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Brain potentials associated with the manipulation of conceptual fluency in a recognition memory paradigm were recorded. Enhan
as associated with attenuation of the N400 and an increased rate of subjects’ endorsing both studied and non-studied items as
tudied (“old” responses) in the recognition test. Differences were also found in latencies previously associated with post-retrieval p,
uch that in the setting of enhanced fluency (1) non-studied items were associated with a positive wave from 800 to 1600 ms an
ndorsed as “new” were more positive than those endorsed as “old” from 1200 to 1600 ms. The effects on the N400 may be re

mpact of fluency on familiarity, whereas later processing may be involved in the attribution of fluency to prior experience.
2004 Elsevier Ireland Ltd. All rights reserved.

eywords:Event-related potential; Familiarity; Conceptual fluency; Memory; N400; Semantics

ual-process accounts of recognition memory posit thatfa-
iliarity andrecollectionare two distinct memory processes
nderlying recognition memory (for review see[27]). Rec-
llection is often described as the detailed retrieval of in-

ormation regarding an item or event, including the context
n which it was experienced, while familiarity is thought to
epresent a vague sense of prior encounter. Event-related po-
ential (ERP) studies of recognition memory support such ac-
ounts and have demonstrated distinct correlates of familiar-
ty (300–550 ms) and recollection (500–800 ms). The famil-
arity correlate is similar to the N400 component[3,7,16,19],
hich in studies of language has been shown to be modu-

ated by the ease with which an item is semantically inte-
rated into its context[10], but is often more anteriorly dis-

ributed. ERP studies of memory have also demonstrated a
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correlate thought to reflect activity in the prefrontal cortex
volved with the evaluation of the contents of memory (o
referred to aspost-retrieval processing), which appears late
(800–1600 ms) and is frontally based[9,16,18,26].

There is increasing evidence that the ease with whic
item is processed, also referred to as itsfluency, provides
an important basis for familiarity[13,23]. The finding tha
prior presentation of an item leads to easier identifica
when that item is re-presented in a degraded fashion[11]
led Jacoby and others to speculate that enhanced proc
fluency could be used as a cue that an item was previ
studied when making recognition judgments[11–13,23,24].
Consistent with this notion, initial work demonstrated
manipulations ofperceptual fluency, such as varying the v
sual clarity of test items, result in an increased likelih
that the more fluent (or easier to perceive) items will be
dorsed as having been studied[12,24]. Methods to estima
the relative impact of such manipulations on familiarity
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recollection support the relationship of fluency to familiarity,
but not recollection[14,17].

Further work has suggested thatconceptual fluency(the
ease of conceptual processing) can also influence recognition
memory judgments[23,25]. Test words preceded by a con-
ceptually predictive context are more likely to be endorsed as
previously studied than items preceded by a non-predictive
context[23,25]. For example, subjects are more likely to say
that the word “boat” was on a study list if it follows the predic-
tive sentence stem, “The stormy seas tossed the. . .” than the
non-predictive stem, “She saved up her money and bought
a . . .” Words following predictive stems are thought to be
more easily processed (more conceptually fluent) than those
following non-predictive stems (akin to conceptual priming),
and this enhanced fluency may then be mistaken for prior
study.

However, it has been theorized that enhanced fluency does
not result in an increase in familiarity unless this enhanced
fluency is attributed to prior experience, and not to an al-
ternative source[12,24,25]. Several studies have shown a
diminution of fluency effects on recognition due to partic-
ipants’ awareness that the source of enhanced fluency is due
to the experimental manipulation itself rather than prior study
[12,24].

We sought to evaluate the electrophysiological correlates
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tive sentence stem; the other 60 studied and 60 non-studied
words were preceded by a non-predictive stem. Stems were
also presented in the visual and auditory modalities. Audi-
tory stimuli were pre-recorded and had an onset simultaneous
with visual presentation (we felt auditory presentation would
further ensure attention to the sentence stems). Four study-
test lists were counterbalanced by study and stem type. Stem
presentation time varied based on the auditory presentation.
Next, was a 250 ms pause, then the final word (for 1000 ms),
followed by a 500-ms interval prior to an “Old or New?”
prompt. Subjects were told to refrain from responding until
this prompt appeared. The subject’s response was entered by
the experimenter. A “+” sign appeared for 1000 ms marking
the start of the next trial.

