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Abstract

An individual may fail to recall an item from memory but still feel that it would be recognized on a later test, a retrieval state termed
the “feeling-of-knowing” (FOK). In this study we used event-related fMRI and the FOK to examine both encoding- and retrieval-related
factors that are associated with different levels of recall performance: successful retrieval of a previously studied item, retrieval failure
accompanied by the FOK, and retrieval failure without any FOK. The results revealed one predominant pattern of retrieval-related
activation: an intermediate level of activation for FOK—Iless than that associated with successful recall and greater than that associated witt
unsuccessful recall (frontal and left parietal cortices). Two further patterns were also observed: greater activation for both successful recall
and FOK than for unsuccessful recall (left midlateral prefrontal cortex) and greater activation for successful recall than for both FOK and
unsuccessful recall (left MTL). Analysis of encoding trials conditional upon subsequent retrieval success revealed a pattern of activation that
appeared to predict subsequent recall, but which further analysis indicated to be a better predictor of subsequent recognition. These resul
provide evidence that the phenomenology of graded recall is represented neurally in frontal and parietal cortices, but that activation at
encoding may not precipitate the different levels of recall experience.
© 2003 Elsevier Science (USA). All rights reserved.

Episodic memory is typically expressed by successful tests are used to assess memory for studied items, successful
retrieval of a past experience or by failure to retrieve it. recognition can be expressed in two forms: remembering
Recent studies using event-related functional magnetic res-and knowing (Tulving, 1985). Recent studies have exam-
onance imaging (fMRI), which allows comparisons be- ined the neural correlates of recognition accompanied by
tween successful and unsuccessful retrieval trials, have re-specific recollection of episodic details (“remember”) ver-
vealed brain regions associated with success and failure asus recognition accompanied by a general sense of famil-
episodic recognition (Buckner et al., 1998; Henson et al., iarity (“know”; cf. Eldridge et al., 2000; Henson et al.,
1999a, 1999b; Nyberg et al., 2000) and recall of sensory 1999b). Activity in the prefrontal cortex and MTL regions
details of previously presented information (Wheeler et al., differentiated between the two forms of recognition.

2000). Here we report an event-related fMRI study of epi-  When recall is used to test episodic memory, people
sodic recall that goes beyond the simple dichotomy betweensometimes fail to retrieve previously encoded information,
successful and unsuccessful performance. but express a feeling-of-knowing (FOK) that they could

Although neuroimaging studies have focused on the con- recognize the information on a later test (Hart, 1965; Nelson
trast between successful and unsuccessful performance, epand Narens, 1980; Schacter, 1983). In the present study we
isodic retrieval is not always all-or-none. When recognition examined FOK responses, in addition to successful and

unsuccessful recall trials, to characterize the brain regions
_ _ associated with differing levels of episodic recall. We re-
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the-tongue” state, in which peoplefail to retrieve afact from
semantic knowledge, but feel that they are on the verge of
recovering it (Maril et a., 2001).

Cognitive studies of FOK have examined both the un-
derlying mechanisms and the accuracy of judgments. Al-
though there is debate over the mechanisms underlying
FOK (e.g., Koriat, 1993; Metcalfe et al., 1993), the accuracy
of FOK judgmentsin predicting later recall or recognitionis
usualy above chance (Nelson, 1984; Schwartz, 1994). Ev-
idence from neuropsychologica studies suggests that pre-
frontal cortex may be important for FOK, with frontal lobe
damaged patients showing impaired FOK accuracy after a
long delay (Janowsky et al., 1989; Souchay et al., 2000).
Damage to temporal lobe regions, by contrast, does not
appear to affect FOK accuracy (Funnell et a., 1996; Prevey
et a., 1991; Shimamura and Squire, 1986). Thus, the feel-
ing-of-knowing seems to be a valid indicator of future
successful recognition, and there is at least an initial sug-
gestion that FOK accuracy may depend upon prefrontal
cortex.

