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ERP ‘old/new’ effects: memory strength and decisional factor(s)
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Abstract

Event-related potentials (ERPs) were recorded while subjects made old/new recognition judgments on new unstudied words and old
words which had been presented at study either once (‘weak’) or three times (‘strong’). The probability of an ‘old’ response was signif-
icantly higher for strong than weak words and significantly higher for weak than new words. Comparisons were made initially between
ERPs to new, weak and strong words, and subsequently between ERPs associated with six strength-by-response conditions. The N400
component was found to be modulated by memory trace strength in a graded manner. Its amplitude was most negative in new word ERPs
and most positive in strong word ERPs. This ‘N400 strength effect’ was largest at the left parietal electrode (in ear-referenced ERPs).
The amplitude of the late positive complex (LPC) effect was sensitive to decision accuracy (and perhaps confidence). Its amplitude was
larger in ERPs evoked by words attracting correct versus incorrect recognition decisions. The LPC effect had a left> right, centro-parietal
scalp topography (in ear-referenced ERPs). Hence, whereas, the majority of previous ERP studies of episodic recognition have interpreted
results from the perspective of dual-process models, we provide alternative interpretations of N400 and LPC old/new effects in terms of
memory strength and decisional factor(s).
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A common finding of many event-related potential
(ERP) studies of recognition memory is that presentation
of old/repeated items elicits more positive-going ERPs than
does presentation of new/unrepeated items (reviewed in
[23,34,35]). Such ERP ‘old/new effects’ typically onset
approximately 300–400 ms post-stimulus, last 300–600 ms
and, when words are used as stimuli, are generally of great-
est magnitude at left parietal and adjacent centro-parietal
electrodes. On the basis of differing scalp topographies
(e.g.[43]) and differential sensitivities to manipulation of a
number of experimental variables (e.g. word frequency and
repetition lag[33]), ERP old/new effects are now assumed
to comprise dissociable early and late effects which reflect
the modulation of the N400 and a subsequent late positive
component (or complex). There are incongruities in the lit-
erature over the name given to this late positive component
of the ERP old/new effect with P3, P300, P600 and late
positive complex (LPC) having been used by different au-
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thors. Without attempting to resolve the issue of whether or
not these labels all represent the exact same entity, the term
LPC will be used here in reference to this ERP component.
Further support for the N400-LPC old/new effect distinc-
tion is provided by evidence from a number of intracranial
ERP studies (e.g.[13]) which indicate that the N400 and
LPC are generated by different neural populations.

Over the past decade most authors have interpreted ERP
old/new effects from the perspective of dual-process models
(e.g.[19,27]) of recognition memory. Generally, these mod-
els stipulate that recognition comprises familiarity which is
often assumed to be a context-insensitive, automatic process
bereft of the phenomenological experience of remembering;
and recollection, a context-sensitive, strategic, recall-like
process involving the conscious retrieval of specific infor-
mation about the encoding episode. Attempts to relate com-
ponents of ERP old/new effects to putative familiarity and
recollection processes have sometimes possessed low dis-
criminatory power, and must still be considered speculative
until further supporting evidence is obtained. It is also note-
worthy that some authors have concluded that results from
a number of ERP studies of episodic memory provide scant
support for dual-process models[35]. Furthermore, these
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models have been found to be unsatisfactory on a number
of grounds (e.g.[17]) and alternative approaches have been
posited (e.g.[10,18]). Thus, while the results of many ERP
studies of episodic recognition have been interpreted in the
context of dual-process models, alternative memory models
warrant further consideration in the interpretation of ERP
old/new effects.

It has been proposed that a N400 component in ERPs
recorded at parietal electrodes is sensitive to implicit mem-
ory processes[41], and also that it is unlikely that the N400
old/new effect reflects activity associated with the explicit
discrimination of old from new items[23,34]. The latter
proposal was made on the basis of the failure of a num-
ber of investigations to obtain an N400 old/new effect when
the study-test interval exceeds some time between 2 and
15 min (e.g.[25,37]). In addition, a N400-like component
with a more frontal distribution, the ‘FN400’ (following[6]),
has been proposed to index familiarity[6,7,41]. However,
as noted above, ERP data need not be associated with ap-
proaches that distinguish between putative familiarity and
recollection processes. For example, an alternative frame-
work is provided by global matching models[16] which as-
sume that the recognition decision is based on the summed
strength of all matches between the cue(s) and all traces
in a single global memory system. Separate episodic and
non-episodic systems are not proposed. Instead the memory
system can be cued with both item and contextual informa-
tion so in contrast to the concept of familiarity the match-
ing operation is generally thought to be context-dependent.
Some memory models propose a relatively rapid change of
contextual representations over time[15]. Thus, the observed
susceptibilities to temporal decay of single item recogni-
tion performance (e.g.[14]) and of the N400 old/new effect,
may be the consequences of such contextual change. The
strength of the global match is a continuous variable, and the
same is often thought to be true of dual-process familiarity
(e.g. [55]). We will hereafter refer to any such continuous
or graded variable (as distinct from a categorical variable,
such as recollection) as strength. Differences between this
and other notions of familiarity will be highlighted where
appropriate. Within the global matching framework a deci-
sion criterion is set, as in signal detection theory (SDT)[45],
such that strengths above the criterion will result in an old
response whereas those below will produce a new response.
Proponents of global matching models would thus predict
that at least some component of the ERP old/new effect re-
flects the strength of the memory trace and of the matching
operation.

In contrast to the N400, the LPC old/new effect has re-
liably been observed after longer study-test intervals and is
broadly considered to be reflective of long-term episodic
recognition processes[23,34]. Indeed the LPC old/new
effect has been linked to the recollection component of
dual-process recognition models (reviewed in[2]). Alterna-
tive interpretations of the cognitive processes reflected in
the LPC old/new effect have also been posited. Some have

proposed that LPC peak amplitude reflects memory trace
strength[5], others discriminability[24], or decision accu-
racy and/or confidence (e.g.[24,26,28,30,32,46]). Within
the SDT framework confidence is conceptualized as dis-
tance from the response criterion. Hence it appears that LPC
amplitude is potentially influenced not purely by items’
old/new status but also by a number of variables incorpo-
rating strength, the position of the response criterion, and
consequently recognition performance. So a simple old/new
(much less, hit-correct rejection) ERP comparison cannot
adequately address this issue, as old/new effects may reflect
differing levels of item strength or confidence. The effect
may also potentially reflect response-related processes when
ERPs are conditionalized on response and ERPs associated
with differing responses are compared (although there is
some evidence that this is not the case, e.g.[38]). Moreover
an old/new ERP comparison wherein only correct response
trials are chosen for averaging is prone to contamination
by item selection artifacts, as only a subset of all available
old/new items are considered for comparison.

Thus, we employed a strength manipulation: half of the
study words were presented once (‘weak’) and half pre-
sented three times (‘strong’), a procedure which provides
three distinct levels of strength (new, weak, strong) at test.
Excluding repetitions in continuous tasks, the only previous
reported examinations of ERPs evoked by words which had
already been repeated within a different phase of the ex-
periment were those of Bentin and co-workers[3,5]. How-
ever, in those experiments, words were presented first in a
study list (and categorical decisions made), second during
an episodic recognition task, and for a third time in a subse-
quent implicit memory task. Here we compare ERPs elicited
during an explicit episodic recognition test by words which
were new, or which were presented once or thrice in a previ-
ous study list. For this new–weak–strong ERP comparison,
all available items are considered so this comparison is not
subject to item selection artifacts.

Despite the large body of literature investigating ERP
old/new effects over the past two decades, most studies have
not examined in detail ERPs accompanying erroneous new
and old responses (misses and false alarms, respectively).
Indeed some authors have concluded that the effects are not
found for incorrect recognition judgments to either old or
new words (e.g.[1,53,54]). However, visual inspection of
ERPs in those papers which have illustrated error response
ERPs suggests that this may be an oversimplification, with
different ERP patterns evidently obtained between N400
and LPC old/new effects, and between frontal and poste-
rior electrodes. For example, in the results of Rugg et al.
[41] (Fig. 1), Wilding et al.[51] (Fig. 3) and Wilding and
Rugg [53] (Fig. 2) ERPs for misses exhibited an apparent
N400 (but not LPC) old/new effect, at parietal (but not at
frontal) electrodes. Van Petten and Senkfor[48] (Figs. 5
and 6) obtained false alarm ERPs which exhibited an appar-
ent N400 old/new effect relative to correct rejection ERPs.
Whereas, LPC amplitudes in correct rejection ERPs have
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been obtained which were evidently larger than those in
false alarm ERPs in the data of Van Petten and Senkfor
[48] and of Rubin et al.[32] (Figs. 2 and 3). Hence, a fur-
ther aim of this study was to systematically compare false
alarm and miss ERPs, with those associated with hits and
correct rejections. Despite the fact that by conditionalizing
ERPs on response our comparisons are potentially subject to
item selection artifacts, if results from those converge with
data from the initial strength comparisons, then we have a
stronger position from which to interpret the data. More-
over, our conclusions will be based upon a greater num-
ber of independent variables and degrees of freedom than
have typically been utilized, in an attempt to further deter-
mine the neurocognitive processes underlying ERP old/new
effects.