A stem type (predictive, non-predictive)× item type (stud-
ied, non-studied) ANOVA revealed an effect of item type
[F(1,14) = 75.27,P < 0.00001] with studied items being
called “old” more often than non-studied items (0.56 ver-
sus 0.41) and, replicating prior studies, an effect of stem type
[F(1,14) = 22.8,P < 0.001] with items following predic-
tive stems more often called “old” than items following non-
predictive stems (0.53 versus 0.44). There was no interaction
[F(1,14) < 0.1].

ERPs were recorded at test from 29 scalp sites referenced
to the left mastoid: 7 midline (FPz, Fz, FCz, Cz, CPz, Pz,
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f conceptual fluency in recognition memory by prec
ng words for recognition judgment with predictive or no
redictive sentence stems. Because fluency has bee
osed to preferentially impact familiarity, we expected
anced fluency to produce an attenuated, or a less neg
400-like effect, as has been associated with increase
iliarity [3,7,16,19]. We also hypothesized that attribut
ecisions related to enhanced fluency, which are critic
ecognition judgments as evidenced from behavioral s
es, may be a type of post-retrieval processing. Thus, w
ected that items following predictive stems (with enhan
uency) would demonstrate modulations in a tempora
ency (800–1600 ms) and spatial distribution (frontal) c
cteristic of such processing.

Informed consent was obtained in 16 healthy right-han
tudents at Harvard University (seven males; mean ag
ears; range: 18–21 years). The study was approved by th
an subjects committee of Brigham and Women’s Hosp
oston, MA. One participant was excluded due to exces
RP artifact.
The stimuli were adapted and expanded from Whi

ea and Williams[25]. Each of 240 one-syllable words w
atched with a pair of sentence stems, one that predicte
ord and the other that was merely consistent with it (n
redictive).

In a self-paced study session, participants counted
umber of “e”s in 120 visually presented, upper-case wo
t test, 120 studied and 120 non-studied words were
ented in a pseudo-random order in both the visual (l
ase) and auditory modalities for recognition judgment. S
tudied and 60 non-studied words were preceded by a p
-

,

z) and 22 lateral (FP1/2, F3/4, FC3/4, C3/4, CP3/4, P
1/2, AF7/8, F7/8, FT7/8, T7/8). Electrodes were placed

ow the left eye (LE) and lateral canthi of both eyes (HE
onitor for blinks and horizontal eye movements. The E
ere amplified (0–40 Hz), and the recorded data were

ized (100 Hz) beginning 100 ms before onset of the test w
rials were analyzed for 1600 ms following stimulus pres

ation. Trials with amplifier blocking or eye movements w
xcluded; blinks were corrected[5] for subjects with exces
ive trials contaminated by blinks. Only ERPs formed f
6 or more artifact free trials were accepted for analysis[26].

Three chains of electrode sites (left, midline, right) w
nalyzed to cover a relatively broad spatial range of
al activity. The Greenhouse–Geisser procedure was
or all ANOVAs with greater than one numerator deg
f freedom. For brevity, main effects of electrode and n
ignificant results will not be reported unless relevant. Fo
rst analysis, ERPs were calculated for predictive–stud
on-predictive–studied, predictive–non-studied, and
redictive–non-studied items. Two latencies were exam
00–550 ms for evaluation of the N400 and 800–1600 m
orrelates of post-retrieval processing. Mean ERP ampl
elative to a 100-ms prestimulus baseline was calculate
he intervals. It should be noted that we did not find a c
ecollection ERP correlate (500–800 ms), which is likely
o the difficulty of the memory task resulting in poor discr
nation and a greater reliance on familiarity.

In the 300–550 ms latency, a stem type (predictive,
redictive)× item type (studied, non-studied)× electrode
FP1/z/2, F3/z/4, C3/z/4, P3/z/4, O1/z/2)× chain (left, mid-
le, right) ANOVA was performed. This analysis revealed
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Fig. 1. Grand average ERP plots for three midline sites. ERPs of (a) studied
and (b) non-studied items following predictive and non-predictive sentence
stems.

effect of stem type [F(1,14) = 36.09,P< 0.0001], with items
following predictive stems being less negative than those fol-
lowing non-predictive ones, and a stem type× item type in-
teraction [F(1,14) = 6.78,P= 0.021], which was attributable
to the effect of stem type being greater for non-studied than
studied items. However, the stem type effect was reliable for
both studied [F(1,14) = 5.33,P < 0.037] and non-studied
items [F(1,14) = 27.37,P< 0.001] (Fig. 1a and b andFig. 3).
A stem type× electrode interaction [F(4,20.3) = 4.11,P =
0.043] appeared to be attributable to a larger effect of stem
type at centroparietal sites. A post hoc comparison of frontal
electrodes (FP1/z/2, F3/z/4) with centroparietal electrodes
(C3/z/4, P3/z/4) revealed a stem type× region (frontal, cen-
troparietal) interaction [F(1,14) = 10.68,P= 0.006] confirm-
ing this impression. There was also an item type× electrode
interaction [F(4,27.8) = 4.22,P = 0.025] because studied
items tended to be less negative than non-studied items at
posterior sites (more attenuated N400) while the reverse was
true at anterior sites.