Theoretical and experimental work investigating cogni-
tive mechanisms underlying FOK have largely focused on
factors operating at retrieval that may be responsible for
eiciting FOK; only a few studies have explored possible
influences of encoding conditions on FOK responses (Lup-
ker et a., 1991; Nelson et al., 1982; Schacter, 1983). At the
level of brain systems, next to nothing is known regarding
the contributions of encoding and retrieval influences to
FOK responses. Although the neuropsychological data dis-
cussed earlier provide some clues regarding brain regions
that are relevant to FOK, it is difficult, in patient studies, to
determine whether memory impairments are occurring dur-
ing the encoding or retrieval stages of memory.

Functional neuroimaging techniques allow the separate
examination of blood flow differences during different
stages of the memory process. Previous fMRI studies have
reported activations at encoding that differed according to
whether or not items were later successfully recalled (Fer-
nandez et al., 1999a; Strange et al., 2002).

The present study utilized event-related fMRI to inves-
tigate neura regions associated with both encoding and
retrieval that distinguish between successful recall, unsuc-
cessful recall, and FOK. Participants were scanned during
encoding and retrieval of word pairs. This design allows us
to identify regions associated with different levels of recall
success and to determine whether activation at encoding
predicts subsequent graded recall performance. On the basis
of the prior patient and neurocimaging studies noted above,
we expected that differential patterns of activation within
prefrontal cortex would be associated with different levels
of episodic recall performance. We also expected to observe
encoding activation predictive of subsequent memory in
frontal and MTL regions; of special interest was the ques-
tion of whether encoding activation would predict events
that receive an FOK response at the recall stage.

Materials and methods
Participants

Participants were 17 right-handed, native speakers of
English (10 men; ages 18—26 years), with normal or cor-
rected-to-normal vision. Participants received $50 for par-
ticipation. Informed consent was obtained in a manner
approved by the Human Studies Committee of the Massa-
chusetts General Hospital.

Simuli and cognitive task

Stimuli consisted of 900 nouns selected from the “con-
crete” items used in an earlier event-related fMRI study
(Wagner et a., 1998). Five lists of 180 items, matched for
frequency and length, were used to create unrelated word
pairs, such that the location of each word in a pair was
counterbalanced across participants and each word was not
consistently paired with the same word across study lists.
Across two encoding scans, 180 word pairs were presented
for 3 s, followed by 1 sof visual fixation. Additional periods
of baseline fixation lasting between 2 and 8 s were inter-
spersed between the experimental trials to optimize the
efficiency of the design matrix (Dale, 1999). For experi-
mental trials, subjects were instructed to form a mental
image that included the two concepts represented by the
words in each pair. They were asked to form as detailed an
image as possible, trying to “se€” colors, sizes, and the
relative position of both items in the image. For each such
trial, subjects were asked to indicate the quality of theimage
they managed to form, by pressing one of three response
keys. The response options were: (1) successfully formed a
good detailed image, (2) formed an image but one that was
poor in details, or (3) not able to form an image at al or
formed apoor one. Participants were not told there would be
a subsequent memory test.

Following the two encoding scans, participants under-
went two cued-recall scans in which memory for all 180
studied items was probed. Each 4-s trial consisted of pre-
sentation of the left word from each pair, with a question
mark appearing in the right word’s position. Participants
were asked to press one of three keys depending on the
retrieval outcome: they successfully recalled the missing
word (“Know,” K), they did not recall the missing word but
felt that they would be able to recognize it if it were shown
to them in a list among distractors (“ Feeling-of-Knowing,”
FOK), or they did not recall the missing word and did not
feel that they would be able to recognize it (“Don’t know,”
DK). The order of presentation of stimuli in the cued-recall
scans was pseudo-randomized, with the constraint that
equal numbers of items from each encoding scan were
represented in each cued-recall scan.