2. Methods

Two experiments were conducted, each on a different
group of subjects. As outlined below, the experimental pro-
cedures of these were very similar, but the test lists (and con-
sequently, mean study-test repetition lag times) were shorter
in the second experiment. Data for each experiment was an-
alyzed separately, for a number of reasons: first, as summa-
rized inSection 1, N400 old/new effects have been shown to
be sensitive to repetition lag, hence those effects may signif-
icantly differ between experiments. In addition, we feel that
a replication of results (e.g. similar effects during a given la-
tency interval at particular electrodes) between experiments
would strengthen our claims and, given that we approach this
research from a different theoretical framework to the ma-
jority of previous related studies, such a replication would
be especially beneficial.

2.1. Subjects

2.1.1. Experiment 1
All subjects for both experiments were recruited from the

University of Queensland School of Psychology first year
subject pool. All received psychology course credit for their
participation. A total of 22 subjects participated in experi-
ment 1. Behavioral and electrophysiological data from five
subjects were discarded due to insufficient numbers of trials
with which to form reliable ERPs for response-related con-
ditions following artifact rejection (see below for rejection
criteria). The remaining 17 subjects included in the analyses
had a mean age of 23.0 years, 7 were female and 15 were
right-handed.

2.1.2. Experiment 2
A total of 23 subjects participated in experiment 2. Behav-

ioral and electrophysiological data from four subjects were
discarded due to insufficient numbers of trials with which to
form reliable ERPs for response-related conditions follow-
ing artifact rejection. The remaining 19 subjects included in

the analyses had a mean age of 19.1 years, 9 were female
and 17 were right-handed.

2.2. Procedure

2.2.1. Experiment 1
Each subject participated in three study-test cycles. At

study subjects, viewed words (five letters, frequency 10–30
per million, source The Sydney Morning Herald Word
Database[9]) presented sequentially, centrally on a com-
puter monitor and were instructed to memorize them for
an immediate subsequent episodic recognition test. Each
word was presented for 400 ms, with an interval of 200 ms
between words. Each study list comprised 120 words total.
Within each third of a study list, 10 words were presented
once (‘weak’ words) and 10 words presented three times
(‘strong’ words), making a total of 40 word presentations
(20 unique words) presented randomly within each third. A
test list immediately followed each study list. At test words
that were old (weak and strong) and new (not in the study
list) were presented one at a time, and subjects made an
old/new episodic recognition judgment for each test word.
Each third of a test list comprised of 10 new, 10 weak
and 10 strong words, randomly intermixed. Thus, the total
length of each test list was 90 words. All old words were
presented in the same third of the test list as at study in
order to minimize study-test repetition lag variability. Av-
erage study-test repetition lag for items from the first third
of the study and test lists was 138 s, and for items from the
third of the lists 347 s. Each test word was preceded by the
appearance of a fixation asterisk for 600 ms, a blank screen
for 200 ms, then the word appeared for 400 ms. Following
presentation of each test word the screen was blanked for
1500 ms and subjects were instructed to withhold their re-
sponse during this interval. Next, the words ‘old’ and ‘new’
appeared on each side of the screen center for 1500 ms
as a prompt to respond. Subjects’ index fingers were each
resting on one of two response buttons throughout the test
phase and subjects responded by pressing the button corre-
sponding to their recognition judgment. Hands used for a
given response were fully counterbalanced across subjects.

2.2.2. Experiment 2
The sole procedural difference between experiments 1

and 2 was that in experiment 2, the total length of the recog-
nition test lists was reduced from 90 to 60 words. As was the
case in experiment 1, total study list length was 120 words
in experiment 2. However, each test list in experiment 2
comprised 20 weak, 20 strong, and 20 new, words (whereas
30 of each were tested in experiment 1). Again each third
of a test list comprised approximately equal numbers of
weak, strong and new words, and each old test word was
presented in the same third of the test list as at study in or-
der to minimize study-test repetition lag variability. Average
study-test repetition lag for items from the first third of the
study and test lists was 117 s, and for items from the third of
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the lists 237 s. The 10 weak and 10 strong words from each
study list that were not immediately tested for recognition,
were presented along with an equal number of new words
in a further test subsequent to the three study-test blocks.
The final test required a frequency of study presentation
judgment, the response options being 0, 1, 2, or 3 presenta-
tions. Subjects were not instructed about the requirements
of the frequency judgment test until after completing the
third recognition test. Whilst EEG was recorded during the
frequency judgment test, that data is not presented here.

2.3. Electrophysiological recording and analysis

Identical electrophysiological data acquisition and anal-
ysis procedures and parameters were used in both exper-
iments. Scalp EEG was recorded from 30 tin electrodes
embedded in an elastic cap. Electrode locations corre-
sponded to the following sites of the International 10–20
system: FP1, FP2, FPZ, F3, F4, F7, F8, FZ, FC3, FC4, FCZ,
FT7, FT8, C3, C4, CZ, CP3, CP4, CPZ, P3, P4, PZ, T3, T4,
T5, T6, TP7, TP8, O1, O2[22]. All EEG electrodes were ref-
erenced to a linked pair of electrodes, one positioned on each
earlobe. Electrode impedance was predominantly 10–15 k�

or less. Vertical eye movements and blinks were monitored
via electrodes placed on the supraorbital ridge of, and below,
the left eye. Horizontal eye movements were monitored via
two electrodes, one on the outer canthus of each eye. EEG,
recorded continuously, was filtered (bandpass 0.01–100 Hz)
and digitized at a sampling rate of 500 Hz. Vertical and hori-
zontal electrooculogram (EOG) artifacts were reduced using
the procedure of Semlitsch et al.[42]. Continuous EEG data
were later divided into epochs beginning 200 ms before,
and ending 1200 ms after, each word presentation, baseline
corrected over a 200 ms pre-stimulus interval, and low-pass
filtered at 40 Hz. Epochs in which EEG amplitude exceeded
criteria of±100�V were rejected prior to averaging. Sepa-
rate grand average ERPs were initially computed for strong
hits and misses, weak hits and misses, correct rejections and
false alarms. Data was discarded from subjects for whom
every individual response-conditionalized ERP average did
not comprise at least 10 artifact-free trials. Very similar
results were obtained in each experiment and we report this
ERP data collapsed across both studies. Furthermore, in
each experiment’s data, grand average ERPs associated with
error conditions (false alarms, strong and weak misses) were
relatively noisy so by collapsing the data across both ex-
periments, signal-to-noise ratios are enhanced. Across both
experiments, the mean numbers of ERP trials per response
condition per subject were: correct rejections, 36.83; false
alarms, 11.78; weak hits, 28.67; weak misses, 20; strong hits,
39.11; strong misses, 11.86. ERPs (for each subject) for new,
weak and strong words were formed by computing weighted
averages of the two respective response-conditionalized
ERPs for each strength level. In all cases, each subjects’
ERP for a given condition was weighted equally into the
grand average ERP. Given the relatively large numbers

of trials contributing to each strength condition, separate
grand average strength-conditionalized ERPs were com-
puted and analyzed for each experiment. For experiment 1,
the mean numbers of ERP trials per strength condition per
subject were: new, 53.94; weak, 56.12; strong, 55.82. For
experiment 2, the mean numbers of ERP trials per strength
condition per subject were: new, 43.84; weak, 42.26; strong,
44.84.

3. Results

An alpha level of 0.05 was used for all statistical tests.
For all ANOVAs reported hereafter, violations of the het-
erogeneity of covariance assumption were corrected using
the Greenhouse–Geisser procedure[12] and corresponding
F ratios are, where appropriate, reported with corrected de-
grees of freedom. In addition all sets of planned-comparison
t-tests employed a Bonferroni adjustment (according to the
number of comparisons in the set, at a given electrode, in
the case of ERP data) in order to maintain the family-wise
Type I error rate at a sufficiently low level.