An analogous ANOVA was performed for the 800–1600
ms latency which revealed a trend toward an effect of stem
type [F(1,14) = 3.68,P = 0.076], with greater positivity for
items following predictive versus non-predictive stems, and a
significant stem type× item type interaction [F(1,14) = 6.93,
P= 0.020] attributable to a significant effect of stem type for
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Fig. 2. Grand average ERP plots for three midline sites. ERPs based on
participant response for items following (a) predictive and (b) non-predictive
stems.

tion of post-retrieval processing activity was divided into two
intervals (800–1200 ms and 1200–1600 ms) in order to best
capture differences between response and stem type noted on
inspection of the waves. Effects and interactions commented
upon previously will not be repeated.

In the 300–550 ms latency there was no effect of response
[F(1,14) < 1] and no interactions. In the 800–1200 ms la-
tency, there was a main effect of stem type [F(1,14) = 5.98,
P = 0.028] and a marginally significant effect of response
[F(1,14) = 4.49,P = 0.053], with items called “new” hav-
ing a more positive voltage than items called “old”. There
were no interactions with response, including stem type×
response [F(1,14) < 1].

In the 1200–1600 ms latency there were no main effects of
stem type or response. However, there was a marginal stem
type × response interaction [F(1,14) = 4.38,P = 0.055],
such that “new” responses were more positive than “old”
responses following predictive stems [F(1,14) = 5.48,P =
0.035] (Fig. 2a andFig. 4a), but not following non-predictive
stems [F(1,14) < 1] (Fig. 2b andFig. 4b). Because of pre-
vious findings linking prefrontal activity with post-retrieval
processes[9,16,18,26], planned comparisons between “old”
and “new” responses following the predictive stem were
conducted for the six frontal and six posterior sites sepa-
rately. Response (“old”, “new”)× electrode (FPz/1/2, Fz/3/4
o

F udied
i on-
p

on-studied items [F(1,14) = 9.58,P = 0.008], but not fo
tudied items (Fig. 1a and b).

In order to evaluate the electrophysiological correl
f response in the context of the manipulation of
ncy, “old” and “new” responses were collapsed for s

ed and non-studied items (to provide an adequate
er of artifact free trials for each subject[26]). Thus, ERP
ere calculated for predictive–“old”, predictive–“new”, no
redictive–“old”, and non-predictive–“new” items. A ste

ype (predictive, non-predictive)× response (“old”, “new”
electrode (FPz/1/2, Fz/3/4, Cz/3/4, Pz/3/4, Oz/1/2)× chain

right, left, midline) ANOVA was performed for three late
ies: 300–550 ms, 800–1200 ms, and 1200–1600 ms. Ev
r Pz/3/4, Oz/1/2)× chain (left, midline, right) ANOVAs

ig. 3. Topographic distribution of ERP differences between non-st
tems following predictive stems minus non-studied items following n
redictive stems at 300–550 ms.
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Fig. 4. Topographic distributions of ERP differences between “new” re-
sponses minus “old” responses at 1200–1600 ms following (a) predictive
stems and (b) non-predictive stems.

were performed. This revealed a main effect of response for
frontal sites [F(1,14) = 8.19,P = 0.013], but not posterior
sites [F(1,14) = 2.27,P = 0.15]. It should be pointed out
that correlates of post-retrieval processing are often, but not
always[9,18], reported to be more prominent in the right
hemisphere. Although this was not statistically the case, in-
spection of the topographic map (Fig. 4a) reveals the effect
to be most prominent over the right prefrontal cortex.

To further investigate the nature of this activity, correla-
tions of this effect with recognition performance were exam-
ined. Since endorsement of an item as “new” in the setting of
a predictive stem can be construed as rejection of enhanced
fluency as indicating prior study, we hypothesized that the
positive voltage associated with “new” responses relative to
“old” responses was reflective of such processing. As a result,
we predicted that those subjects who demonstrated an over-
all smaller effect of fluency in their recognition judgments
(those who, to a greater extent, rejected enhanced fluency as
a cue of prior study) would demonstrate greater positivity of
“new” versus “old” responses.

