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Priming and recollection are expressions of human memory mediated by different brain
events. These brain events were monitored while people discriminated words from non-
words. Mean response |atencies were shorter for words that appeared in an earlier study
phase than for new words. This priming effect was reduced when the letters of words in
study-phase presentations were presented individually in succession as opposed to together
as complete words. Based on this outcome, visual word-form priming was linked to abrain
potential recorded from the scalp over the occipital lobe about 450 ms after word onset.
This potential differed from another potential previously associated with recollection, sug-
gesting that distinct operations associated with these two types of memory can be monitored
at the precise time that they occur in the human brain. 0 1998 Academic Press

Despite the long history of the distinction between memory that does and does
not entail the conscious awareness of remembering (Schacter, 1987), only in recent
years has it been feasible to map this distinction onto brain physiology. The primary
source of evidence linking brain structures to particular memory functions has tradi-
tionally been neuropsychological studies of brain-damaged patients. Inintact individ-
uals, various functional neuroimaging techniques can now be used to determine
which brain areas might be engaged in the service of these memory functions. The
relevant brain events can aso be monitored more directly via scalp recordings of
brain electrical activity, or neuromonitoring. Here we present electrophysiological
findingsin accord with the distinction between aware and unaware forms of memory.

This distinction has been fostered by contrasting standard memory tests, such as
recall and recognition, with implicit memory tests, which make no reference to prior
learning episodes. In the lexical decision test, for example, the subject decides
whether letter strings do or do not constitute bona fide words, and priming can be
demonstrated by a facilitation of lexical decision time for words also presented in
advance. Priming relies primarily on representations of semantic information in some
circumstances and on presemantic, perceptual representations in others; hence the
distinction between conceptual and perceptual priming. Perceptual priming is pre-
sumed to be relatively insensitive to the degree of semantic elaboration of studied
items, whereas it is generally diminished when perceptual factors are altered from
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study to test (for reviews, see Richardson-Klavehn & Bjork, 1988; Schacter, Chiu, &
Ochsner, 1993).

Several types of priming have been dissociated from recognition memory in studies
of amnesic patients, who can show normal-magnitude priming effects for material
that they fail to recollect (e.g., Graf, Squire, & Mandler, 1984; Paller, Mayes, McDer-
mott, Pickering, & Meudell, 1991). Such neuropsychological dissociations suggest
that different brain events underlie priming and recollection (e.g., Mayes & Downes,
1997; Schacter & Tulving, 1994; Shimamura, 1986; Torres & Raz, 1994). Tulving
and Schacter (1990) have termed the system responsible for perceptual priming the
perceptual representation system. For priming effects involving visually presented
words, one of the most relevant portions of the perceptual representation system is
the visual word-formsystem. Priming is usually thought to be independent of recollec-
tion, as only the latter depends on the retrieval of contextual information.

Some attempts to monitor human memory processes as they occur have used the
electrical activity of the brain in the form of event-related potentials (ERPs) recorded
noninvasively from the scalp (see reviews by Johnson, 1995; Kutas, 1988; Paller,
1993; Rugg, 1995). Prior studies, however, have not demonstrated that perceptual
priming produces an ERP. To demonstrate that such a brain potential exists, the
critical step is to isolate an ERP correlate of priming from other ERPs that occur
concurrently. Comparisons between studied and unstudied items in standard recogni-
tion paradigms or in implicit memory tests are insufficient because the two types of
memory are confounded.

The present experiment overcomes this problem through the use of a study-phase
mani pul ation that differentially influences priming and recollection. We hypothesized
that if an ERP correlate of priming exists distinct from ERP correlates of recognition
and related processes, it would systematically vary with a manipulation that (a) en-
hances the magnitude of priming and (b) does not influence recognition accuracy for
the same material. During the study phase, the letters of each word were presented
either digoined in time in a ‘‘letter-by-letter’” format or connected in a *‘whole-
word”’ format. Based on related experimental results (Graf & Ryan, 1990; Jacoby,
1991; Jacoby & Hayman, 1987; Marsolek, Kosslyn, & Squire, 1992; McAndrews &
Moscovitch, 1990; Roediger, Weldon, & Challis, 1989), we predicted that we would
be able to isolate an ERP correlate of perceptual priming corresponding to the influ-
ence of this manipulation on priming but not recognition (even though the tests them-
selves may not be process-pure). Of course, this ERP effect is not necessarily the
only possible ERP correlate of perceptua priming. Given that priming may reflect
the sum of a multitude of experience-induced changes, the present results concern
only the subset specific to the processing of awhole written word as adistinct percep-
tual unit—that is, the processing of visual word-form.