3.1. Behavioral data

3.1.1. Experiment 1
Averaged across the three study-test blocks, hit rates

(and, in brackets, the corresponding standard deviations)
for strong and weak words were 0.744 (0.126) and 0.563
(0.091), respectively, and the false alarm rate was 0.229
(0.095). Recognition performance data were submitted to
within-subjects ANOVA with strength and block as fac-
tors and probability of an old response as the dependent
variable. As expected, a significant strength effect was
obtained (F(1.4, 22.5) = 152.25, P < 0.001). Planned
pairwise comparisons (Bonferroni-corrected, two compar-
isons) revealed that hit rates to strong words (M = 0.744,
S.D. = 0.126) were significantly greater than weak hit rates
(M = 0.563, S.D. = 0.091; t (16) = 9.84, P < 0.001)
which were in turn significantly greater than false alarm
rates (M = 0.229, S.D. = 0.095; t (16) = 10.39, P <

0.001). Identical graded simple effects of strength were ob-
served for all three blocks, and no significant block effect
(F(2, 32) = 0.589, P = 0.561) nor any strength× block
interaction (F(4, 64) = 1.529,P = 0.204), were obtained.

3.1.2. Experiment 2
Averaged across the three study-test blocks, hit rates

(and, in brackets, the corresponding standard deviations)
for strong and weak words were 0.783 (0.094) and 0.596
(0.105), respectively, and the false alarm rate was 0.248
(0.093). Recognition performance data were again submit-
ted to within-subjects ANOVA with strength and block as
factors and probability of an old response as the depen-
dent variable. As in experiment 1, a significant strength
effect was obtained (F(2, 36) = 195.866, P < 0.001).
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As for experiment 1, planned pairwise comparisons
(Bonferroni-corrected, two comparisons) revealed that hit
rates to strong words (M = 0.783, S.D. = 0.094) were
significantly greater than weak hit rates (M = 0.596,
S.D. = 0.105; t (18) = 7.797, P < 0.001) which were in
turn significantly greater than false alarm rates (M = 0.248,
S.D. = 0.093; t (18) = 11.371,P < 0.001). Also in accor-
dance with the experiment 1 data, identical graded simple
effects of strength were observed for all blocks, and no
significant block effect (F(1.4, 23.5) = 0.527,P = 0.532)
nor strength× block interaction (F(2.5, 43.3) = 2.163,
P = 0.115) were obtained.

3.2. Electrophysiological data

3.2.1. Experiment 1
Grand average ERP waveforms evoked by strong, weak

and new words (collapsed across both old and new re-
sponses) in experiment 1 are displayed inFig. 1 for elec-
trodes C3, C4, CZ, F3, F4, F7, F8, FZ, P3, P4, PZ, T3, T4,
T5, T6. Given that these 15 scalp electrode sites provide a
well-distributed and representative sample of all recording
sites utilized and all ERP effects apparent to visual inspec-

Fig. 1. Grand average (N = 17) ERPs evoked by new, weak (presented once at study) and strong (presented thrice at study) words in experiment 1. The
mean numbers of individual ERP trials per strength condition per subject were: new, 53.94; weak, 56.12; strong, 55.82.

tion at any electrode in the present study, and for the purpose
of brevity, ERPs from these electrodes alone were submit-
ted to ANOVA. It appears that between approximately 300
and 600 ms post-stimulus onset, ERP amplitudes at parietal
(and in some cases, adjacent) electrodes are positively corre-
lated with memory strength (strong positive relative to weak,
weak positive relative to new). This apparent ERP ‘strength
effect’ onsets at approximately 300 ms with the peak of a
positive component which is apparently the P2, incorporates
the entire N400 and persists until approximately 650 ms at
which time the LPC approaches peak amplitude. Thus we
have evidently obtained an N400 old/new effect when the
study-test repetition lag for the majority of old words was
greater than 2 min, and for some words, was approximately
6 min. This strength-related pattern is diminished to a cer-
tain extent at central, and to a greater extent at frontal elec-
trodes. No graded strength effect was apparent for the LPC.
Rather the amplitude of this component was apparently iden-
tical for new and weak words at parietal electrodes. More-
over, new word ERPs’ LPC peak amplitude was noticeably
greater than that of weak ERPs at electrodes T3, C3, CZ
and C4, and was in fact equivalent to that of strong ERPs at
electrode CZ.
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ERPs were quantified for analysis by computing the mean
amplitudes (relative to the mean of the 200 ms pre-stimulus
baseline interval) of the 300–500 and 500–800 ms intervals,
which have been utilized in a number of previous ERP
studies (e.g.[33,36,41,50]) to represent the N400 and LPC
components, respectively. Consistent with previous stud-
ies, separate within-subjects ANOVAs were conducted for
each of these time intervals. These employed the factors
of strength (new, weak, strong) and electrode site (C3, C4,
CZ, F3, F4, F7, F8, FZ, P3, P4, PZ, T3, T4, T5, T6).

3.2.1.1. The 300–500 ms interval. At this latency range,
significant strength (F(2, 32) = 8.291, P < 0.005) and
electrode (F(3.5, 56.4) = 3.951, P < 0.01) effects, and a
significant strength× electrode interaction (F(5, 79.4) =
2.898, P < 0.05) were obtained. Considering the strength
effect (Bonferroni-corrected, two comparisons), both strong
word (M = 1.28, S.D. = 2.561; t (16) = 3.597,P < 0.01)
and weak word ERPs (M = 0.805, S.D. = 2.277; t (16) =
2.954,P < 0.05) were positive relative to those evoked by
new words (M = 0.021, S.D. = 2.895). With regard to the
electrode effect, average amplitudes were relatively most
negative at electrodes T3 and F7, but were relatively most
positive at electrode P4, followed by electrodes PZ and P3.
Considering the interaction, amplitude differences between
conditions were largest at electrode P3 (then at PZ and
P4), and were least at electrode F7. Given several lines of
evidence in the ERP literature which indicate that old/new
effect(s) centered around left parietal electrodes may be
sensitive to memory trace strength, the following planned
comparisons (Bonferroni-corrected, two comparisons) were
conducted subsequent to the above ANOVA. At electrode
P3 strong ERPs (M = 3.553, S.D. = 3.587) were positive
relative to weak (M = 2.129, S.D. = 3.063; t (16) = 2.69,
P < 0.05), which were in turn positive relative to new, ERPs
(M = 0.647, S.D. = 3.502; t (16) = 3.418, P < 0.01).
Given proposals that the frontal FN400 reflects familiarity,
the following planned comparisons (Bonferroni-corrected,
two comparisons) were carried out on the electrode FZ data:
strong (M = 0.012, S.D. = 4.151) were not significantly
different to weak word ERPs (M = 0.253, S.D. = 4.140;
t (16) = −0.399,P = 0.695); and there was no significant
amplitude difference between the former and new, ERPs
(M = −0.465, S.D. = 4.596; t (16) = 0.700,P = 0.494).

3.2.1.2. The 500–800 ms interval. ANOVA at this latency
range revealed a strength effect which approached signif-
icance (F(2, 32) = 3.083, P = 0.072). In contrast to the
outcomes obtained for the 300–500 ms data, there were no
significant amplitude differences between new (M = 1.507,
S.D. = 3.600) and weak (M = 1.815, S.D. = 3.206;
t (16) = 0.755, P = 0.461), nor between the latter and
strong (M = 2.691, S.D. = 3.624; t (16) = 1.466, P =
0.162) ERPs. A significant electrode effect (F(4.6, 73.4) =
7.715,P < 0.001) was obtained. Collapsed across strength,
the average amplitude was generally greatest at frontal and

central electrode sites, but was also of a similar magnitude
at electrode P3, and was least at electrode T5. In contrast
to the 300–500 ms data, no significant strength× electrode
interaction was obtained over the 500–800 ms interval
(F(5.2, 83.5) = 1.756,P = 0.128). In order to assess the
proposal that the LPC effect is sensitive to strength[4],
the following planned comparisons (Bonferroni-corrected,
two comparisons) were computed. At electrode P3, average
amplitudes of strong (M = 7.212, S.D. = 4.570) were pos-
itive relative to those of weak, words’ ERPs (M = 4.994,
S.D. = 4.034; t (16) = 2.782, P < 0.05); But there was
no significant difference between average amplitudes of
weak versus new words’ ERPs (M = 4.429, S.D. = 5.009;
t (16) = 0.799,P = 0.436).