Mean ERP amplitude in the 1200–1600 ms latency for
“new” minus “old” responses of items following predictive
stems was calculated at frontal sites (FPz/1/2, Fz/3/4) for
each subject. Fluency effect was defined as percent of items
(studied and non-studied) endorsed as “old” following pre-
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Fig. 5. Correlation between mean ERP amplitude (1200–1600 ms) at Fz of
“new” minus “old” responses following predictive stems with effect of flu-
ency on recognition performance (percent “old” responses following predic-
tive stems minus percent “old” responses following non-predictive stems).

familiarity [3,7,16,19], this result may be interpreted as con-
sistent with the link between fluency and familiarity, as ad-
vanced in behavioral studies[14,17].

However, in contrast to the maximal centroparietal topog-
raphy of the N400 effect in the present study, many recog-
nition memory studies have found a more frontocentrally
based attenuation correlated with familiarity[3,16,19]. In-
deed, some researchers have suggested that the N400 old/new
repetition effect is composed of two distinct sources, a frontal
one related to familiarity and a centroparietal source involved
in implicit memory[4,19]. As data from behavioral studies ar-
gues that enhanced fluency increases familiarity, the relation-
ship of the more posterior N400 attenuation with enhanced
conceptual fluency in the present study suggests that more
posterior neural generators may also contribute to the con-
scious feeling of familiarity. Although this remains specula-
tive, there is some support in the literature for the relevance of
these more posterior generators[7,8]. For example, Duzel et
al. reported a temperoparietal attenuation in the N400 range
associated with the subjective experience of “knowing”, a
state thought to reflect familiarity. In addition, a recent report
by Finnigan and colleagues demonstrated a reliable, strength-
based attenuation of the centroparietal N400, which was not
found at more frontal sites. These authors argue that their
concept of strength is commensurate with that of familiarity
a
t ater
f h a
d s-
t it is
w udy
e s (see
F rior
n fur-
t

onsis-
t ity
ictive stems minus the percent endorsed as “old” follow
on-predictive stems. A Pearson correlation revealed a
ificant negative correlation at the Fz and F4 electrode
Fz:r = −0.78,P< 0.001, F4:r = −0.53,P= 0.043). No othe
rontal sites had statistically significant correlations (Fig. 5).

Manipulations of fluency were associated with mod
ions of the N400 and later, frontally maximal compone

e will address these effects in succession.
As predicted, enhanced fluency was associated wi

ttenuated (less negative) N400. It should be noted tha
ffect of fluency on the N400 was smaller for studied t
on-studied items. This finding is likely related to stud

tems generating their own enhanced fluency as a res
rior study. The fluency generated from prior study may
ave produced a “ceiling effect” on the degree of atte

ion possible, resulting in the absolute impact on the N
o be smaller than for non-studied items. As attenuatio
n N400-like component has been previously associated
s argued by Curran and colleagues and others[2,27]. Fur-
her, they found that this posterior attenuation was gre
or hits than misses. Importantly, it was the lack of suc
ifference that led Rugg et al.[19] to conclude that this po

erior modulation reflects implicit memory. Nonetheless,
orth noting that the effect of fluency in the present st
ncompassed a broad area, extending into frontal site
igs. 1 and 3); accordingly, the necessity of more ante
eural generators in the experience of familiarity merits

her investigation.
Indeed, several recent reports have demonstrated inc

encies of the mid-frontal N400 with properties of familiar
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[2,22,28], suggesting it may be the case that such anterior
neural generators do not always underlie familiarity, and, as
such, familiarity may not be unitary electrophysiological con-
struct. A recent recognition study by Schloerscheidt and Rugg
[20] may be informative in this regard. They manipulated the
presentation format of items at study and test, such that some
items were within format (i.e. studied as a word or picture
and then tested in this same format) while others were across
format (i.e. studied as a word and then tested with a corre-
sponding picture or vice versa). They found that early frontal
activity (300–600 ms), similar to previously described famil-
iarity correlates[3,16,19], was modulated by the degree of
perceptual similarity of items from study to test leading them
to argue that this frontal modulation is sensitive to familiar-
ity based on perceptual fluency. However, they speculated
that other processes that support familiarity, such as concep-
tual fluency, may have different correlates. Thus, the more
posterior N400 effect in the present study may reflect such
conceptually driven familiarity.