METHOD

Subjects were 15 right-handed, native English-speaking men and women, aged
19-25 years, who gave informed consent. Recordings were made from 13 scalp elec-
trodes embedded in an elastic cap, each referred to an off-line average from left and
right mastoids. In addition, two channels were used for monitoring horizontal and
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vertical eye movements, and trials contaminated by electroocular artifacts were ex-
cluded from ERP analyses (an average of 26% of the test-phase trials). The band
pass was 0.01-100 Hz.

Words and nonwords were presented within a rectangular frame in the center of
amonitor, using uppercase letters that each subtended a vertical visual angle of 0.6°.
The primary set of 450 words varied in length from five to eight letters and had an
average frequency of written occurrence of 27 according to Kucera and Francis
(1967) norms.

In the study phase, word presentation alternated trial-by-trial between two formats.
In the whole-word format, each word was presented for 133 ms followed by a 3350-
ms blank interval. In the letter-by-letter format, each word was presented by showing
the first two letters followed by each subsequent letter presented individualy. To
avoid pattern-masking effects, letters were shown in their normal spatia location
with an underscore in place of each missing letter. For example, the word *‘ apple’”’
would be presented in four frames (117 ms each) separated by blank intervals (100
mseach) asfollows:AP___,__P__, L _,____E.Thefina framewasfollowed
by a 3350-ms blank interval.

Instructions during the study phase were to form a visual image of each word's
referent and to indicate with a left or right button-press whether the actual object
would be smaller or larger than the video monitor on which the words were displayed.
Accordingly, the cue ‘‘small large’’ appeared continuously above the frame as a
reminder of the response requirements. Subjects were also instructed to press a third
button whenever they were unable to read aword, and responses to those words were
excluded from all analyses.

In the test phase, |etter strings were flashed for 300 ms each at a rate of one every
1500 ms, alwaysin the whole-word format. Subjects were asked to indicate as quickly
as possible whether each letter string was or was not an English word. Accordingly,
the cue ‘‘nonword word'’ above the rectangular frame reminded subjects which
hand to use for which response. Test items included an equal proportion of (a) non-
word letter strings that were orthographically and phonologically word-like (e.g.,
glone, drice); (b) words from the letter-by-letter condition; (c) words from the whole-
word condition; and (d) words that had not appeared in the study phase. In this way,
30 words were presented in each study phase (half in each format) and 45 words
were presented in each test phase (two-thirds of which were from the prior study
phase).

There were 10 study—test blocks with different words and nonwordsin each block.
Words assigned to | etter-by-letter, whole-word, and unstudied conditions were coun-
terbalanced across subjects. Recognition was tested at the end of the 10th block by
asking subjects to circle study words appearing on alist of 239 words not previously
used in the experiment intermixed with the 300 study words. All study words had
previously appeared once in the study phase and once in the test phase.

RESULTS

Mean reaction times in the lexical decision test were 626 ms for unstudied words,
585 ms for words studied in the letter-by-letter format, and 565 ms for words studied
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in the whole-word format. A priming effect was evident in that decisions were made
more quickly for studied words than for unstudied words [t(14) = 8.7, MSe = 254,
p = .0001, both study conditions together]. Furthermore, the facilitation was greater
for the whole-word condition than for the letter-by-letter condition [t(14) = 4.0,
MSe = 189, p = .0014]. Importantly, athough the magnitude of the effect of study
format was small, this pattern of reaction time results held for each individual subject.

In contrast, recognition did not differ significantly as a function of study format
[t(14) = 1.9, MSe = 11, p = .075]. Recognition accuracy tended to be slightly higher
for words from the letter-by-letter condition (85% correct) than from the whole-word
condition (82% correct), but this trend was not reliable. Recognition was superior in
the letter-by-letter condition for nine subjects and in the whole-word condition for
six subjects. The mean false alarm rate was quite low (5%). Although word presenta-
tions during the intervening priming test may have influenced recognition perfor-
mance, we believe that this influence was equivalent for whole-word and |etter-by-
letter conditions given that both cases involved an additional study opportunity with
the identical, whole-word presentation format. Moreover, the trend in recognition
accuracy (letter-by-letter > whole-word) was in the opposite direction of the effect
on priming magnitude (whole-word > letter-by-letter). In sum, memory tested im-
plicitly vialexical decision timeswas reliably influenced by the study-phase manipu-
lation, whereas memory tested explicitly via measures of recognition accuracy at a
longer delay was not.