3.2.2. Experiment 2
Grand average ERP waveforms evoked by strong, weak

and new words (collapsed across both old and new re-
sponses) in experiment 2 are displayed inFig. 2 for
electrodes C3, C4, CZ, F3, F4, F7, F8, FZ, P3, P4, PZ,
T3, T4, T5, T6. Between approximately 300 and 700 ms
post-stimulus onset, ERP amplitudes at parietal electrodes
appear to exhibit a graded strength effect as was obtained
in experiment 1. A briefer strength effect is apparent at cen-
tral and frontal electrodes between approximately 300 and
500 ms. As in experiment 1, LPC peak amplitude at central
electrodes is evidently identical for weak and new ERPs.
ERPs were again quantified for analysis by computing mean
amplitudes (relative to the mean of the 200 ms pre-stimulus
baseline interval) of the 300–500 and 500–800 ms intervals,
which are representative of the N400 and LPC components,
respectively. Separate within-subjects ANOVAs were again
conducted for each of these time intervals, employing the
factors of strength (new, weak, strong) and electrode site
(C3, C4, CZ, F3, F4, F7, F8, FZ, P3, P4, PZ, T3, T4, TS, T6).

3.2.2.1. The 300–500 ms interval. Over this interval
significant strength (F(2, 36) = 19.66, P < 0.001) and
electrode (F(2.8, 50.2) = 4.417, P < 0.01) effects were
obtained. However, no significant strength× electrode in-
teraction (F(5.3, 94.8) = 1.646,P = 0.152) was obtained.
With regard to the strength effect, strong word (M = 0.945,
S.D. = 2.123) were positive relative to weak word ERPs
(M = 0.020, S.D. = 2.456; t (18) = 3.447, P < 0.01)
which were in turn positive relative to those evoked by
new words (M = −1.034, S.D. = 2.672; t (18) = 3.426,
P < 0.01). Considering the electrode effect, average am-
plitude was relatively most negative at electrodes F7 and
F3, and most positive at parietal electrodes and T6. As was
the case in the corresponding experiment 1 data, ampli-
tude differences between conditions were generally largest
at parietal, and least at frontal, electrodes. However, the
lack of an interaction in the experiment 2 data appears to
be associated with the more pronounced (relative to those
obtained in experiment 1) graded N400 strength effects at
frontal electrodes. As in experiment 1, the following planned
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Fig. 2. Grand average (N = 19) ERPs evoked by new, weak (presented once at study) and strong (presented thrice at study) words in experiment 2. The
mean numbers of individual ERP trials per strength condition per subject were: new, 43.84; weak, 42.26; strong, 44.84.

comparisons (Bonferroni-corrected, two comparisons per
set) were conducted subsequent to the above ANOVA. At
electrode P3 strong ERPs (M = 3.066, S.D. = 3.245)
were positive relative to weak (M = 1.632, S.D. = 3.511;
t (18) = 3.107, P < 0.05) which were in turn posi-
tive relative to new ERPs (M = 0.518, S.D. = 3.259;
t (18) = 2.999, P < 0.05); in electrode FZ recordings,
strong (M = 0.008, S.D. = 3.436) were not significantly
different to weak word ERPs (M = −0.705, S.D. = 4.111);
t (18) = 1.635, P = 0.119), whereas the latter were pos-
itive relative to new ERPs (M = −1.966, S.D. = 4.469;
t (18) = 2.705,P < 0.05). Thus the graded N400 strength
effect at electrode P3, and the non-significant weak versus
strong electrode FZ N400 comparison, obtained in exper-
iment 1, have both been replicated in experiment 2. In
addition, a graded N400 strength effect was obtained in the
data collapsed across all 15 electrodes, and a significant
N400 old/new difference was obtained at electrode FZ. The
latter two results, which were obtained only in the experi-
ment 2 data, may be a consequence of the shorter repetition
lags between study and test in this experiment.

3.2.2.2. The 500–800 ms interval. ANOVA at this latency
range revealed a significant strength effect (F(2, 36) =

11.243, P < 0.001). Strong (M = 3.428, S.D. = 2.474)
were positive relative to weak word ERPs (M = 1.959,
S.D. = 3.019; t (18) = 4.472, P < 0.001) which were
not significantly different in amplitude to ERPs evoked by
new words (M = 1.480, S.D. = 3.209; t (18) = 1.130,
P = 0.273). A significant electrode effect (F(2.9, 52.9) =
8.985, P < 0.001) and a significant strength× electrode
interaction (F(4.9, 88.4) = 2.360, P < 0.05) were ob-
tained. Average amplitude over this latency interval was
largest at parietal electrodes (left> right), and least at
electrodes F7 and T3. The presence of an interaction ev-
idently reflects the apparent differences in LPC amplitude
patterns between, for example, parietal and frontal elec-
trodes. That is, the range of amplitudes across conditions,
was larger at parietal than frontal electrodes. At electrode
P3 (Bonferroni-corrected, two comparisons), average ampli-
tudes of strong (M = 6.716, S.D. = 4.305) were positive
relative to those of weak, words’ ERPs (M = 4.823, S.D. =
4.912; t (16) = 3.292, P < 0.01); But there was no sig-
nificant difference between mean amplitudes of weak ver-
sus new words’ ERPs (M = 3.365, S.D. = 4.493; t (16) =
2.295,P = 0.097). Both outcomes were the same as those
obtained in the corresponding comparisons of the experi-
ment 1 data, and indicate that the LPC effect is not sensi-
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tive to strength in the same graded fashion as is the N400
effect.

3.2.3. Experiments 1 and 2: response-conditionalized
electrophysiological data

In addition to comparing ERPs for the three different lev-
els of strength, comparisons were also made between ERPs
conditionalized on response. As noted above, very similar
results were obtained in each experiment and for this rea-
son, plus in order to obtain optimal signal-to-noise ratios,
we report the response-conditionalized ERP data collapsed
across both studies. Grand average (N = 36) ERP wave-
forms for strong and weak hits, strong and weak misses,
correct rejections and false alarms, are displayed for mid-
line parietal, central and frontal electrodes inFig. 3. Am-
plitudes of strong and weak hit ERPs are predominantly the
more positive of all conditions from approximately 200 ms
until the end of the epoch at all electrodes. At electrodes CZ

Fig. 3. Grand average (N = 36) ERPs evoked by strong hits and misses, weak hits and misses, correct rejections and false alarms, averaged across
experiments 1 and 2. The mean numbers of individual ERP trials per response condition per subject were: correct rejections, 36.83; false alarms, 11.78;
weak hits, 28.67; weak misses, 20; strong hits, 39.11; strong misses, 11.86.

and PZ (and adjacent sites), differing patterns are apparent
between N400 and LPC peak amplitude orders. Most no-
tably, whereas, N400 amplitude is generally largest (most
negative) for correct rejection ERPs, they undertake a steep
incline to reach an LPC peak amplitude which is greater
(more positive) than that of false alarm and miss ERPs and
indeed, at electrode CZ, on a par with that of weak hit
ERPs. (The different amplitude order patterns obtained for
N400 versus LPC, are examined further via supplementary
analyses at the end of this section.) Hence, centro-parietal
LPC amplitude is apparently greater for the three correct
than the three incorrect, response conditions. These patterns
of centro-parietal LPC amplitude are evidently consistent
with the view that this ERP component indexes decisional
factor(s), such as accuracy, and perhaps—assuming correct
recognition decisions are on average generally made with
higher confidence than are erroneous decisions (e.g.[32])—
confidence.
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As for strength-conditionalized ERPs, those associated
with response conditions were prepared for analysis by com-
puting mean amplitudes over the 300–500 and 500–800 ms
intervals. Separate within-subjects ANOVAs were conducted
for each of these time intervals, employing the factors of con-
dition (strong hit, weak hit, false alarm, strong miss, weak
miss, correct rejection) and electrode site (C3, C4, CZ, F3,
F4, F7, F8, FZ, P3, P4, PZ, T3, T4, T5, T6). Considering pre-
vious ERP literature and following inspection of ERP data
from experiment 1, the following comparisons were planned
for the data from both experiments combined: (1) old (strong
and weak hits and false alarms) versus new (strong and
weak misses and correct rejections) responses; (2) strong
hits versus weak hits; (3) strong and weak misses versus
correct rejections; (4) false alarms versus correct rejections;
(5) correct (strong and weak hits and correct rejections) ver-
sus incorrect (strong and weak misses and false alarms) re-
sponses. These comparisons were chosen in an endeavor to
obtain evidence which might converge with that from the
ERP strength comparisons and thereby provide further sup-
port for ERP strength and ‘decisional’ effects. In particular,
comparisons (3) and (4) could be most diagnostic of a re-
lationship between LPC amplitude and decisional factor(s),
because given the directions of those differences they would
not be consistent with the views that LPC indexes strength.
And, given evidence that false alarms are often made on the
basis of ‘false recollection’ (e.g.[31] they would also argue
against a sensitivity of the LPC to recollection.

