within the brain

differs in the respective experimental conditions. Topographic

dissociations could reflect the engagement of distinct neural

populations or differences in the relative activity levels in the

members of a common population. Such differences potentially

constitute evidence for a neural double dissociation, which indicates

that two experimental manipulations engaged functionally distinct

cognitive processes (for additional caveats, see Ref. [68]).
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employed manipulations aimed at separating the ERP
effects according to whether recognition was accompanied
by recollection or was based on familiarity (see Box 2). We
limit our review to studies of retrieval-related activity
rather than encoding (e.g. [24,25]), because retrieval
Figure 1. (a) Grand-average ERPs from left frontal (F3) and left parietal (P3) electrodes. T

by shallowly studied old items correctly endorsed as old (shallow hits) or incorrectly en

items, shallow hits and correctly endorsed deeply studied old items (deep hits). The mi

effect hypothesized to reflect implicit memory is indicated by the red arrow; and the pur

topographies of the mid-frontal (left) and parietal (right) old/new effects, as revealed by t

hits (right). In each figure, the nose is at the top, and minima and maxima are signaled
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studies have provided the bulk of the evidence for ERP
dissociations between recollection and familiarity.

Findings from several early studies suggested that
recollection has a distinct ERP signature, now often
termed the ‘parietal’ old/new effect (Figures 1 and 2).
The effect takes the form of a phasic, positive-going,
parietally maximal ERP modulation that onsets around
400–500 ms post-stimulus onset and frequently exhibits a
left-sided maximum. Perhaps the most compelling evi-
dence linking the effect to recollection is its sensitivity
to two common procedures for operationally defining
recollection (see above). Thus, the effect is modulated
according to whether the eliciting items are associated
he left side of the figure depicts ERPs elicited by correctly classified new items and

dorsed as new (shallow misses). The right side depicts waveforms elicited by new

d-frontal old/new effect is indicated by the blue arrow; the more posterior old/new

ple arrow indicates the parietal old/new effect. Reproduced from Ref. [35]. (b) Scalp

he subtraction of shallow misses from shallow hits (left) and shallow hits from deep

by dark blue and dark red respectively.



Figure 2. (a) Grand-average ERPs from frontal electrodes (average of electrode clusters including F3 and F4) with the mid-frontal old/new effect indicated by the blue arrow.

Data from Ref. [36]. (b)Grand-average ERPs from left parietal (average of electrode cluster including P3) with the parietal old/new effect indicated by the purple arrow. Data

from Ref. [36].
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with successful or unsuccessful source judgments [26,27],
and whether the items are endorsed as ‘remembered’ or
‘known’ [28–30] (but see Ref. [31]). Importantly, the effect
has been functionally and topographically dissociated from
other posteriorly distributed ERP effects that take place in
the same time-frame, and which are sensitive to such
factors as stimulus probability and response confidence
[28,32–34].

Early studies demonstrating a relationship between the
parietal old/new effect and recollection either did not
address the question of whether ERPs were independently
sensitive to familiarity or failed to find evidence of a famili-
arity correlate [26,30]. The first hint of a specific ERP
signature of familiarity came from Düzel et al. [29], who
reported that test items accorded ‘remember’ or ‘know’
judgments elicited old/new effects with different scalp topo-
graphies. Next, Rugg et al. [35] reported that old/new effects
could be triply dissociated by a combination of functional
and topographical variables. Subjects performed either a
‘deep’ (sentence generation) or a ‘shallow’ (alphabetic judg-
ment) task on each word studied, followed by a recognition
test. The key findings are illustrated in Figure 1. The
parietal old/new effect was elicited exclusively by old items
subjected to deep study, but two other old/new effects were
also evident. An earlier (�300–500 ms) transient positivity,
also maximal over the parietal scalp, was elicited by all
studied items irrespective of study task or recognition
accuracy. Rugg et al. [35] interpreted this effect as a reflec-
tion of implicit memory (priming) that operated indepen-
dently of explicit memory judgments. A second effect,
occurring in the same time range but with a frontal scalp
distribution, was also insensitive to depth-of-study proces-
sing. Unlike the posterior effect, this ‘mid-frontal’ effect was
seen only for items correctly endorsed as old. On the basis of
behavioral evidence that depth-of-processing manipula-
tions influence recollection more than familiarity [1], Rugg
et al. [35] proposed that the mid-frontal old/new effect was
an ERP correlate of familiarity-driven recognition. Accord-
ing to this proposal, recognition of deeply studiedwordswas
based on both recollection (indexed by the parietal old/new
effect) and familiarity (indexed by the mid-frontal old/new
www.sciencedirect.com
effect), whereas shallowly studied words were recognized
largely on the basis of their familiarity.