Following scanning, subjects were taken to another of-
fice where they were given a recognition test. Each tria in
this test consisted of four word pairs, one of which was a
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studied pair. The remaining pairs had the same first word
but were paired with extra-list distractors. Two-hundred
forty such trials were presented, 180 of which contained a
studied pair, and 60 of which contained only nonstudied
pairs. For each trial, subjects were asked to press one of five
keys. By pressing one of the first four keys, subjects indi-
cated that the corresponding pair came from the study list.
By pressing the fifth key, subjectsindicated that none of the
pairs had appeared on the study list.

Functional imaging

A 3-T Siemens Allegra system was used to acquire
high-resolution T1-weighted anatomical images (MP-
RAGE), and T2*-weighted gradient-echo echo-planar func-
tional images (TR = 2000 ms, TE = 40 ms, 21 axial dlices
aligned paralel to the AC—PC plane, 5 mm thickness, 1 mm
interslice skip, 200 mm FOV, 64 X 64 matrix, 240 volume
acquisitions per run). Four additional volumes were col-
lected and discarded at the beginning of each run to alow
for T1 equilibration.

Preprocessing and data analysis

Data were preprocessed using SPM99 (Wellcome De-
partment of Cognitive Neurology, London, UK). Images
were first corrected for differences in dlice acquisition tim-
ing by resampling all slicesin time to match the first slice,
followed by motion correction across al four runs (using
sinc interpolation). Data were then spatially normalized to
an EPI template based upon the MNI305 stereotactic space
(Cocosco et d., 1997). Images were resampled into 3-mm
cubic voxels and then spatially smoothed with an 8-mm
FWHM isotropic Gaussian kernel. Statistical analysis was
performed using the general linear model in SPM99.

Encoding and retrieval trials were sorted into bins de-
pending on participants’ responses in the cued-recall and
recognition tests. Specifically, each trial was placed in one
of three bins depending on the subject’s response at the
cued-recall stage (K, FOK, DK). These bins were then
divided between items that were correctly answered at the
recognition test stage (correct-K, correct-FOK, correct-DK)
or incorrectly answered (incorrect-K, incorrect-FOK, incor-
rect-DK). There were too few trials categorized as incor-
rect-K or incorrect-FOK to permit meaningful analysis. The
remaining correct-K, correct-FOK, correct-DK, and incor-
rect-DK trials were modeled using a canonica hemody-
namic response. These effects were estimated using a sub-
ject-specific  fixed-effects model, with session-specific
effects and low-frequency signal components treated as
confounds. Linear contrasts were used to obtain subject-
specific estimates for each of the effects of interest. These
estimates were entered into a second-level analysis treating
participants as a random effect, using a one-sample t test
against a contrast value of zero at each voxel. Statistical
parametric maps were created for the contrast of task >

Table 1
Mean (SD) number of responses given in each response type
At cued recall
Don't know FOK Know
At recognition
Correct 47 (21) 37(11) 41 (21)
Incorrect 34 (20) 14 (12) 4(3)

fixation as well as the direct contrast of FOK > DK and
were subsequently characterized using, at the voxel level, an
uncorrected height threshold of P < 0.001 and, at the cluster
level, an extent threshold of P < 0.05, corrected for the
entire imaged volume. To further explore the nature of
activation associated with each encoding/retrieval outcome
condition, regions of interest (ROIs) were identified from
clusters that survived the thresholding criteria. The hemo-
dynamic responses were extracted from each ROI on a
participant-by-participant basis and were subjected to sub-
sequent repeated-measures analyses that included factors
for condition (correct-K, correct-FOK, correct-DK, incor-
rect-DK) and peristimulus time (2—8 s).