ERP data recorded from electrode P3, over both
the 300–500 and 500–800 ms time intervals, were thus
compared. Comparison (1) was computed only on the
300–500 ms data, whereas comparison (5) was computed
only on the 500–800 ms data. This was done because those
comparisons are not fully orthogonal with one another,
and the first comparison further assesses a sensitivity to
strength, whereas the latter further assesses a sensitivity to
decisional factor(s). Otherwise, we chose to do very sim-
ilar comparisons on data from both time intervals in order
to determine whether or not dissociations in the outcomes
were obtained between the N400 and LPC components, at
a given electrode. Interestingly, such dissociations—which
generally become more evident as the number of compared
ERP conditions increases—have indeed been reported in
recent literature (e.g.[41]), and such outcomes highlight the
value of performing separate analyses of the N400 versus
LPC latency intervals. Some authors have previously per-
formed analyses of left parietal electrode ERP data over just
one time interval. For example, Rugg et al.[40] computed
mean amplitudes over the 400–800 ms window alone. Such
an approach seems to indicate—at least implicitly—an as-
sumption that ‘the left parietal old/new effect’ comprises
one sole component but, on the basis of a number of lines
of evidence, such an assumption does not appear to hold.
This issue is further explored by both these comparisons
and, furthermore, by the supplementary analyses reported
at the end of this section (on amplitude differences between

the 300–500 and 500–800 ms intervals). Electrode P3 was
selected, as that is the closest electrode site in the present
study, to that at which the left parietal ERP old/new effect
has in the past been reliably observed to be of greatest
magnitude. In addition, it was at this electrode that, during
the 300–500 ms interval, the strength effects were largest
in both experiments’ data, and this was also evident in
the response-conditionalized data collapsed across the two
studies. During the 500–800 ms interval, average amplitudes
were generally greatest at electrode P3. Moreover, in both
experiments, the range of amplitudes across conditions, and
similarly, the sizes of some effects which are of particular
interest to the current research were largest at electrode P3
(and, in some cases, adjacent parietal and central electrodes).
(Note that while electrode P3 ERP data are not illustrated
in Fig. 3, that data was almost identical to the PZ data.)

Electrode CZ was also chosen for comparisons of
500–800 ms amplitudes, because in the data from experi-
ment 1, the decision accuracy-related LPC amplitude dif-
ference (correct> incorrect conditions) was of at least
equal (if not greater) magnitude at CZ versus P3. The
response-conditionalized data collapsed across both experi-
ments, also exhibit a similar outcome. Moreover, by com-
paring the directions of LPC amplitude differences between
various response conditions at electrodes P3 versus CZ, it
is possible to further consider whether or not the effects at
these electrodes, should be assumed to reflect the modu-
lation of distinct ERP components (or indeed, complexes
of components). That is, it is not fully clear as to whether
the LPC effects at P3 versus CZ should somehow be con-
sidered distinct. On the other hand, it may be the case that
a significant distinction between them is not justified but
instead, that they both reflect a common LPC effect which
exhibits a centro-parietal scalp distribution in the current
ear-referenced data. Hence, the following comparisons, per-
formed on the 500–800 ms data at each electrode, permit
further evaluation of these alternative scenarios.

3.2.3.1. The 300–500 ms interval. ANOVA on this inter-
val obtained a significant condition effect (F(3.4, 117.5) =
6.379, P < 0.001), a significant electrode effect (F(3.5,

121) = 7.905, P < 0.001), and a significant condition×
electrode interaction (F(11, 385.3) = 1.982, P < 0.05).
Ranging from relatively most to least positive, the obtained
pattern of average amplitudes, collapsed across electrodes,
was as follows: strong hits (M = 1.202, S.D. = 2.347),
weak hits (M = 0.937, S.D. = 2.496), false alarms (M =
0.707, S.D. = 3.195), strong misses (M = 0.044, S.D. =
3.529), weak misses (M = −0.511, S.D. = 2.891), cor-
rect rejections (M = −0.671, S.D. = 2.921). Collapsed
over conditions, amplitudes were relatively most positive
at parietal and adjacent temporal electrodes (right> left),
and most negative at electrodes F7, T3, and F3. Consider-
ing the interaction, the range of amplitudes obtained across
conditions, was largest at parietal sites, and least at frontal,
sites.
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At electrode P3 (Bonferroni-corrected, four comparisons),
mean 300–500 ms amplitudes of ERPs associated with old
responses (M = 2.555, S.D. = 3.381) was significantly
positive relative to that of ERPs associated with new re-
sponses (M = 1.275, S.D. = 3.357; t (35) = 3.690, P <

0.01). Strong hit electrode P3 mean ERP amplitude over
the 300–500 ms interval (M = 3.464, S.D. = 3.377) was
significantly greater than that of ERPs evoked by weak hits
(M = 2.449, S.D. = 3.369; t (35) = 2.980, P < 0.05).
Mean false alarm electrode P3 ERP amplitude over the same
interval (M = 1.753, S.D. = 4.893) was significantly pos-
itive relative to that of correct rejection ERPs (M = 0.318,
S.D. = 3.390; t (35) = 2.734,P < 0.05), as was the aver-
age amplitude of strong and weak miss ERPs (M = 1.753,
S.D. = 3.740; t (35) = 2.958,P < 0.05).

3.2.3.2. The 500–800 ms interval. ANOVA on this
interval also revealed a significant condition effect
(F(4.1, 142.2) = 7.106,P < 0.001), a significant electrode
effect (F(4.2, 146.7) = 14.429, P < 0.001), and a sig-
nificant condition× electrode interaction (F(13, 454.4) =
3.192, P < 0.001). Ranging from relatively most to
least positive, the obtained pattern of average amplitudes,
collapsed across electrodes, was as follows: strong hits
(M = 3.326, S.D. = 3.014), weak hits (M = 2.345,
S.D. = 3.096), strong misses (M = 1.784, S.D. = 3.459),
correct rejections (M = 1.656, S.D. = 3.445), false alarms
(M = 1.057, S.D. = 3.940), weak misses (M = 0.959,
S.D. = 3.809). Hence, in comparison to the corresponding
pattern for the 300–500 ms interval, the position of correct
rejection amplitude within this range has risen above that
of weak misses and false alarms, and is very similar to
that of strong misses. Collapsed over conditions, average
amplitudes were relatively most positive at parietal elec-
trodes (left> right), and most negative at electrodes FZ,
F3, and F7. With regard to the interaction, the range of
amplitudes across conditions obtained at parietal (and cen-
tral) sites, was relatively broader than that at frontal sites.
This is similar to the outcome obtained for the 300–500 ms
latency interval. Mean 500–800 ms electrode P3 amplitude
(Bonferroni-corrected, four comparisons) of ERPs associ-
ated with correct decisions (M = 5.825, S.D. = 4.042)
was significantly positive relative to that of ERPs associ-
ated with incorrect decisions (M = 3.652, S.D. = 4.940;
t (35) = 5.037, P < 0.01). Mean electrode P3 amplitude
over the 500–800 ms interval was also significantly greater
for strong hit (M = 7.628, S.D. = 4.426) relative to weak
hit ERPs (M = 5.828, S.D. = 4.276; t (35) = 3.592,
P < 0.01). In contrast to the previous interval, however, no
significant mean 500–800 ms electrode P3 amplitude dif-
ferences were observed between false alarm (M = 3.530,
S.D. = 5.825) and correct rejection ERPs (M = 4.020,
S.D. = 4.756; t (35) = −0.755, P = 0.456) nor between
the average of strong and weak miss ERPs (M = 3.713,
S.D. = 5.058), and those accompanying correct rejections
(M = 4.020, S.D. = 4.756; t (35) = −0.437,P = 0.665).

However, it is indeed noteworthy that the directions of both
differences were reversed, relative to the corresponding
differences obtained for the 300–500 ms interval. That is,
average amplitudes were relatively more positive in correct
rejection versus both false alarm and miss, ERPs, and such
differences were also obtained at CZ. In ERPs recorded
at electrode CZ (Bonferroni-corrected, four comparisons),
mean 500–800 ms amplitudes of ERPs accompanying cor-
rect decisions (M = 3.723, S.D. = 4.509) were positive
relative to those for incorrect decisions (M = 1.961,
S.D. = 4.745; t (35) = 3.594,P < 0.01). Mean electrode
CZ 500–800 ms amplitude was significantly greater for
strong hit (M = 4.905, S.D. = 5.198) than weak hit ERPs
(M = 2.832, S.D. = 4.286; t (35) = 3.420, P < 0.01).
Furthermore, mean CZ 500–800 ms amplitude was signif-
icantly greater in correct rejection (M = 3.432, S.D. =
5.374) than in both false alarm (M = 1.584, S.D. = 6.070;
t (35) = 2.811,P < 0.05) and averaged-miss ERPs (M =
2.15, S.D. = 4.723; t (35) = 2.649,P < 0.05).

