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Summary

Though the right prefrontal cortex is often activated in reference to the spatiotemporal context of words presented
neuroimaging studies of episodic memory retrieval, the during a previous study episode. Activation in a dorsal
functional significance of this activation remains midlateral region of the right prefrontal cortex was
unresolved. In this functional MRI study of 12 healthy  associated with increased contextual monitoring demands,
volunteers, we tested the hypothesis that one role of the whereas a more ventral region of the right prefrontal
right prefrontal cortex is to monitor the information cortex showed retrieval-related activation that was inde-
retrieved from episodic memory in order to make an  pendent of task instructions. This functional dissociation
appropriate response. The critical comparison was of dorsal and ventral right prefrontal regions is discussed
between two word recognition tasks that differed only in relation to a theoretical framework for the control of
in whether correct responses did or did not require  episodic memory retrieval.

Keywords: source memory; process dissociation; cueing; verifying

Abbreviations: BA = Brodmann area; BOLD= blood oxygenation level-dependent; fMRI functional MRI

Introduction
The activation of the right prefrontal cortex is a consistentto re-experience retrieved information as part of one’s past
finding in neuroimaging studies of retrieval from episodic (Levineet al., 1998). An alternative proposal is that prefrontal
memory (for reviews, see Buckner and Peterson, 1996activation reflects the degree of retrieval effort, the right (and
Cabezaet al, 1997; Fletcheret al, 1997; Nyberget al, left) prefrontal cortex being more active when retrieval is
1996@). However, the functional interpretation of this difficult (Schacteret al., 199@). Retrieval effort is distinct
activation remains unclear. The fact that damage to thérom retrieval success, in that retrieval can fail despite
prefrontal cortex does not cause dramatic impairments ofepeated retrieval attempts. A third proposal is that right
episodic memory, in contrast with damage to the mediaprefrontal activation reflects processes operating subsequent
temporal and limbic regions (Scoville and Milner, 1957; to retrieval of information from episodic memory. Such post-
Janowskyet al, 1989), suggests that the prefrontal cortex isretrieval processes might include the monitoring of whether
not necessary for the storage of, or access to, episoditie retrieved information is sufficient for the current task
memories. Rather, right prefrontal activation is likely to (Shalliceet al,, 1994), and the utilization of that information
reflect strategic processes that pertain to the accuracy ard guide behaviour (Ruggt al, 1996).
completeness of information retrieved from episodic The debate between retrieval mode, retrieval effort and
memory. post-retrieval processing accounts is often framed in terms
One proposal is that right prefrontal activation reflects theof retrieval attempt versus retrieval success. The retrieval
adoption of a retrieval mode: the state arising whenever onenode and retrieval effort hypotheses predict that right
refers back in time to past experiences (Tulving, 1983;prefrontal activity is independent of whether information is
Kapur et al, 1995; Nyberget al, 1995). According to one retrieved successfully. This prediction is consistent with
interpretation of this view, damage to the right prefrontalseveral PET and functional MRI (fMRI) studies that have
cortex does not impair retrievgler se but rather the ability failed to find differential activation of the right prefrontal
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cortex as a function of retrieval success (Kapual, 1995; and monitoring of information within working memory are
Nyberg et al, 1995; Schacteet al, 199&, 1997; Buckner required.” (Owen, 1997, pp. 1329-30).
et al, 1998). However, other studies by Rugg and colleagues In the verbal episodic memory domain, Shallice and
(Rugg et al, 1996) and Buckner and colleagues (Bucknercolleagues (Shallicet al, 1994) argued that the right dorsal
et al, 199%) have found greater activation of the right prefrontal activations in their study should also be attributed
prefrontal cortex as the probability of retrieval successto monitoring. Petrides and colleagues (Petrieteal., 1995)
increased. The question of whether the right prefrontal corteand Fletcher and colleagues (Fletchet al, 1998&)
is sensitive to retrieval success therefore remains unresolvegubsequently argued for a dorsal/ventral lateral distinction
One reason for the confusion among previous neuroimagingnalogous to that made in the working memory domain.
experiments may be that the simple dichotomy of attempil hough both compared free recall and paired associate recall,
versus success is not a fruitful approach for interpretingnowever, their arguments were based on a strikingly different
right prefrontal function during episodic retrieval. A more pattern of results. Fletcher and colleagues (Fletateal,
promising approach would appear to derive from detailedl99%) found right dorsolateral prefrontal activation when
theoretical accounts of episodic retrieval. Burgess andree recall was compared against paired associate recall,
Shallice (Burgess and Shallice, 1996), for example, developeyhereas Petrides and colleagues (Petreded, 1995) found
a multistage model of retrieval to explain the patterns inleft ventrolateral prefrontal activation. Fletcher and c;olleagues
protocols recorded as healthy volunteers recalled autobidf'etcher et al, 1998) argued that free recall involves
graphical memories. An important component of their modegreat_er monitoring demands, whereas Petndes_ and colleagues
is an editor or monitoring process, which attempts to verify(Petrideset al, 1995) argued that the monitoring demands
that the information retrieved via prior retrieval cues is !N their two tasks were comparable.