Results
Behavioral data

The distribution of trials across the six response types
(see Materials and methods) is presented in Table 1. Almost
half of the studied items (46%) were given a DK response
during cued recall; the remainder of the responses were
fairly evenly divided between FOK (29%) and K (25%).
Accuracy during the subsequent recognition test differed
significantly between the three cued-recall response types:
accuracy was the highest for trials that had been previously
given a K response (91%), intermediate for trials that had
been given aFOK response (72%), and lowest for trials that
had been given a DK response (58%). Thus, subjects pre-
dictions at the time of recall regarding future recognition
showed well-above-chance levels of accuracy. To confirm
these observations statistically, we performed a gamma cor-
relation, which provides a quantitative index of the strength
of the relation between FOK predictions and subsequent
recognition performance (Nelson, 1984). The mean gamma
correlation was +0.44, which compares favorably with pre-
vious estimates of FOK accuracy reported in the behavioral
literature (Metcalfe, 1996; Schwartz and Metcalfe, 1994).
Median (SD) reaction times differed significantly across
conditions [K, 1845 (343) ms; DK, 2077 (275) ms, FOK,
2220 (367) ms, F(2,48) = 5.56, P < 0.01]. Findly, we
correlated the probability that an item was associated with
K, FOK, and DK responses with established norms of con-
creteness and imageability (Kucera and Francis, 1967). For
the subset of 806 words for which such norms exist, neither
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Table 2
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Cortical and medial temporal regions modulated by retrieval performance

Retrieval

K > FOK > DK

K = FOK > DK K > FOK = DK

Encoding

K = FOK = ¢DK > iDK

Superior frontal/ACC -6, 27, 39*
Middle frontal —51, 24, 30 —48, 39, 18*
Inferior frontal -36, 21,9 -51, 27,9
—42, 18, 27 —48, 33, 15
—42, 27, 18 —48, 39, 6
—45, 30, 6 —45,21,9
-30, 24, -6 —42, 24, 24
—48, 18, 30
—42,9, 30
42, —36, —24
Parietal cortex —45, —54, 45*
—-30, —60, 36
—30, —69, 51
—33, —48, 36
MTL —18, —33, —6 —36, —39, —24
—-33, —15, —27

Note. Regions of interest were defined from voxels that were activated in Task > fixation or the direct contrast of FOK > DK * and were further
interrogated for differences between know (K), feeling-of-knowing (FOK), and don’t know (DK) responses. The first three columns list the peak voxel in
regions that demonstrated graded retrieval (K > FOK > DK), a subjective sense of memory for the target (K = FOK > DK), and actual retrieval success
(K > FOK = DK). The rightmost column lists the peak voxel in regions that demonstrated successful encoding as measured by a subsequent recognition

test. Coordinates are in MNI space.

concreteness nor imageability correlated with the probabil-
ity of an item being associated with FOK or DK responses
(r = —0.05t0 —0.02, ns). A relatively weak correlation was
observed between the probability of an item being associ-
ated with a K responses and both concreteness (r(805) =
0.12, P < 0.01) and imageability (r(805) = 0.08, P < 0.05).
However, because none of the reported patterns of neuro-
imaging results were obtained in regions subserving visual
imagery, this small correlation is unlikely to account for the
pattern of results reported below.

Imaging data

The fMRI data were analyzed to assess activation asso-
ciated with the episodic encoding and retrieval tasks, aswell
as to assess how this activation differed depending on re-
trieval outcome as assessed by both cued recall and recog-
nition (correct-K, correct-FOK, correct-DK, incorrect-DK).
As noted above, the small number of trials in both incor-
rect-K and incorrect-FOK conditions precluded meaningful
analysis of imaging data for these conditions.

Retrieval

Compared to baseline, activation associated with epi-
sodic retrieval was predominantly left lateralized and
included regions in inferior prefrontal, superior parietal,
posterior—inferior temporal cortices, and bilateral occip-

ital cortices. These results, while somewhat inconsistent
with older, mainly block-designed imaging studies (see
Fletcher and Henson, 2001; Tulving et al., 1994), which
were often characterized by right-lateralized activation
patterns for episodic retrieval, are consistent with more
recent event-related fMRI studies that also found left
lateralized activation for episodic retrieval of words (e.g.,
Konishi et al., 2000; McDermott et al., 2000; Nolde et al.,
1998).