Several studies have reported functional dissociations
between parietal and mid-frontal old/new effects when
using experimental procedures that allowed familiarity-
driven recognition judgments to be identified more
directly. The first such study was motivated by behavioral
evidence that ‘new’ test items that share features with
studied items elicit high rates of familiarity-driven false
alarms [36]. Some new words on the recognition test were
dissimilar to studied items, but others differed from a
studied word solely by virtue of a plurality reversal (e.g.
TRUCK and TRUCKS). Whereas the parietal old/new
effect was elicited only by correctly recognized old items
(items that could be correctly classified on the basis of both
recollection and familiarity), both studied items and plur-
ality-reversed items incorrectly endorsed as old elicited a
300–500 ms mid-frontal effect (called the ‘FN400 old/new
effect’ by Curran [36] and by Paller et al. [37]). This pattern
is consistent with the proposal that the 400–800 ms par-
ietal effect is linked to the recollection of specific infor-
mation, whereas the 300–500 ms mid-frontal effect is
linked to familiarity-driven recognition (Figure 2). Similar
findings have been reported for false alarms elicited by new
words sharing semantic features with studied words [38]
and new pictures that were mirror-reversals of originally
studied pictures [39]. The mid-frontal effect has also been
reported for false alarms in a study where there was no
manipulation of similarity between new and studied items
[40].

As already noted, it is generally assumed that familiarity
is a continuously varying signal and that positive recog-
nition decisions are made when the strength of the signal
exceeds a set criterion. Thus, the average familiarity of
correctly classified new and old items will increase as the
criterion becomes more conservative. Therefore, if the mid-
frontal effect reflects familiarity, it should be sensitive to
criterion placement. This prediction was confirmed in a
study by Azimian-Faridani and Wilding [41]. Relative to
the ERPs elicited under a liberal response criterion, the
waveforms elicited by correctly classified new and old items
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both demonstrated mid-frontal effects when subjects were
instructed to respond conservatively. Woodruff et al. [32]
also investigated whether the magnitude of the mid-frontal
old/new effect co-varies with familiarity strength. Subjects
performed a modified remember/know task in which test
items that were not endorsed as remembered were rated on
a four-point scalebetween ‘definitely old’ and ‘definitelynew’
on the assumption that confidence covaried with the
strength of the underlying familiarity signal. The magni-
tude of the mid-frontal effect varied monotonically with
confidence that an itemwas old, but did not differ according
to whether test items were endorsed as recollected or were
recognized with high confidence in the absence of recollec-
tion. Conversely, the parietal old/new effect was selectively
enhanced for recollected items and did not vary with con-
fidence for items that were not recollected.

Recollection as a continuous process
The relationship between familiarity, recollection and
confidence is a hotly debated topic that might be informed
by ERP studies. According to Yonelinas and colleagues
[1,6,42], recollection is best conceptualized as representing
a discrete, thresholded mnemonic state (that is, recollec-
tion is in some sense all or none’), whereas others have
suggested that both familiarity and recollection are con-
tinuously varying memory signals that are combined
before a recognition judgment is made [11]. From the
standpoint of recollection as a continuous signal, the find-
ing that the mid-frontal effect varies with confidence [32]
does not necessarily indicate a neural correlate of famili-
arity. Rather, an ERP effect that varies with confidence
that an item is old could reflect gradation in the strength of
familiarity, recollection or a signal based on some combi-
nation of the two processes. By this view, therefore, ERP
effects that differentiate ‘recollected’ and ‘non-recollected’
items (exemplified by remember versus know judgments)
might merely reflect differences in overall memory
strength rather than in underlying memory processes.
However, such an account does not readily explain the
double-dissociation between mid-frontal and parietal
effects observed by Woodruff et al. [32]. If the memory
signal supporting a ‘remember’ response differs quantitat-
ively, but not qualitatively, from the signal that supports
‘sub-recollective’ responding, it is unclear why the mid-
frontal effect should reflect memory strength for items that
are not endorsed as remembered but be insensitive to
whether an item is remembered or confidently judged
familiar. An analogous issue arises for the parietal effect:
it is unclear how the findings that the effect is elicited
exclusively by items endorsed as remembered and is topo-
graphically dissociable from generic confidence effects can
be reconciled with the notion that a remember response is
simply a high-confidence recognition decision. In sum-
mary, although additional work is needed to examine
the relationship between confidence, familiarity and recol-
lection, the existing ERP data are difficult to reconcile with
the view that the remember/know distinction merely
indicates differences in memory confidence or strength.
Rather, the data suggest that these two memory judg-
ments are the outcome of qualitatively distinct memory
processes.
www.sciencedirect.com
The midfrontal effect and conceptual priming
The proposal that the mid-frontal effect is a neural
correlate of familiarity has recently been challenged. An
hypothesis has been advanced that the effect is linked to a
form of implicit memory known as conceptual priming
[24,37,43]. Conceptual priming refers to a form of repetition
priming thatdependsonrepeatedaccess to semantic, rather
than perceptual, representations [37]. According to Paller
and colleagues [37],most of theexperimentalmanipulations
used to isolate or modulate the neural correlates of famili-
arity are not ‘process pure’, and instead exert parallel effects
on conceptual priming. Hence, studies employing these
manipulations do not provide a sound basis for identifying
a specific neural correlate of familiarity. Below, we briefly
discuss two issues relevant to thisalternativeaccount.First,
we discuss whether the mid-frontal effect is modulated
exclusively by conceptual overlap between study and test
items. And second, we ask whether the correspondences
that exist between the magnitude of the effect and famili-
arity-driven recognition judgments are compatible with a
priming account.