appropriate for the current task. An example of such mon- Hoyvever, in neither of these studies (Petrides al,
itoring is illustrated by the question: ‘When was your last 1995; Fletcheret al, 199&) were the conditions directly

trip abroad?'. It is likely that several memories will come to set up to test the role of the prefrontal cortex in monitoring.

mind, in which case monitoring is required to select which!" the p_resent study_, we made an explicit test of th_e
of these memories relates specifically to the most reCerﬁypotheas that the right dorsolateral prefrontal cortex is

trip. Similar monitoring processes were proposed within thgnore active in conditions requiring greater monitoring of

retrieval frameworks developed by Norman and BobroWepisodic retrieval. To test this prediction, we used fMRI

(Norman and Bobrow, 1979) and Koriat and GOldsmlth:ﬁecottﬂ?izzdth\?is?gnwicrg\gty(oir h‘%a:lt:r:)ydi\rgo[ur::tc?r?cri?tiﬁge

(Koriat and Goldsmith, 1996). Importantly, monitoring does y . 9 ) L

. . ) retrieved memories of those words (our ‘Recognition

not always correlate with retrieval success: the degree to_ .. . ! .

. . . . .__conditions) or performed a simple visual-motor baseline
which the right prefrontal cortex is activated as a function . , . . .

. .task (our ‘Control’ condition). The Encoding conditions

of retrieval success may depend on how closely one is

monitoring the products of retrieval (for a similar suggestion nvolved one of two instructions that oriented participants
9 b 99 'towards either a word’s location in space (high or low on
see Wagneet al, 1998).

. . the screen) or its relative position in time (in the first or
Anqther' reason -for the  confusion _among  préviousgecong of two lists). The Recognition conditions also
neuroimaging e_xper_|ments may be a fallurt_e 1o dISt'ngu'shnvolved one of two instructions, adapted from the process
activations within d|ffer_er?t regions of the rlght prefrontal dissociation procedure of (Jacoby, 1996). One condition,
cortex. At least three distinct regions of the right prefrontaly, o «nclusion’ condition, involved the standard recognition
cortex have been implicated in previous studies: an anterigqgryctions: to respond ‘yes' whenever the participant saw
region in Brodmann area (BA) 10 (e.g. Ruggal, 1996, 5 \yord that they remembered studying in the previous
Buckneret al, 1998), a dorsolateral region in BA 9/46 (€.9. Encoding condition (an old word). The other Recognition
Shallice et al, 1994; Kapuret al, 1995) and a ventral condition, the ‘Exclusion’ condition, required participants
posterior region in BA 45/47 (e.g. Nybergt al, 1995, g respond ‘yes’ only if they remembered studying an old
Schacteret al, 1997). These regions may subserve distinCtyord in one of the two spatial or temporal Encoding
functions during episodic retrieval. In particular, the idea thatcontexts. According to many theories (e.g. Jacoby, 1996;
dorsolateral regions of the prefrontal cortex are involved invandler, 1980), recognition entails two processes: a non-
monitoring was initially proposed by Petrides and colleaguespecific, automatic feeling of familiarity, and a more
(Petrideset al, 1993) in the context of working memory explicit recollection of an item’s prior occurrence. For old
tasks. Petrides (Petrides, 1994, 1995) later developed a moygords in the Inclusion condition, either process can
elaborate view in which.". . ventrolateral frontal lobe regions precipitate a ‘yes’ response. For old words in the Exclusion
are principally concerned with the active organization ofcondition that were studied in the inappropriate context,
sequences of responses based on conscious, explicit retrievalwever, the two processes are in opposition, in that
from posterior association systems. By contrast, dorsolateraluccessful recollection of the study context is necessary
frontal regions subserve a secondary level of executivéo overcome the sense of familiarity associated with old
processing and are recruited only when active manipulatiomords. In other words, the Exclusion condition imposes
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Control condition In the Encoding condition, the strings were medium-
WORDI frequency nouns, which participants were told to remember
WORD?2, for the subsequent Recognition condition. The Encoding
] condition also involved one of two orienting tasks, in which
WORD2| | List2 participants responded ‘yes’ when a word was above the
o WORDI midIing (the Space Enquing condition) or ip the first list
(the List Encoding condition), and ‘no’ otherwise.