Comparisons of the different retrieval conditions re-
vedled a strikingly consistent pattern of activation within
frontal and posterior regions. This pattern was characterized
by a graded response in which K trials were associated with
greater activation than FOK trials, which in turn were as-
sociated with greater activation than DK trials (Table 2,
leftmost column). ROI analyses revealed that this effect was
exhibited in multiple regions throughout the left prefrontal
cortex (see Figs. 1la—c), aswell asin the left parietal cortex
(see Fig. 1d) and anterior cingulate cortex. Activation in
these regions appeared to track the phenomenology of FOK,
mirroring the subjective experience of an intermediate re-
trieval state between knowing and not knowing.

In addition to the extensive graded activation observed,
activation in the left middle frontal cortex (Brodmann area
9) was modulated to the same extent by both K and FOK
trials, with DK trials producing significantly less activation
(Table 2, second column; Fig. 2a). Activation in this region
would, therefore, appear to be correlated with the subjective
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feeling that the target item was known regardless of whether
it could be successfully recalled.

A third retrieval related pattern was observed in the left
medial tempora lobe (MTL) (Table 2, third column; Fig.
2b). Time series analysis indicated that K responses were
associated with significantly more activation in this region
than were FOK and DK responses. Thus, activation in this
region was associated with successful retrieval of the target
item only.

Encoding

Compared with baseline, activation associated with epi-
sodic encoding was also mainly left lateralized, including
regions in the left prefrontal, left inferior—posterior tempo-
ral, left parietal, and bilateral occipital cortices. These re-
sults are largely consistent with prior neuroimaging studies
of verbal encoding (e.g., Dolan and Fletcher, 1997; Kelley
et a., 1998).

Encoding-related activation patterns that differentiated
among the outcome of the subsequent retrieval process were
first assessed using recall responses as a measure of re-
trieval. A contrast comparing the encoding of trials that
were later recalled (K) to the encoding of trials that were
later not successfully recalled (FOK and DK) revealed dif-
ferential encoding activation in a left posterior parahip-
pocampus/fusiform region (—33, —42, —18). No other re-
gions survived threshold in this contrast.

Encoding-related activation was then assessed again, this
time using responses from the recognition test to define
successful retrieval. Thus, the critical contrast of interest
here was successful recognition (correct-K, correct-FOK,
and correct-DK) compared to forgotten or unrecognized
trials (incorrect-DK). This comparison revealed the same
posterior MTL region (Fig. 3a) that was observed in the
subsequent recall analysis, as well as regions within the left
prefrontal cortex (Figs. 3b and ¢), extending from the infe-
rior to dorsal PFC (Table 2, rightmost column).

Analysis of the time series associated with each response
type in these regions suggests that encoding activation was
a better predictor of memory performance as measured by a
recognition, rather than recall, probe. In al regions, includ-
ing the posterior MTL regions that showed an apparent
subsequent recall effect, trials that were subsequently suc-
cessfully recognized, regardless of their status at the recall
stage, elicited comparable activation at encoding; the only

trial type that showed a significantly lower level of encod-
ing-related activation was the unrecognized, incorrect-DK.

In light of studies suggesting that encoding activation
should also be observed in the hippocampus—particularly,
given therelational nature of our task, in anterior hippocam-
pus—a hypothesis-driven search for activation in this struc-
ture was conducted with a less lenient threshold of P =
0.005, uncorrected (Otten et a., 2001; Strange et a., 2002).
With this threshold, encoding activation was observed that
differentially predicted successful recognition (but not re-
cal) in the bilateral anterior hippocampus, parahippocam-
pus, and right perirhinal regions (Fig. 4).

Discussion

This study represents the first event-related fMRI inves-
tigation of graded recall success in episodic memory, uti-
lizing FOK in addition to the standard successful and un-
successful retrieval outcomes.