Analysis of brain potentials will focus on recordings made during the lexical deci-
sion test. ERPs from the scalp location over the left occipital region are shown in
Fig. 1. At this location, ERPs followed the pattern of effects on lexical response
times, in that there were differences between studied and unstudied words as well
as between studied words as a function of study format.

Another way to visualize these ERP effects is as difference waves computed by
subtracting ERPs to unstudied words from ERPsto studied words. The resulting wave
forms represent the pure effects of word repetition, because effects not sensitive to
repetition are subtracted out. Figure 2 shows such difference waves plotted for each
scalp location. At most locations there was a positive difference from about 300 to
600 ms, followed at some locations by a negative difference. The positive difference
wave from 300 to 600 ms was largest at posterior locations over the occipital lobes
(01 and 02), and it was at these locations that the two difference waves diverged
such that the difference wave from the whole-word condition was larger than that
from the letter-by-letter condition.

Initial statistical analyses compared ERPs to studied versus unstudied words at all
scalp locations using mean amplitude measurements over consecutive 50-ms inter-
vals. Measurements for each interval were submitted to a two-way analysis of vari-
ance (ANOVA) with studied/unstudied and electrode location as factors, using the
Geisser—Greenhouse correction. The main effect of repetition was significant from
300 to 550 ms (p = .0169, .0004, .0001, .0001, and .01, respectively). In addition,
significant repetition by location interactions from 350 to 700 ms (p = .0487, .0118,
.0012, .0089, .0458, .0226, and .0226, respectively) indicated that the magnitude of
the ERP repetition effect differed across recording sites. A mean amplitude measure-
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FIG. 1. Event-related potentials (ERPs) recorded during the test phase from the scalp electrode
positioned over the left occipital lobe. Beginning at about 300 ms after word onset, ERPs to words
studied previously in either format were more positive than ERPs to unstudied words. Furthermore,
ERPs were more positive for words studied in the whole-word format than for words studied in the
|etter-by-letter format.

ment over this latency range revealed that the ERP repetition effect was significant
(p's < .0233) at al locations except two, Fz and F4.

A second analysis was conducted to examine effects of the manipulation of presen-
tation format during the study phase. M easurements over consecutive 50-msintervals
from occipital recordings were submitted to two-way ANOV As with study condition
(whole-word/letter-by-letter) and side (left/right) as factors. The main effect of study
condition was statistically reliable only in the interval from 450 to 500 ms after word
onset [F(1, 14) = 531, MSe = 1.95, p = .037]. This enhanced positivity for the
whole-word relative to the letter-by-letter condition was bilaterally symmetric [0.82
MV at 01, 0.84 pVv at 02, nonsignificant study condition by side interaction F(1,
14) = 0.01, MSe = 0.11]. Moreover, ERP differences from 450 to 500 ms as a
function of study condition were nonsignificant at all other electrode locations.

An effect of study condition was also observed slightly later at some anterior loca-
tions, where ERPs from the letter-by-letter condition were more positive than ERPs
from the whole-word condition. An analysis of differences between the two condi-
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FIG. 2. Difference waves computed by subtracting ERPs to unstudied words from ERPs to studied
words. ERPs are arranged topographically as viewed from the top of the head, with recordings over the
left hemisphere in the left column, recordings from the midline in the center column, and recordings
over the right hemisphere in the right column, moving from anterior to posterior regions from top to
bottom of each column. Significant differences were observed at occipital locations labeled **O1'" (left
occipital) and ‘02"’ (right occipital).

tions taking into account data from all electrodes revealed a significant main effect
of condition from 600 to 650 ms [F(1, 14) = 5.84, MSe = 3.81, p = .0299], but
for none of the other 50-ms intervals. A marginal condition by electrode interaction
for thisinterval [F(12, 168) = 2.52, MSe = 0.27, p = .0721] reflected the fact that
ERPs differed significantly between the two conditions only at frontal, central, and
parietal electrodes on the right side (F4, C4, P4) and on the midline (Fz, Cz, Pz).
These effects may be associated with the slight tendency for recognition to be better
for words studied in the | etter-by-letter condition and as such may correspond to ERP
correlates of recollection recorded in prior studies (Paler & Kutas, 1992; Pdler,
Kutas, & Mclsaac, 1995). A related possibility is that the enhanced positivity for the
letter-by-letter condition reflects retrieval of contextua information in the form of
memory for the unusual study presentation format.
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DISCUSSION