In the Recognition condition, some of the words from the

Encoding condition previous Encoding condition were redisplayed, intermixed

with new words that had not been seen before. The

FLOCK ]—\RAZOR Recognition condition also involved one of two instructions:
— an Inclusion condition, in which participants responded ‘yes’
seach || List2 when they recognized a word from the previous Encoding
condition, rege_lrdlt_ass of |t§ previous position on the screen
4000 ms TOAST or occurrence in List 1 or List 2, and an Exclusion condition,

in which participants responded ‘yes’ only when they
remembered a word appearing in a specific context in

Recognition condition the previous Encoding condition. In the Space Exclusion
condition, the relevant context was the word’s previous height

BLOOM]—’ SF o
TOAST on the screen. For one-half of the blocks in this condition,

participants responded ‘yes’ only if they remembered seeing
the word above the midline; for the other half they responded
‘ves’ only if they remembered seeing the word below the
4000 ms RIDGE midline. In the List Exclusion condition, the relevant context
was the word’s previous occurrence in List 1 or List 2: for
Fig. 1 Experimental procedure for a single trial of the Control,  one-half of the blocks in this condition participants responded
Encoding and Recognition conditions. ‘yes’ only if they remembered seeing the word in List 1; for

the other half they responded ‘yes’ only if they remembered
greater monitoring requirements. We therefore predictedeeing the word in List 2. When they remembered the word
greater activation in the right dorsolateral prefrontal corteXappearing in a different context, or they did not remember
in the Exclusion condition than the Inclusion condition. Seeing the word before, they responded ‘no’. During an

Encoding condition, participants did not know in advance

whether the subsequent Recognition test would involve
Methods Inclusion or Exclusion instructions (though the nature of the
Participants Encoding instructions—whether they oriented participants
Informed consent was obtained from 12 right-handedowards space or list—would inform them as to the relevant
volunteers (nine males), aged between 21 and 49 years (witlimension of any Exclusion task that might follow).
a mean age of 28 years). The study was approved by thRarticipants were told that the spatial and temporal position
National Hospital for Neurology and Neurosurgery andofthe words during the Recognition conditions was irrelevant
Institute of Neurology Medical Ethics Committee. to the task, and unrelated to their position in the previous
Encoding condition.

..

FLOCK | | List2

Cognitive tasks
Participants were scanned during three basic conditions: thexperimental materials
Encoding, Recognition and Control conditions. The procedurdwo hundred and forty nouns of five letters with a Kucera—
associated with one trial of each condition is shown in Fig.Francis frequency between 10 and 100 were drawn from
1. All tasks involved sequential, visual presentation of 12the MRC psycholinguistics database (http://www.psy.uwa.
five-letter strings, each string prompting a ‘yes’ or ‘no’ finger edu.au/uwa_mrc.htm) and were assigned randomly to the
response. The strings appeared randomly above or below tlencoding and Recognition conditions for each participant.
midline (with the constraint that a total of six strings appearedOne-half of the Recognition conditions involved six words
above and six below) and were split into two lists of six from the previous Encoding condition and six new words
strings by a ‘List 2’ marker. (old : new ratio, 50%) and one-half included 10 words from
In the Control condition, the string ‘WORD1' was the previous Encoding condition and two new words (old :
presented for a random one-half of the trials, the stringhnew ratio, 83%). This manipulation was orthogonal to the type
‘WORD?2’ for the other half, and the task was to respondof Recognition instructions (i.e. Inclusion versus Exclusion
‘yes’ whenever the string was ‘WORD1'’ (and ‘no’ otherwise). conditions).
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Experimental procedure created from the realigned volumes was coregistered with