Finally, it is important to note that modulation of the N400
associated with the fluency manipulation provides a conver-
gence between research related to linguistic processing and
recognition memory. Research concerning language process-
ing supports the notion that the N400 may be directly related
to the effort required to integrate a word with its context[10].
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“old”, the N400 was not sensitive to how the participant re-
sponded within either condition of fluency (predictive and
non-predictive; seeFig. 2). That is, attenuation of the N400
was associated with a greater tendency to endorse an item as
previously seen, but was not diagnostic of the participants’
response. Although the latter finding endorses the null hy-
pothesis and could be related to the sensitivity of the current
study, we believe that it is more likely that later, post-retrieval
processes involved in attributions of fluency determine re-
sponse.

Two results in the present study support the importance
of this later processing. First, in the setting of enhanced flu-
ency, non-studied items, with no “memory” effects from prior
presentation, demonstrated a prolonged positive wave from
800 to 1600 ms, well beyond the typical duration of the N400
(seeFig. 1b). This positive wave may represent processing in-
volved in the assessment and attribution of enhanced fluency.
Second, “new” responses were associated with greater frontal
positivity than “old” responses in the setting of enhanced flu-
ency within the 1200–1600 ms latency (seeFig. 4a). Impor-
tantly, this later activity was not seen in the less fluent condi-
tion (seeFig. 4b), and, thus, may reflect processing involved
in the final decision of whether enhanced fluency should be
attributed to past experience versus an alternative source.

One speculation is that the positivity from 1200 to 1600 ms
a t), in
t ired
t m as
p hout
a lated
t d is
i his
n of an
e ore
p tive
t some
o be
a eject
t

en-
h empo-
r ment
o rent
m d with
e out
s
i uired
t y to
t rieval
a

al at-
t ptual
fl rity
p ncy,
a inant
o ork
owever, the degree to which semantic relations are
essed can impact their effect on the N400, reducing it w
uch relations are less relevant to the task[1,6]. In the presen
tudy, the semantic relationship of the sentence stems
nal words was irrelevant to whether the word had been
iously studied. That stem type still modulated the N40
his setting suggests that subjects may attempt to inte
n item with its context during recognition judgments.
ase of this integration may then be used as a cue in d

ng whether the item was previously encountered. In
study using masked repetition priming by Schnyer e

21] suggests that context does not have to be consci
vailable to impact the N400 in recognition judgments. T
nding and that of Misra and Holcomb[15] led the latter au
hors to argue that the N400 may reflect a controlled pro
hereby a stimulus is integrated into its context, but tha
ontext does not have to be consciously perceived. This
ess of semantic integration may be a compulsory asp
ecognition memory when using meaningful stimuli, ther
llowing conceptual fluency to be useful as a cue.

Although attenuation of the N400 (as a result of enha
uency) may relate to familiarity, there is considerable
avioral evidence that fluency, per se, is not the sole det
ant of whether an item is felt to be previously encounte
ut that attribution of enhanced fluency to prior experie

s necessary[12,13,25]. Some have argued that such la
rocessing is necessary for the conscious feeling of fam

ty to arise[25]. The ERP results of the present study p
ide electrophysiological support for this notion. Despite
nding that enhanced fluency was associated with an a
ated N400 and a greater likelihood to endorse an ite
ssociated with “new” responses (whether correct or no
he setting of enhanced fluency, reflects the effort requ
o inhibit a fluency-based endorsement bias of the ite
reviously experienced. In other words, it may be that wit
dditional reflection enhanced fluency is considered re

o prior study, and that the later positivity we observe
nvolved in rejecting this “default” mode. Consistent with t
otion is the fact that those subjects who showed less
ffect of fluency on their recognition judgments showed m
ositive voltages at frontal (Fz, F4) sites for “new” rela

o “old” responses. This result suggests that at least
f the neural generators of the late, frontal activity may
ssociated with the extent to which subjects generally r

he “default” of attributing fluency to prior experience.
The activity we found in later epochs associated with

anced fluency and subjects’ responses appear to have t
al and spatial characteristics consistent with the engage
f post-retrieval processes described in a variety of diffe
emory paradigms. This processing has been associate

valuation of the products of retrieval for information ab
ource[26], or other item specific features[9,16], and the

nstantiation of strategic processing related to the req
ask[18]. The present study adds attributions of fluenc
he class of processes likely supported by these post-ret
ctivities.

In conclusion, our results demonstrate a centropariet
enuation of the N400 associated with enhanced conce
uency which may correlate with the increased familia
roduced by such a manipulation. The finding that flue
s represented by this attenuation, is not solely determ
f the participants’ response is consistent with prior w
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emphasizing the importance of attributions of fluency. Our
data suggest that this attributional process is a type of post-
retrieval processing.
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