Activations at retrieval

An extensive pattern of retrieval-related activation was
observed throughout the left inferior frontal gyrus: K trials
were associated with significantly greater activation than
were FOK trials, which in turn produced a significantly
greater response than did DK trials. This pattern would
seem, therefore, to mirror the behavioral manifestation of
graded recall success and is consistent with findings from a
recent fMRI study of FOK in semantic memory (Kikyo et
a., 2002). A very similar pattern was aso found in left
superior posterior parietal cortex and anterior cingulate.

Theintermediate level of activation associated with FOK
can be interpreted in several different ways. First, it is
possible that a response decision during the recal stage
might be sensitive to the level of activation in frontal re-
gions, such that even when the sought-after target item
cannot be recalled, aresponse other than DK is available. A
second interpretation is that the feeling that an item is
available for retrieval might drive efforts to recall the item.
If this were the case, however, to the extent that effort is
reflected in reaction time, it might be expected that the RTs
would follow the K > FOK > DK pattern. The behavioral
data are not consistent with this hypothesis, because RTs
associated with FOK responses were significantly longer
than RTs associated with K and DK responses.

Fig. 1. Three fronta and one parietal regions demonstrated a graded recall success activation. Displayed are functionally defined ROIs and averaged
event-related responses associated with each retrieval outcome. The examined ROIs are displayed on corresponding coronal slices. Activation associated with
know responses was significantly greater than that associated with feeling-of-knowing responses, which was in turn significantly greater than that associated
with don’t know response in left inferior frontal cortex (A, ~BA 45/47;,—45,30,6), |€ft inferior/middle frontal cortex (B, ~BA 46;—42,27,18), left dorsal
frontal cortex (C, ~BA46/9;—51,24,30) and left parietal cortex (D, ~BA 7;—45,—54,45). DK, don’t know; K, know; FOK, feeling-of-knowing.

Fig. 2. Activation in left middle frontal cortex (A, ~BA; —48,39,18) was modulated to the same extent by both know and feeling-of-knowing trials. Know
responses were associated with significantly higher activation than feeling-of-knowing and don’t know responsesin left MTL (B, —18,—33,—6). Displayed
are functionally defined ROIs and the resultant averaged event-related responses. The examined ROIs are displayed on corresponding corona slices.
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Turning to possible sources of FOK, cognitive theories
suggest that partial familiarity with the cue and/or partial
access to the sought-after target may be responsible for the
phenomenological experience of FOK (see Koriat and
Levy-Sadot, 2001; Metcalfe, 1996). According to the first
view, theintermediate level of activation associated with the
FOK responses may reflect recognition of the previously
studied cue word. If the experience of FOK was mediated
by cue recognition, however, we might expect to see similar
patterns of encoding-related activation to those reported in
previous subsequent memory studies (e.g. Wagner et al.,
1998), such as greater activity at encoding in left prefrontal
and MTL regions for subsequently recognized than forgot-
ten items (or cues in our study). Analysis of encoding data
in the present experiment (see below) is not consistent with
thisidea, because no such pattern in the encoding activation
was observed.

It may be more plausible to suggest that FOK-related
activation reflects partial access to the sought-after target
item. Behavioral data in support of this hypothesis include
the results of Schacter and Worling (1985), who found that
when participants gave FOK responses, they could produce
more information about the items they were unable to recall
than when they did not provide FOK responses. According
to this view, the prefrontal and parietal activation observed
in the present study could reflect the bringing on line of
stored information and its manipulation and evaluation. It is
conceivable that the phenomenological experience of more
information being available for K trials than for FOK trials,
and for FOK trials than for DK trials, might be associated
with the amount and/or quality of information held and
manipulated in working memory during the recall process.
This idea is consistent with the extensive literature impli-
cating prefrontal and parietal regionsin such working mem-
ory processes (for arecent review, see Fletcher and Henson,
2001).