The following significant differences obtained in com-
parisons of the 300–500 ms ERP data, provide further evi-
dence for a modulation by strength of the amplitude of the
N400 old/new effect: strong hit> weak hit; false alarm>

correct rejection; miss> correct rejection; old> new re-
sponse ERPs. For the 500–800 ms data, significant differ-
ences obtained in the following comparisons further indi-
cate that the amplitude of the LPC effect is influenced by
decisional factor(s), such as accuracy and/or confidence:
correct > incorrect decisions; strong> weak hits; false
alarm< correct rejection; misses< correct rejection. Fur-
thermore, the direction of the latter two differences, argue
against a significant or direct impact of strength on LPC am-
plitude: rather, as noted above, those differences indicate a
significant influence of decisional factor(s), on LPC ampli-
tude. Notably, between electrodes CZ and P3, all amplitude
differences were in the same directions. However, in the
electrode P3 data, only the first comparison achieved statis-
tical significance (following Bonferroni correction). Hence,
while it may indeed be the case that the effects occurring
during the LPC latency interval a t electrodes CZ versus P3,
reflect the modulation of a common or overlapping compo-
nent (or complex of components) with a centro-parietal dis-
tribution. It appears that this issue is not fully resolved on
the basis of the comparisons reported above.

As described earlier, different patterns of ERP amplitudes
were obtained between the 300–500 and 500–800 ms inter-
vals. Most saliently, correct rejection ERPs rose very sharply
over time relative to other conditions’, particularly all error
conditions’, ERPs. Such a change (and the concomitant
slope of the ERP curve) between the N400 and LPC peaks,
is an important result but is barely reflected in the analyses
reported above and in the literature (i.e. separate analyses
for different latency intervals). Indeed, the relationship be-
tween N400 and LPC outcomes has been considered by
previous ERP investigators (cf.[25,49]), but this has not
been explored with additional statistical analyses. Hence, it
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is worthwhile to consider a supplementary form of analysis,
the outcomes of which would be expected to better index
the different ERP patterns obtained between the N400 and
LPC components. Comparisons of LPC− N400 amplitude
difference scores (i.e. average 500–800 ms minus average
300–500 ms, amplitudes) between conditions, appear to be
a sufficient means by which to further investigate those
differences. It is important to note that this analysis is not
motivated by an assumption that the neural generator(s) of
the N400 suddenly become inactive, nor by an assumption
that they do not in any way modulate the LPC component.
That is, they do not reflect an assumption that there is no
overlap between the networks of generators of the N400
and LPC effects. Rather, comparisons of LPC− N400 dif-
ference scores are proposed as a supplement to the analyses
reported above, which might provide converging evidence,
and also perhaps better assess the influence of one or more
LPC generator(s) on the effects of interest. Such compar-
isons are evidently of particular relevance to ERPs recorded
at electrode P3, because it was at this electrode that am-
plitude differences between correct rejections’ versus other
conditions’ ERPs (over 300–500 ms) were largest. Hence,
amplitudes over 500–800 ms, especially those in correct
rejection ERPs, would apparently be most affected by the
carryover of N400 effects, at this electrode in particular.
Therefore, it may be the case that such carryover yielded
a diminution in correct rejection> false alarm and correct
rejection > miss, LPC amplitude differences at electrode
P3; resulting in the non-significance of those effects at this
electrode. Such effects (between correct rejection versus
error LPC amplitudes) are the most diagnostic of a sensi-
tivity of the LPC effect to decisional factor(s) and did not
appear to significantly differ between ERPs recorded at
electrode CZ versus P3, but—perhaps due to the carryover
of N400 effects—were of greater magnitude at CZ. Given
the anticipated impact of such carryover, and the obtain-
ment of the predicted effects in the experiment 1 data, these
two comparisons (between correct rejection versus error
LPC − N400 amplitude differences) were planned for the
electrode P3 response-conditionalized data, collapsed across
the two experiments (Bonferroni-corrected, two compar-
isons). LPC−N400 difference scores at electrode P3 were as
follows: strong hit (M = 4.164, S.D. = 2.462), correct re-
jection (M = 3.702, S.D. = 3.358), weak hit (M = 3.379,
S.D. = 2.674), weak miss (M = 2.558, S.D. = 3.820),
false alarm (M = 1.777, S.D. = 3.375), strong miss (M =
1.362, S.D. = 3.990). It is noteworthy that this order is no-
ticeably different from that obtained for the amplitudes over
the 500–800 ms interval per se (e.g. correct rejection ampli-
tudes are now substantially greater whereas strong misses
are lower, relative to other conditions), and is evidently more
correlated with recognition decision accuracy. Moreover,
difference scores were significantly greater in correct rejec-
tion than in false alarm ERPs (t (16) = 4.462,P < 0.01).
Similarly the former (M = 3.702, S.D. = 3.358) were sig-
nificantly greater than the average of LPC−N400 difference

scores in both strong and weak miss ERPs (M = 1.960,
S.D. = 3.526; t (16) = 3.387, P < 0.05). In addition,
the six conditions’ mean difference scores noted above,
taken together with the significance of these two compar-
isons, indicate that a comparison of correct versus incorrect
LPC− N400 scores would be highly significant. Hence, on
the basis of the outcomes of these comparisons, it is evident
that the LPC effect at electrode P3 is sensitive to decisional
factor(s), as is the LPC effect at electrode CZ. That is, it
is evidently not the case that the LPCs at these two elec-
trodes are distinct electrophysiological entities, but rather
that they can both be considered constituents of a unitary
LPC effect which exhibits a centro-parietal scalp topogra-
phy in the current (ear-referenced) data, which is analogous
to the LPC effect reported in previous studies, and which
evidently indexes decisional factor(s), such as accuracy.

4. Discussion

An effect during the N400 interval was found to be sensi-
tive to strength in a graded manner (new< weak< strong;
old > new, decision ERPs). The other principal result, was
that an LPC effect at centro-parietal electrode sites (left>

right hemisphere) was found to be related to recognition de-
cision accuracy (correct> incorrect, decision ERPs).

The temporal window during which the graded strength
effect achieved statistical significance, predominantly incor-
porated the N400 component. The graded (new< weak<

strong) ‘N400 strength effect’ was of greatest magnitude
(and significant) at the left parietal electrode (P3), and sim-
ilar results were also apparent at other parietal electrodes.
In some cases, ERPs at neighboring (central and temporal)
electrode sites exhibited apparently similar, but diminished,
effects. These results clearly indicate that the left parietal
N400 effect indexes memory trace strength. Converging
evidence for the influence of strength on this ERP effect
was provided when we examined separate ERPs condition-
alized on both strength and decision (Fig. 3). The follow-
ing significant differences were obtained in electrode P3
mean 300–500 ms amplitude: old> new, decision ERPs:
strong> weak, hit ERPs; false alarm> correct rejection
ERPs; miss> correct rejection ERPs. Together with the
aforementioned strong> weak> new differences, these re-
sults provide solid converging evidence that the magnitude
of the parietal N400 effect is directly sensitive to memory
trace strength.

It has been proposed that the processes underlying the
N400 old/new effect are not necessary for the explicit dis-
crimination of old and new items[23,34]. This assertion was
made on the basis of observations that the N400 old/new
effect dissipates when the study-test repetition lag exceeds
some threshold between 2 and 15 min (e.g.[25,37]). How-
ever, Duzel et al.[11] obtained an N400 old/new effect in an
episodic recognition study in which the study-test repetition
lag was at least 30 min. Here we have obtained significant
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N400 old/new effects for both weak and strong words in
a design where study-test repetition lags ranged from ap-
proximately 2–6 min. Rugg et al.[41] observed an N400
in parietal ERPs evoked by (shallowly-studied) unrecog-
nized words which was equivalent in amplitude to that of
hit ERPs, whereas both were relatively more positive than
was the N400 evoked by correctly-rejected words. Rugg and
co-workers thus declared this effect to be a neural corre-
late of implicit memory in the absence of conscious recog-
nition. The additional result that in ERPs recorded during
an implicit (semantic judgment) task both shallowly- and
deeply-studied words’ N400 amplitudes resembled those
evoked by old words in the explicit task, was interpreted by
the authors as converging evidence[41]. However, that data
can also be accounted for by the proposal that the N400
old/new effect reflects memory trace strength, which would
of course be greater for old words than for new words, re-
gardless of whether the old words were recognized or unrec-
ognized. Moreover, the strength associated with hits should
generally be greater than that of misses: consistent with this,
and in contrast to the results of Rugg and co-workers, both
strong and weak (approximately analogous to deep and shal-
low study, respectively) hits’ N400 amplitudes were positive
in relation to the corresponding miss amplitudes at parietal
electrodes, in the present data. (Note that this hit> miss dif-
ference was of the same magnitude as the significant old>

new decision N400 amplitude difference.) Rugg et al. did
not illustrate ERPs associated with recognized and unrec-
ognized deeply-studied words so it is unclear whether or
not an N400 difference was obtained there. However, given
that strength is a continuous variable, one would expect the
hit-miss N400 differences obtained in the present study if in-
deed this component reflects episodic strength. Finally, while
the observed dissipation over time of the N400 old/new ef-
fect may indeed be due to changing contextual representa-
tions (cf.[10,15]), it is not possible at this point to determine
whether this ERP component reflects an implicit memory
process or a contextually-dependent memory process.