The format of word presentation in the study phase influenced both subsequent
lexical decision performance and brain potentials elicited during the lexical decision
test. Study presentations gave rise to a decrease in lexical decision times for corre-
sponding words presented in the test phase, and this decrease was reliably larger
when the initial exposure was with the whole-word study format compared to the
letter-by-letter study format. Given that the whole-word format was used in test pre-
sentations, transfer-appropriate processing can be said to differ across conditions.
For study presentations with the | etter-by-letter format, encoding of visua word-form
was presumably less effective and/or less complete.

Recognition memory, in contrast, was determined in large part by elaborative pro-
cessing and not presentation format. The trend for a recognition advantage for the
letter-by-letter condition may relate to the distinctiveness of the presentation format
or to the potentially increased effort and subvocalization that may have been invoked
to decipher words presented in this way (perhaps asin the ‘‘ generation effect,”” Sla-
mecka & Graf, 1978). In any event, this trend was not consistent across participants
in this study.

Because the study-phase manipulation reliably influenced priming but not recogni-
tion, we interpret the corresponding ERP differences at 450 ms in the test phase
(prior whole-word study vs. prior letter-by-letter study) asan indication of differential
activation of the visual word-form system. This effect was robust only at occipital
scalp locations. The amplitude of a negative deflection that began 200—-300 ms after
word onset (see Fig. 1) was largest for words that did not appear in the study phase
and it declined with word repetition, especially for words that were presented again
in the same, whole-word format. This evidence pertains not only to the time course
of priming mechanisms, but also to anatomical substrates. Although detailed model-
ing and additional topographic evidence may be required for precise localization, the
present topography is consistent with an origin in posterior neocortex. The timing
and cognitive correlates of the effect suggest that it does not arise from primary visual
cortex. However, occipitotemporal regions can be associated with processing of vi-
sual word-form on the basis of evidence from neuropsychology and neuroimaging.

Of particular relevance is the syndrome of pure alexia (also referred to as pure
word blindness, alexia without agraphia, word-form dyslexia, and letter-by-letter
reading). The hallmark of this syndrome is a loss of the normal ability to read, to-
gether with the preservation of other linguistic abilities such as writing. Patients with
pure alexiatypically attempt to decipher words by spelling out the individual letters,
but both letter identification and | etter-by-l etter reading are abnormally slow and labo-
rious (Warrington & Langdon, 1994). The hypothesis that pure alexia results from
a fundamental dysfunction of the visual word-form system was originally made by
Warrington and Shallice (1980). Various alternative accounts ascribe the deficits to:
(1) abnormal, serial transmittal of letter information to the visual word-form system
(Patterson & Kay, 1982); (2) a general inability to rapidly encode sets of objects,
including but not specific to words (Farah, 1990); or (3) disrupted selection pro-
cessing required for the automatic identification of familiar characters and character
strings (Arguin & Bub, 1994). Although pathological results vary substantialy from
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patient to patient, the damage generally involves posterior regions of the left hemi-
sphere near the occipitotemporal or occipitoparietal border and in some patients the
splenium of the corpus callosum. Other neuropsychological evidence that also impli-
cates posterior neocortical regions in visual word-form priming includes the case
study of a patient with bilateral damage to occipitotemporal regions who exhibited
amemory impairment that encompassed perceptual priming but excluded conceptual
priming and recognition for visual words (Keane, Gabrieli, Mapstone, Johnson, &
Corkin, 1995).

Evidence from positron emission tomography (PET) has also been used to argue
that priming reflects an increased efficiency of perceptual processing in the occipito-
temporal region (Buckner, Petersen, Ojemann, Miezin, Squire, & Raichle, 1995;
Squire, Ojemann, Miezin, Petersen, Videen, & Raichle, 1992). In this region, blood
flow measures averaged over 40-s periods were found to decrease in a priming condi-
tion relative to a baseline condition. The notion that this region is specialized for the
processing of visual word-form is consistent with some prior PET findings, although
there are discrepancies across studies concerning localization within the occipito-
temporal area (Howard, Patterson, Wise, Brown, Friston, Weiller, & Frackowiak,
1992; Petersen, Fox, Posner, Mintun, & Raichle, 1989). Indeed, there may be alarge
number of cortical areas that are specifically responsive to words and that are acti-
vated differentially as a function of word repetition (e.g., Halgren, Buckner, Marin-
kovic, Rosen, & Dale, 1997). Future studies using neuroimaging based on hemody-
namics may succeed in clearing up this controversy and precisely identifying the
areas involved in processing visua word-form, but these methods lack the temporal
resolution necessary to monitor the course of perceptual and memory processes that
transpire on a subsecond timescale.