The words were presented in 24-point Helvetica font usinghe structural T volume and the structural volumes were
a Macintosh computer, and were projected onto a Scree$patia||y normalized to a standard template (the MNI brain
~300 mm above the participant in the MRI scanner. Theof Cocoscoet al, 1997) of 3X 3 X 3 mm voxels in the
resulting visual angle for single items was ~2°. Words werespace of Talairach and Tournoux (1988) using non-linear basis
presented evgrd s (3500 ms on; 500 ms off), during which functions. The derived spatial transformation was applied to
time participants used the index finger of their right hand tothe realigned 7* volumes, which were then spatially
make a ‘yes’ response on a keypad or the middle finger omoothed with a 10 mm full width at half maximum isotropic
their right hand to make a ‘no’ response. The two lists ofGaussian kernel (in order to make comparisons across
six words were demarcated by a List 2 marker presented faparticipants and to permit application of random field theory
4 s between the sixth and seventh words. Each block wal®r corrected statistical inference; Fristat al, 1994). A
preceded by a brief reminder of the instructions for themean image was created for each condition in each session,
following block, which was displayed for 8.2 s, resulting in allowing for the haemodynamic lag between conditions, high-
a total of 60.2 s per block. pass filtering across each session using low-frequency cosine
The tasks were performed in four sessions of 12 blocksfunctions with a cut-off of 360 s (to remove low-frequency
each 12-min session consisting of four Control-Encoding-drifts in the BOLD signal; Holmest al, 1997), and globally
Recognition triplets. Sessions were separated by a 2-min re§galing image intensity to a grand mean of 100. The resulting
period. The order of Space/List Encoding conditions andnean images for each condition were averaged across the
Inclusion/Exclusion Recognition conditions within this four sessions, producing seven condition images for each

structure was counterbalanced across participants. participant (Control, Encoding Space, Encoding List,
Inclusion Space, Inclusion List, Exclusion Space and

Exclusion List).

Condition effects at each voxel were estimated according
to the general linear model and regionally specific effects
'were compared using linear contrasts. Each contrast produced
) . a statistical parametric map of thestatistic for each voxel,
Images (IX1x 1.5 mm voxels) f'and F-weighted echo- which was subsequently transformed to the unit noridal
planarimages (61’1( 64 3 3 mm pixels, TE= 40 ms) with distribution. Unless stated otherwise, the activated areas
blood oxyggnatlon IeveI—erendent (BOLD) f:ontr_ast. Eacqeported below consisted of voxels that survived a voxel-
echoplanar image comprised 48 1.8 mm axial slices takeRIise multiple-comparison correction Bf< 0.05 Z > 4.60)

every 3 mm, positioned to cover the whole brain. Thin slicesusing a random effect model. The maxima of these areas
reduce susceptibility artefacts at frontal polar regions (Younga; '

. ) . ere localized on the {Ttemplate brain and labelled using
et. al, 1.988?’ regions that have previously been associate e nomenclature of Talairach and Tournoux (1988) and
with episodic retrieval (Rug@t.al., 1996; Buckneret al.,. Brodmann (1909) for consistency with previous studies.
1998). A total of 692 volume images were taken continu-
ously with an effective repetition time (TR) of 4.3 s/volume,
the first five dummy volumes in each session being discarded
to allow for T; equilibration effects. Results

The scanner was synchronized with the presentation of th%ehavioural data

instructions of each block, and the ratio of interscan tOPerformance was almost perfect in the Control and Encoding

mtersﬂmulus mtervallensureq that voxels were sampled a&onditions, and over 85% correct on average in the Inclusion
different phases relative to stimulus onset (with a total of 14

block). Th 16 it f the Cont ﬂ]nd Exclusion conditions (Table 1). A 22 repeated-
scans per bloc )- \ere were repetitions ot the Lontro, o asures analysis of variance (ANOVA) revealed a significant
condition, eight repetitions of each type of Encoding condition ffect of Inclusion versus Exclusion instructior&({,11) =
(Space versus List) and four repetitions of each type o '