Evidence relevant to the first of these issues comes from
studies using seemingly semantically ‘empty’ items.
Robust mid-frontal effects have been reported for success-
ful recognition of pre-experimentally unfamiliar, abstract
visual patterns [44,45] and unfamiliar faces [33,46]. As
these items are devoid of semantic content, the findings are
difficult to reconcile with the view that the mid-frontal
effect depends upon a high degree of conceptual overlap
between study and test items. However, not all studies
using meaningless items have reported a mid-frontal
effect. Yovel and Paller [24] taught subjects to associate
pre-experimentally unfamiliar faces with fictitious occu-
pations. During the subsequent test, subjects discrimi-
nated studied and unstudied faces and, for those faces
judged to be old items, attempted to retrieve the occupation
paired with the face or, failing that, any other details about
the study episode. Faces for which no study information
could be reported were considered to have been recognized
on the basis of ‘pure familiarity’. Belying the proposal that
it reflects familiarity-driven recognition, the ERPs elicited
by these items showed no evidence of themid-frontal effect.
The generality of this finding is uncertain. Whereas one
follow-up study replicated the original failure to find amid-
frontal effect [47], a second study reported a robust effect
for faces recognized on the basis of familiarity alone [33]
(Figure 3). The explanation for these divergent findings is
unclear, but it is noteworthy that recognition performance
in the study where the mid-frontal effect was evident [33]
was substantially higher than in the two studies where it
was not [24,47]. Further research is needed to determine
whether these disparities in performance reflect differ-
ences in familiarity strength, and hence whether they
could account for the divergent ERP findings.

Whereas the bulk of the evidence suggests that the
mid-frontal effect can be elicited by meaningless items,
it can be argued that the effect emerges because subjects
typically imbue such items with semantic content [37]. A
complementary line of evidence comes from studies that
manipulated item format between the study and test in
ways that preserve conceptual overlap. One such study [48]



Figure 3. Grand-average ERPs from frontal electrodes (average of electrode

clusters including F3 and F4) with the mid-frontal old/new effect indicated by the

blue arrow. Subjects studied pictures of faces paired with occupation names.

Recognition memory judgments were followed by an attempt to recollect the

associated occupation. ERPs are plotted for faces that were correctly rejected,

missed or correctly recognized (a hit). Hits were broken down according to those

that were associated with correct occupation recollection (occupation hit) versus

those without correct occupation recollection (familiar hit). Reproduced, with

permission, from Ref. [33].
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reported that the magnitude of the mid-frontal effect was
not significantly affected by a shift in sensory modality
(auditory to visual), although a non-significant attenuation
was noted in the between-modality condition. In two other
studies, format change was associated with a robust
attenuation of the effect. In one case [49], the format
change was between words and pictures. In the second
study [44], the color of the test items (line-drawings) was
changed. In light of the results of these and other studies,
Groh-Bordin and colleagues [44] proposed that both con-
ceptual and perceptual information can contribute to the
familiarity signal reflected by the mid-frontal effect, but
that the relative contributions of the two classes of infor-
mation varies depending on the different tasks and stimuli
involved.

A second line of evidence relevant to Yovel and Paller’s
[24] hypothesis comes from the variety of circumstances
where the mid-frontal effect co-varies with behavioral per-
formance in recognition-memory tasks rather with the
study status of the test items. Thus, the effect is modulated
by recognition accuracy (smaller for misses than for hits)
[33,35,41,50], is not evident when ERPs elicited by studied
versus unstudiedwords are equated for rating of familiarity
strength [32], varies with response criterion [32] (see also
Ref. [51]), is elicited by false alarms in addition to correctly
recognized old items [36,40], and demonstrates a positive
across-subjects correlation with familiarity-based recog-
nition performance [52]. It is unclear how these findings
can be reconciled with any hypothesis proposing that the
mid-frontal effect reflects processes uncorrelatedwith those
that support recognition judgments.