Electrophysiological recordings from electrodes implanted in epileptic patients
have also revealed areas in extrastriate visual cortex that may be specifically respon-
sive to words (Allison, McCarthy, Nobre, Puce, & Belger, 1994; Nobre, Allison, &
McCarthy, 1994). Visual letter strings elicited N200 potentials from fusiform and
inferior temporal gyri. From these locations as well as from more anterior portions
of the inferior temporal lobe, N200 potentials were followed by other potentials also
apparently word-specific. Brain activity generating intracranial N200 potentials may
be evident in recordings from scalp electrodes (Schendan, Ganis, & Kutas, in press),
although these potentials occur at shorter latencies than that of the ERP correlate of
priming of visua word-form reported here.

In an ERP study of three patients with cortical damage in the right inferior occipito-
temporal and adjacent regions, Swick and Knight (1995) reported that ERPs related
to stimulus repetition were eliminated. Priming of lexical decision times was also
reduced relative to that in control subjects. These results are thus consistent with a
link between this brain region and perceptual priming of visual word-form. However,
two of the three patients had additional damage to the right posterior hippocampus.
In addition, the ERP results were not necessarily specific to priming, given that differ-
ences in priming may have been confounded with differences in incidental recollec-
tion, asin many prior ERP studies of memory. In contrast, the design of the present
experiment minimized the confound between priming and recollection.

The ERP correlate of priming observed here can aso be validated by juxtaposing
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FIG. 3. Difference waves computed from a prior study (Paller et al., 1995, Experiment 2). The
experimental design was similar in many respects to that in the present experiment, but these difference
waves allowed a comparison between two conditions that differed in recognition but were matched
in lexical decision priming, thus isolating an ERP correlate of recollection. ERPs are arranged as in
Fig. 2.

it with ERP correlates of recollection from prior experiments (Paller & Kutas, 1992;
Paller et a., 1995). Figure 3 shows difference waves from the test phase in one such
experiment—many features, including stimuli, procedural details of lexical decision
testing, and EEG recording methods, were comparable to those in the present experi-
ment. Based on a manipulation of task requirements during the study phase that in-
fluenced later recognition but not priming, the divergence between ERPs from two
conditions was interpreted as an index of differential recollection. This ERP correlate
of recollection was evident at al 13 scalp locations, especially in the interval from
500 to 900 ms. Figure 4 contrasts topographic differences directly. Whereas the ERP
correlate of priming was observed principally at posterior locations, the ERP correlate
of recollection was smallest at posterior locations and was larger over the left hemi-
sphere than over the right hemisphere. In addition, the ERP correlate of priming
occurred over anarrow timeinterval (Fig. 2), whereas the ERP correlate of recollec-
tion continued for hundreds of milliseconds (Fig. 3).
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FIG. 4. Bar graphs showing the spatia distribution of the ERP correlate of word-form priming
measured from 450 to 500 ms (dark bars) and the ERP correlate of recollection measured from 500 to
900 ms (light bars, data from Paller et a., 1995, Experiment 2). The scale ranges from 0 to 1.6 uV.

In conclusion, the findings that ERP correlates of recollection and priming differed
in latency and topography suggest that these two electrophysiological phenomena
reflect different ways in which the brain makes use of information it stores. The ERP
correlate of priming reported here was not identified in previous experiments because
manipulations with a specific impact on priming were not used. The manipulation
between whole-word and letter-by-letter conditions reliably influenced measures of
priming but not recognition, enabling usto tease apart ERP effects related specifically
to priming of visual word-form. Further research will be needed to determine whether
other manipulations that specifically influence priming yield similar results (see
Paller & Gross, 1998). We hypothesize that the ERP correlate of priming observed
here is related to aspects of visual word-form processing that take place in occipito-
temporal regions of the brain. It is our hope that the ability to monitor the distinct
neural transactions responsible for memory with and without the conscious awareness
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of remembering will provide information useful for further characterizing the neural
substrates of this distinction (Paller, 1997).
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