- o . : .45,P < 0.05], but any effect of study context or interaction
Recognition condition (Space versus List and Inclusion VerSUBetween recognition instructions and study context failed to
Exclusion).

reach significanceq(1,11)< 4.36]. The mean correct reaction
times were longer for Encoding than Control conditions, and
longer for Exclusion than Inclusion conditions. The latter
Data analysis was confirmed by a second>22 ANOVA, which showed a
Data were analysed using statistical parametric mappingignificant effect of recognition instructions(fL,11)= 31.84,
(SPM97d, Wellcome Department of Cognitive Neurology,P < 0.001]. There was also a significant effect of study
London, UK; Fristoret al,, 1995). All volumes were realigned context F(1,11) = 12.40,P < 0.01], which was apparent in
to the first volume (actual head movement wa8 mm in  the longer reaction times in the Space Exclusion condition
all cases) and resliced using a sinc interpolation, adjustinghan List Exclusion condition, though any interaction failed to
for residual motion-related signal changes. A mean imageeach significanceq(1,11)= 3.72]. The reduced performance

fMRI scanning technique
A 2 T Siemens VISION system (Siemens, Erlangen
Germany) was used to acquire both dhatomical volume
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Table 1 Proportion of correct responses and mean correct reaction time in each condition

Control Encoding Recognition inclusion Exclusion
Space List Space List Space List
Correct Mean 0.98 0.98 0.99 0.94 0.88 0.86 0.86
SD 0.03 0.04 0.01 0.05 0.08 0.09 0.07
Reaction time Mean 731 1057 1107 1045 1044 1417 1265
SD 139 387 408 185 187 241 240

levels and longer reactions in the Exclusion condition relativecomparison of Encoding and Control
to the Inclusion condition are consistent with greatercqonditions

monitoring demands. The reaction time difference betweerynasting the Encoding conditions against the Control
List and Space recognition conditions was not predicted, andgition revealed a number of different activations, pre-
we offer no explanation for this difference. _ dominantly left-lateralized (Table 2 and Fig. 2A). These
The false alarm rate to new words was 0.04 in bothicyuded a large region of the left prefrontal cortex (BA
!nclusmn and Exclusion cor_1d|t|ons, giving a hlt—fa}lse aIarm6/9/44/45/46), smaller regions of the right middle (BA 46)
index o.f.0.88 - 0.04= O‘.84 !n the Inclusion condition. 'The and superior (BA 8) frontal gyri, and the anterior cingulate
probab_lhty of mpprrect yes' responses to O!d wprds in the .o rtex (BA 32). Activations were also present in the left
Excll_Jsu_)n cond|t|0_n was Q.l?, reflectlr_lg S|t_uat|0ns Wheresuperior parietal gyrus (BA 7), left fusiform gyrus (BA 37)
monitoring had failed (giving an effective hit-false alarm 5 right cerebellum. These regions are often associated with
rate of 0.79 — 0.17 — 0.04= 0.58). Application of the yeen encoding of verbal material (Shallie¢ al, 1994:
process dissociation equations of Jacoby (1996) estlmateﬂﬂving et al, 1994; Kapur et al, 1994; Fletcheret al.
the familiarity component as 0.72 (SB 0.16) and the 1gqggy. ’ ' ' ’ ’

recollective component also as 0.72 (SD0.29). The high The opposite contrast revealed deactivations in the Encod-
level of overall performance (given that there were only 12,4 cqngition relative to the Control condition in anterior
words per recognition condition) explains why these value$qgial frontal gyri (BA 10/11), bilateral insula (BA 13/22),
are greater than usually found. bilateral superior temporal gyri (BA 22), extending into the
postcentral (BA 40) and middle temporal gyrus (BA 21) on
the right, the right middle occipital gyrus (BA 37), and
bilateral middle and posterior cingulate cortex (BA 24/

Initial analyses failed to find any significant differences in 30). The bilateral deactivations of temporal gyri are often

BOLD signal between the Space versus List conditions a?ssociqted with semantic retrieval and left prefrontal activa-
either encoding or retrieval. This is unlike the PET study ofton (Frith etal, 1991).