In addition to the N400 which typically has a centro-
parietal maximum, a frontally-distributed ‘FN400’ effect[6]
has also been reported recent papers. It is unclear whether
or not the centro-parietal N400 and the FN400 are distinct
components[7], although dissociations have been observed
between N400-like old/new effects at parietal versus frontal
electrodes[41]. The FN400 effect has been proposed to
index familiarity [6,7,41]. However, there appear to be
inconsistencies between different authors’ concepts of fa-
miliarity. For example, Curran’s view of familiarity as an
‘assessment of global similarity’[7] is quite consistent
with our notion of strength; But it appears that the same
cannot definitively be said of the view of Rugg et al.[41]
who—in relation to familiarity—cite a number of authors,
whose own views of familiarity are sometimes disparate
from one another, and which are not all consistent with our
concept of strength. Moreover, Curran et al.[8] recently
reported data that indicated to these authors that the FN400

effect may instead index perceptual fluency or perceptual
familiarity. Significant old/new differences were obtained
in mean electrode FZ ERP amplitudes over the 300–500 ms
interval, only in one of the current experiments. The corre-
sponding weak–strong comparisons did not even approach
significance, in either experiment. Within the dual-process
framework strong words should certainly engender higher
levels of familiarity than weak words (e.g.[20]). So the lack
of a significant FN400 strong–weak difference does not
appear to be consistent with the hypothesized link between
the FN400 and familiarity, regardless of which view of fa-
miliarity is adopted. For example, Mandler’s[27] concept
of familiarity involving the interactive activation of percep-
tual features would not be expected to asymptote after only
a single study presentation. On another note Humphreys
et al. [18] found that the second presentation of a target in
a list produced no discernible effect on free association (a
conceptual implicit memory task) in five different experi-
ments, whereas it did have a large effect on cued recall and
recognition. Hence, the replicated lack of a significant dif-
ference between weak and strong words’ FN400 amplitudes
in the present study is more consistent with the idea that the
FN400 may reflect some specific form of implicit memory.

Another important point must be noted in relation to the
above discussion: the FN400 patterns attributed by Cur-
ran [6,7] to familiarity were generally apparent only in
average-referenced ERPs (collapsed over groups of neigh-
boring electrodes), and not in ERPs from standard electrode
sites (i.e. of the International 10–20 system[22]) which had
been re-referenced to electrodes placed on the mastoids.
Hence the present ear-referenced frontal ERP data may
not be particularly analogous to those FN400 patterns.1 In
order to investigate whether or not the frontal topography
of FN400 effects reported by Curran might be due—at
least in part—to the employment of the average-reference
technique, this transformation was also computed on the
current data.Fig. 4 displays ERPs associated with new,
weak, and strong, words (averaged across both experi-
ments), and compares those ERPs according to ear versus
average-reference techniques. It is evident that a key effect
of the average-reference transformation on the current data,
is to diminish the magnitude and/or topographical extent of
the N400 strength effect and, moreover, that no FN400 ef-
fect is evident. However, it is also noteworthy that, relative
to the current data, the data of Curran were acquired from
many more (128 versus 32), and a markedly broader spatial
range of, electrode sites. Consequently, the effects of the
average-reference transformation on the current data versus
that of Curran, cannot be expected to be identical. Thus,
there can ultimately be no simple nor concise comparison
between these two data sets. In summary, the current data

1 We thank Tim Curran for highlighting both the similarity be-
tween his concept of familiarity and ours of strength, and the lack of
familiarity-related FN400 patterns in his mastoid-referenced ERPs (per-
sonal communication, 21 May 2001).
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Fig. 4. Grand average (N = 36) ERPs evoked by new, weak (presented once at study) and strong (presented thrice at study) words, averaged across
experiments 1 and 2. The ERPs on the left are referenced to linked ear electrodes, whereas those on the right represent the same data following an
average-reference transformation.

should not be interpreted as being inconsistent with the hy-
pothesized[6,7] link between the FN400 component and fa-
miliarity (as conceptualized by Curran). Clearly, the precise
nature of the process(es) reflected in the FN400 effect, and
of the relationship between this and the (posterior) N400
strength effect obtained in the current data, remain unre-
solved. Further exploration of these questions represents an
important goal for future research, and will probably require
(at least) a comparison of ear- versus average-referenced
data acquired from a high-density electrode array.

As noted previously, Bentin et al.[5] found LPC ampli-
tude to be sensitive to both lag and recency of repetition and
suggested that it is modulated by strength. However, whereas
the N400 effect is evidently sensitive to memory strength in
a direct or graded manner in the current data, the same does
not apply to the LPC. At centro-parietal electrodes, LPC am-
plitude in new ERPs was generally equivalent to, or in some
cases even greater than, that of weak ERPs. These results
(and indeed, others described below) evidently refute the

existence of a direct relationship between the LPC effect and
strength (although, note that this is not to say that strength
has no impact whatsoever, on this effect). The three-level
strength ERP comparison made here is clearly capable of
such a refutation, whereas, a simple old/new comparison is
not, for any ERP difference (in either direction) observed
for the latter could potentially be erroneously interpreted as
a strength-related difference.

The outcomes of the comparisons performed on the
500–800 ms data indicate that the centro-parietal LPC effect
indexes decisional factor(s) including accuracy. LPC ampli-
tude was found to be greater in ERPs accompanying correct
(strong and weak hits, correct rejections) versus incorrect
(strong and weak misses, false alarms) decisions, at both
electrodes P3 and CZ; This difference was largest at P3,
followed by PZ and CZ. In fact a considerable divergence
was even apparent between the LPC amplitude for these two
groups, at most centro-parietal electrodes. This was also re-
flected in the significant correct rejection> false alarm, and
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correct rejection> miss, 500–800 ms amplitude differences
at electrode CZ (and the similar, albeit non-significant,
differences at electrode P3). Supplementary analyses were
also performed in order to examine the topographical extent
of this decision-related LPC effect. That is, those analyses
were primarily designed in order to address the question as
to whether or not the LPC effect at electrode CZ, was criti-
cally different from that obtained at electrode P3. This was
done via a form of baseline correction of each condition’s
ERP over the interval preceding 500 ms: N400 (300–500 ms)
amplitudes were subtracted from LPC (500–800 ms) ampli-
tudes, in order to minimize any carryover of effects from the
former to the latter, latency interval. Such carryover would
be expected to impact most upon correction rejections’ LPC
amplitudes, as N400 amplitudes in those ERPS were reliably
the most negative of all conditions. In addition, this would
be particularly problematic at parietal electrodes, as the
differences between correct rejection and other conditions’
N400 amplitudes, were relatively greatest at those sites.
Hence, the aforementioned lack of statistical significance in
the correct rejection> error 500–800 ms amplitude com-
parisons at electrode P3, may be due—at least in part—to
a carryover of N400 strength effects. The supplementary
comparisons of LPC−N400 difference scores, on electrode
P3 data, indicate that this was indeed the case. Both the
correct rejection> false alarm and correct rejection> miss
differences achieved significance in the latter comparisons
of electrode P3 data. In summary, the results summarized
above converge to indicate that decision accuracy is indexed
by the LPC effect, which has a centro-parietal (left> right)
scalp distribution in the current data. To the extent that sub-
jects were generally more confident of correct than incorrect
decisions (e.g.[32]), the results of those comparisons are
also compatible with the proposal that the LPC effect is
modulated by decision confidence. In addition, strong hits
and correct rejections are assumed to be at opposite ends
of the strength continuum but—assuming there is a rela-
tionship between decision accuracy and confidence, and
considering the current performance data—were likely to
generally be associated with similar mean confidence levels
(when confidence is conceptualized within the SDT context
as distance from the response criterion). Hence, the relative
similarity of LPC amplitudes in ERPs associated with these
two conditions, further argues for an LPC sensitivity to
decisional factor(s) rather, than to strength.