The evidence reviewed in this section indicates that the
processes reflected by the mid-frontal old/new effect are
www.sciencedirect.com
neither purely conceptual nor limited to supporting implicit
memory. As noted in Box 1, there could be circumstances in
which conceptual priming contributes to familiarity and,
under such circumstances, an ERP correlate of conceptual
priming would be expected to co-vary with recognition-
memory accuracy. However, evidence that the mid-frontal
effect is not exclusively sensitive to conceptual overlap
between study and test items indicates that the construct
of conceptual priming is too limited to account for the data,
even on the assumption that such priming invariably con-
tributes to familiarity-driven recognition.

Functional significance of old/new effects
The evidence linking the mid-frontal and parietal old/new
effects to familiarity and recollection is arguably strong;
however, the cognitive operations reflected by these effects
remain to be identified. In the case of themid-frontal effect,
there are grounds for thinking that the effect does not
reflect familiarity directly. Tsivilis et al. [50] had subjects
study visual objects superimposed upon background
scenes. During the test, old and new objects were super-
imposed either on studied or unstudied scenes. Correctly
classified old objects superimposed on studied scenes eli-
cited a mid-frontal effect, but those paired with a novel
scene did not, although a companion behavioral study
revealed no difference between these two conditions in
estimates of familiarity. Tsivilis et al. proposed that the
mid-frontal effect reflects processes downstream from
those responsible for computing the familiarity of the
different elements in an episode, and that an earlier old/
new effect (onsetting �120 ms) might be a more direct
reflection of the accumulation of familiarity information
(see also [25,53]). A recent study [54] extended the findings
of Tsivilis et al. by demonstrating that a test item super-
imposed on a novel background elicits a mid-frontal effect
when attention is focused exclusively on the item, but not
when both item and background are attended to. Thus, the
effect reflects attentionally mediated processing of
multiple sources of familiarity information.

The functional significance of the parietal old/new effect
is equally obscure. One early suggestion was that the effect
reflects processes that contribute to the representation of
recollected information [26]. Alternatively, the effectmight
index attentional orienting to recollected information
[55,56], rather than processes supporting its representa-
tion or maintenance. It has recently been argued [53] that
findings indicating that the effect varies according to the
amount of information recollected [53,57] are more con-
sistent with the first of these two proposals.

Neural generators of the mid-frontal and parietal
old/new effects
Single-neuron studies in non-human primates and human
fMRI studies have identified putative familiarity-sensitive
neuronal populations in the perirhinal region of the medial
temporal lobe [58,59]. However, the onset latency of these
neuronal responses is of the order of 90 ms [59], which is
considerably earlier than the onset of the mid-frontal ERP
effect. Familiarity-sensitive neuronal responses have also
been identified in the monkey in a variety of prefrontal
regions [60], with onset latencies (at �250 ms) fitting well



Box 3. Questions for future research

� Can ERP data help adjudicate between threshold and continuous

models of recollection?

� What cognitive operations are directly reflected by the mid-frontal

and parietal old/new effects?

� What is the relationship between the mid-frontal old/new effect

and earlier onsetting effects that also seem to track familiarity?

� How is memory-related fMRI activity that originates in pre-frontal

and parietal cortices related to the mid-frontal and parietal ERP

old/new effects?
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with the time-course of themid-frontal ERP effect. Together
with fMRI evidence that the strength of familiarity modu-
lates lateral prefrontal activity in humans [21], these find-
ings suggest that the mid-frontal effect originates from one
or more regions of the prefrontal cortex. It will be of con-
siderable interest to determine how closely the functional
characteristics of familiarity-sensitive prefrontal activity,
as indexed by fMRI, match the characteristics of the ERP
effect.

The characteristic scalp distribution of the parietal old/
new effect (Figure 1) suggests that it might reflect neural
activity generated in the lateral parietal cortex. fMRI
findings of recollection-sensitive activity in this region
(reviewed in Refs [55,56]) are consistent with this sugges-
tion. Findings of direct functional parallels between these
fMRI and ERP old/new effects [21,32,34,53,61,62] give
additional credence to the hypothesis that the ERP effect
reflects activity in a recollection-sensitive region of the
lateral parietal cortex.

Concluding comments
ERP studies of recognition memory provided some of the
first evidence that recollection and familiarity have quali-
tatively distinct neural correlates. More recent ERP find-
ings have added to this evidence and to the general weight
of the evidence supporting dual-process models of recog-
nitionmemory. Among the challenges for the future (Box 3)
are the elucidation of the cognitive operations reflected by
these ERP effects and the identification of their neural
generators.
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