In contrast to the graded response in the left inferior
frontal gyrus, a different pattern of retrieval-related activa-
tion was observed in the left middle frontal cortex, where
both K and FOK trials were associated with significantly
greater activation than DK trials, which themselves did not
differ from baseline. This region would seem to modulate
the subjective experience of knowing that an item is avail-
able for retrieval, irrespective of whether it can be subse-
quently recalled. This result echoes that of Henson and
colleagues (1999b), who used the “remember/know” para-
digm (Tulving, 1985), in which subjects make old/new
recognition judgments to indicate whether they specifically

recollect encountering items on an earlier study list (“re-
member”) or whether items just seem familiar (“know”).
Henson et al. (1999b) reported activation in a left middle
frontal region close to that observed in the present experi-
ment, which responded similarly during “remember” and
“know” judgments and significantly less during “don’t
know” judgments. Therefore, both studies have documented
activation in this region to be associated with a feeling that
the target item is present in memory, regardless of whether
it is conscioudly recollected. This comparison between find-
ings should be regarded cautiously because there is cur-
rently no cognitive theory that incorporates both “interme-
diate” retrieval states. Nevertheless, the fact that such a
consistent result emerges from experiments concerning both
recall and recognition is striking and suggests that activation
in the left middle frontal region may be independent of the
particular memory process (i.e., recall vs. recognition) that
is executed.

Selective activation for successfully retrieved items was
observed in left parahippocampal cortex. Previous imaging
work has linked this region with processes involved in
conscious recollection (Eldridge et al., 2000; Schacter et al.,
1996; Yonelinas et a., 2001). For example, Schacter et al.
(1996) found activation in left MTL in a condition that
yielded high levels of successful explicit retrieval compared
with a condition that yielded lower levels of successful
explicit memory and also compared to implicit memory.
Similarly, when comparing activations relating to recollec-
tion- and familiarity-based memory, Yonelinas et al. (2001)
recently observed greater activation in hippocampal and
parahippocampal regions for associative memory (recollec-
tion-based) than for item (familiarity-based) recognition.
Our data are consistent with the results of these studies,
implicating the left parahippocampal cortex in conscious
recall.

Activations at encoding

A pattern of encoding-related activation that differenti-
ated, at our a priori threshold, between subsequently re-
called and not recalled items was observed in aregion of left
posterior parahippocampal gyrus/fusiform cortex. This re-
gion was activated significantly in a contrast between trias
later successfully recalled and those subjects failed to suc-
cessfully recall. When the significance threshold was low-
ered to P < 0.005 uncorrected, in line with previous studies
(e.g., Strange et ., 2002), additional regionsin the bilateral
anterior hippocampus, the parahippocampal cortex, and the

Fig. 3. Encoding activation associated with correct recognition at P < 0.001 threshold was observed in the left posterior MTL (A, —36,—39,—24), left
prefrontal cortex (B, dorsal,—48,18,30; C, inferior; —45,21,9). Displayed are functionally defined ROIs and the resultant averaged event-related responses.

The examined ROIs are displayed on corresponding sagittal slices.

Fig. 4. Additional MTL regions whose encoding activation was predictive of successful recognition were observed at alower threshold—P < 0.005: bilateral
posterior MTL (left, A, —36,—39,—18; right, B, 36,—33,—18), bilateral anterior hippocampus (left, C, —24,—12,—12; right, D, 24,—18,—15), and right
perirhinal cortex region (E, 36,—9,—33). Displayed are functionally defined ROIs and the resultant averaged event-related responses. The examined ROIs

are displayed on corresponding sagittal slices.



A. Maril et al. / Neurolmage 18 (2003) 827—-836 835

right perirhinal cortex area showed significant activation.
Severa previous studies reported encoding activations in
similar regions that were predictive of subsequent recall
performance (Alkire et a., 1998; Fernandez et al., 1998,
1999h), athough comparison with these studies is compli-
cated by the different methodol ogies used, such as blocked-
design fMRI and recording from hippocampal electrodesin
patients with temporal lobe epilepsy.