While the LPC effect had a centro-parietal scalp distribu-
tion in the current ear-referenced data, the effect was clearly
more centered around parietal (and not central) scalp regions
in the average-referenced data (Fig. 4). Given this result,
together with the outcomes of the supplementary analyses
summarized above, it is evident that this LPC effect is analo-
gous to the LPC reported in previous studies. Consistent with
the current results, the authors of a number of ERP studies of
memory have proposed that the LPC effect is sensitive to de-
cision accuracy and/or confidence (e.g.[24,26,28,30,32,46]).
For example, Johnson et at.[24] repeated the same list of

studied words across four study-test blocks and found that,
independent of the old/new effect, LPC amplitude increased
as the number of correctly classified old and new items in-
creased. The authors suggested that parietal LPC activity re-
flects increased discriminability, which is concomitant with
increasing strength of the memory trace. Again assuming
that decision confidence increased as did accuracy with rep-
etition across the four blocks, these data are also consistent
with the idea that LPC amplitude is an index of decision ac-
curacy and confidence. In addition, Rubin et al.[32] obtained
confidence ratings associated with old/new recognition judg-
ments and found significantly larger LPC amplitudes for
high than low confidence hit ERPs, and a corresponding
trend for correct rejections. Those authors also obtained sig-
nificant differences incorporating the centro-parietal LPC
between hit and false alarm ERPs, which were obviously
much larger and much more sustained than the hit-correct
rejection old/new effect. These observations of high> low
confidence, and correct rejection> false alarm, LPC ampli-
tude differences also indicate a sensitivity of LPC to decision
accuracy and confidence[32], as do the observed LPC am-
plitudes in both our strength and strength-by-response ERP
comparisons. Thus, we have obtained converging evidence
which supports a previously-proposed relationship between
LPC amplitude, and decisional factor(s) including accuracy
and perhaps confidence. More generally, these conclusions
are based largely upon comparisons involving ERPs associ-
ated with error responses, and this emphasizes the value of
computing and comparing such ERPs.

In addition to decisional factor(s), the LPC effect may also
be sensitive to other factor(s) or process(es), and this idea
warrants further consideration. Similarly, it is worthwhile to
consider the potential impact of latency jitter, or variability
in the latency of a given ERP component, on LPC ampli-
tude. For example, Spencer et al.[44] have proposed that
an LPC amplitude difference obtained between ERPs as-
sociated with two different recognition memory conditions,
was predominantly a consequence of different amounts of
latency jitter between those conditions. If this proposal is
accurate, and the amplitude of the LPC effect does in fact in-
dex factor(s) associated with the recognition decision, then
it may be the case that the current LPC effects are due—at
least in part—to different decision latencies between con-
ditions (if such differences exist).2 Resolution of this issue
would require further examination of both single-trial ERPs
and the decision latencies associated with each of the con-
ditions of interest. However, in the current experiments, the
execution of the recognition response was delayed until after
the end of the ERP epoch, which clearly makes the decision
latency data less interpretable. This issue and the question as
to whether or not the making of the response contaminates
ERP memory effects should be explored by future studies
that do not require a delayed response.

2 We thank an anonymous reviewer for highlighting the possible impact
of decision latency on the LPC effect.
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As noted in Section 1, previous investigators (e.g.
[2,6,7,50]) have linked the LPC old/new effect to the rec-
ollection component of dual-process recognition theories.
Were one to take the dual-process perspective one must as-
sume that correct rejection decisions are consistently made
in the absence of the conscious experience of recollection.
Hence the current data (i.e. the relatively large LPC ampli-
tudes obtained in correct rejection ERPs) are problematic
for the idea that the LPC effect indexes recollection. Some
theorists (e.g.[21,32]) assume that false alarms are also
associated with an absence of recollection. If this were the
case, and the LPC effect does reflect recollection, there
should be no significant LPC amplitude difference between
these conditions. In fact, there does exist evidence that
false alarms can sometimes be associated with some form
of ‘false recollection’ (e.g.[31]), and this also challenges
the view that the LPC effect indexes recollection. That is,
according to that view, such false recollection should yield
greater LPC amplitudes in false alarm versus correct re-
jection, ERPs, but a significant difference in the opposite
direction was obtained in the present data, and this result
is completely consistent with the aforementioned data of
Rubin et al.[32].

Paller and Kutas[29] were the first authors to propose
that the LPC effect indexes recollection. However, this
proposal relies on the assumption that depth of study pro-
cessing selectively influences recollection, whereas more
recent evidence indicates that this is not the case[47,56].
The position that the LPC old/new effect reflects a recol-
lection or recall-like process was also adopted by Rugg and
co-workers [2,39,40,51–54]. However, it is important to
note that these authors’ view is that recollection is graded
or continuous (and that the LPC effect is sensitive to the
amount of contextual information that is retrieved, e.g.
[35,50,52]), whereas some key dual-process theorists (e.g.
[55]) assume that recollection is a threshold or all-or-none
process. In addition, some ERP data from source mem-
ory tasks reported by the former group, have substantially
challenged some central assumptions of the dual process
approach. For example, the data reported by Wilding and
Rugg [52] do not support the dual process view that fa-
miliarity and recollection are separate cognitive processes
associated with distinct patterns of neural activity (see also
[35], for review), but rather that data are consistent with
the idea that episodic recognition can generally involve
only a single process. The question as to whether or not a
recall-like process is necessarily involved in—and reflected
in ERPs recorded during—single-item episodic recogni-
tion, can also be explored via a comparison of ERP effects
recorded during recognition versus recall tasks. Allan and
Rugg[1] have reported such a comparison, within-subjects.
The recognition ERPs exhibited an old/new effect, primar-
ily incorporating the LPC component, which was largest at
the left parietal electrode. The cued recall ERPs, however,
contained no such distinct LPC peak nor effect, but rather
an old/new effect which commenced at approximately

400 ms and was sustained until the end of the ERP epoch
(1200 ms). In addition, this cued recall ERP effect differed
from the LPC effect not only morphologically but also
topographically. The absence of the cued recall effect in
ERPs recorded during standard episodic recognition tests,
evidently challenges those theories which assume that a
recall-like component contributes to performance on—and
LPCs recorded during—such tests. In addition, perhaps the
absence of a distinct LPC effect in ERPs recorded during
cued recall tasks, is indicative of a sensitivity of this ef-
fect to recognition decision factor(s). Hence a number of
lines of converging evidence challenge the idea that the
LPC old/new effect indexes a recall-like or recollection
process.

Finally, in relation to the above discussion, it is salient
to note the caveat that we do not necessarily assume that
a recall-like process never transpires during recognition.
For example, such a process may occur during the per-
formance of more complex or demanding recognition (or
recognition-like) tasks, such as list discrimination (e.g.
[19–21]), source memory (e.g.[50–54]), or study plurality
(e.g. [7]), judgments, depending on factors, such as task
requirements, subjective strategies, and consequently, the
nature of the cues applied to memory. However, the current
research is more concerned with standard or single-item
recognition tasks, and we posit that only a single memory
access process is fundamental to performance of such tasks
(cf. [8,14]).

In summary, the amplitude of the N400 effect is modulated
not solely by words’ old/new status, but more generally, by
memory trace strength in a graded manner. However, on the
basis of the current data, it remains unresolved as to whether
or not this N400 strength effect—which was of greatest mag-
nitude at the parietal electrodes (left> right)—indexes a
context-dependent memory access process. In contrast, the
LPC effect is sensitive to recognition decision accuracy and,
by inference, confidence. This effect had a left> right
centro-parietal scalp distribution (in ear-referenced ERPs).
Although it is posited that the N400 and LPC effects index
strength and decisional factor(s), respectively, is it not pro-
posed that these ERP effects are sensitive to all neurocogni-
tive activity correlated with these factors. Nor is it assumed
that these are the only processes or factors reflected in such
ERP effects. However, on the basis of the current ERP data,
it appears that these factors (at least) do significantly mod-
ulate those corresponding ERP effects. Thus, ERP old/new
effects can be interpreted within the theoretical framework
of single-process, as opposed to dual-process, models of
episodic recognition. These inferences are made on the ba-
sis of results from this and other studies which have utilized
more independent variables (and/or levels of those variables)
and degrees of freedom, than have many previous ERP stud-
ies of recognition memory, and which consequently have
greater analytical power with which to examine the putative
influence of a number of neurocognitive processes on the
ERP effects of interest.
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