One recent study that used event-related fMRI method-
ology also reported encoding-related activation in medial
temporal lobe regions that was predictive of subsequent
recall success (Strange et al., 2002). In the present study, an
advantage of measuring retrieval using both recall and rec-
ognition tests was the ability to categorize encoding trials
for analysis on the basis of different factors operating at
retrieval. When our encoding data were reanalyzed using
subsequent recognition success as the criterion for retrieval,
similar medial temporal lobe regions as in the subsequent
recall analysis were activated, with the left prefrontal cortex
additionally showing significant activation. Analysis of the
time series data indicated that the encoding activation was a
better predictor of recognition than recall performance.

Encoding activations in similar areas predictive of sub-
sequent recognition memory have been observed in numer-
ous studies (Brewer et al., 1998; Otten et al., 2001; Wagner
et a., 1998). For example, in the study by Wagner et al.
(1998), subjects semantically encoded words and were later
given a surprise recognition test in which they attempted to
distinguish between previously encountered words and new
words. Encoding activation in the left inferior frontal and
left posterior MTL regions was found to predict subsequent
successful recognition, as also demonstrated in the present
study.

One region that differentiated between successful and
unsuccessful recognition in the present experiment but was
not reported previoudly is the left dorsal frontal cortex (Fig.
4). A possible explanation is that the encoding task used in
the present study required subjects to encode two stimuli on
each trial and to form amental image that incorporated both
concepts into one picture. It has been suggested that when
selection of relevant features and organization of different
items held in working memory are required to perform an
encoding task, dorsal frontal regions are recruited (Fletcher
and Henson, 2001).

In the recent fMRI study by Strange et al. (2002), which
used intentional encoding of short lists of single words, the
authors found encoding activation in different regions of
MTL that predicted subsequent retrieval from different po-
sitions in the lists. Posterior MTL activation predicted suc-
cessful recall of words in initial positions on the list,
whereas activation in the region of perirhinal cortex pre-
dicted recal for words in al list locations. In trying to
account for the posterior MTL activation found in previous
subseguent memory studies for items from nonprimacy list
positions (e.g., Brewer et al., 1998; Kirchhoff et a., 2000;
Wagner et al., 1998), Strange et a. (2002) discussed the

possibility that the structure of the lists in these studies—
which included long interstimulus intervals of null events—
rendered items immediately following such intervals as
“situationally novel, capable of evoking an orienting re-
sponse” (p. 527). Since the present study used similarly
structured study lists, with baseline fixation events of vary-
ing duration intermixed with the word stimuli, we examined
whether this explanation could apply to the posterior MTL
region we observed.

An additional analysiswas conducted, in which all words
that immediately followed fixation at encoding were desig-
nated and analyzed separately from words that followed
another word trial. To alow for a sufficient number of trials
in each such bin to permit meaningful analysis, we exam-
ined only the items that were given a DK response at recall.
These items were divided into correctly recognized versus
forgotten (as before), and each such group was divided
again into “primacy-like” trials, that is, immediately follow-
ing fixation at study, and “non-primacy-like’ trials. Behav-
ioraly, the primacy-like items had no retrieval advantage
over the non-primacy-like items.

All imaging data analysisinvolving thisdivision failed to
show a different pattern of activation for the two tria
types—those that immediately followed fixation and those
that did not. Specifically, subsequent recognition effects
were observed when comparing remembered and forgotten
items that did not follow fixation; the same pattern was
observed when analysis was restricted only to those items
that immediately followed fixation. No interaction between
list location and activation pattern was found.

To conclude, severa regions within the left frontal and
parietal cortex showed retrieval-related activation that mir-
rors the phenomenology of graded recall success. Encoding-
related activation patterns that differentiated between the
outcome of the subsequent retrieval process were demon-
strated to be attributable to processes operating at recogni-
tion. Our results thusindicate that study of FOK can provide
useful insights into the nature of contributions made by
specific brain regions to episodic recall. They aso raise
questions about the relative contributions of encoding and
retrieval processes to the genesis of FOK that will require
study in future research.
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