Nyberg and colleagues (Nybegj al., 1996), which found

differential activation during encoding and retrieval of spatial ] )

versus temporal information. One possible reason for thi&omparison of Inclusion and Control

discrepancy is that participants in our study were semanticallgonditions

elaborating the words at encoding, regardless of whether the§ontrasting the Inclusion Recognition condition against the
were oriented towards the words’ location in space or positiorControl condition (Table 3 and Fig. 2B) revealed several
in the first or second list. For example, the presentation of thactivation foci in the right prefrontal cortex and in smaller
word FLOCK high on the screen might prompt participants toregions of the left middle and inferior prefrontal gyri
imagine a flock of sheep on top of a mountain. Similarly, (BA 9/45), the rostral and dorsal anterior cingulate gyri (BA
presentation of the word FLOCK in the first list might prompt 32/24) and the left cerebellum. This right-lateralized pattern
participants to invent a story that began with a flock of sheepof activation, in contrast with the left-lateralized pattern
Indeed, all participants reported attempting such elaboratioassociated with the Encoding condition (above), is consistent
during the two Encoding conditions. Given that the resultingwith the HERA (Hemispheric Encoding Retrieval Asym-
memory traces were likely to be mental images and/ometry) generalization (Tulvingt al, 1994; Nyberget al,
ordered stories in both cases, the content of the memoriek996).

retrieved during the Recognition conditions would also be The right prefrontal activations comprised a posterior
comparable. In view of the absence of any differentialregion of superior frontal gyrus (BA 8), a dorsolateral region
activation, subsequent analyses were therefore collapsexf the middle frontal gyrus (BA 9/46) and a ventrolateral/
across the Space/List manipulation. anterior insula region of the inferior frontal gyrus (BA 47).

Imaging data
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Table 2 Maxima within regions showing significar®® (< 0.05 corrected) BOLD signal changes in comparison of Encoding
and Control conditions

Region of activation Left/right Brodmann Number of Talairach coordinates Z value
area voxels

Increases during Encoding

Middle frontal gyrus L 9 1038 —45 15 18 7.38
L 6 -39 12 51 6.71
L 46 -51 27 18 7.01
Middle frontal gyrus R 46 103 42 39 21 5.74
Superior frontal gyrus R 8 20 33 21 51 5.49
Anterior cingulate B 32 135 -3 21 42 6.10
Superior parietal gyrus L 7 35 -30 —66 45 5.25
Fusiform gyrus L 37 52 —48 —60 -18 5.66
Cerebellum R - 33 36 —60 -27 5.52
Increases during Control
Medial frontal gyrus B 10 525 3 51 0 6.86
B 11 -9 45 —60 6.72
Insula L 22 28 —45 -9 -3 5.49
R 13 49 42 -9 -6 6.40
Superior temporal gyrus L 22 98 —63 -15 6 5.69
R 22 230 63 -9 0 5.60
Middle temporal gyrus R 21 14 66 -6 -18 5.47
Cingulate B 24 44 3 -12 42 5.70
Posterior cingulate B 30 211 -6 —48 27 6.26
Middle occipital gyrus R 37 35 54 —66 3 5.69

L = left; R = right; B = bilateral.

One or more of these activations has been found in almogirecuneus (BA 7), the left cerebellum and the cerebellar
every study of episodic retrieval (see Discussion). Thouglvermis.
the activation of more anterior regions of the right prefrontal The opposite contrast revealed a large region of
cortex (BA 10/11) that has been observed in previous studiedeactivation in the anterior medial prefrontal gyri (BA 10/11)
was not significant at the corrected threshold, activatiorin the Exclusion condition relative to the Control condition, as
clearly extended into such regions when the threshold wai previous contrasts. Deactivations were also seen in the
lowered to an uncorrectefd < 0.001. right anterior temporal pole (BA 38), the left and right
The opposite contrast revealed a large region of deactivasuperior temporal gyri (BA 22), including the posterior
tion in the anterior medial prefrontal gyri (BA 10/11), together regions of the insula, bilateral middle cingulate gyrus (BA
with smaller regions in the left (BA 37) and right (BA 39) 24), right hippocampus, right postcentral gyrus (BA 40), and
middle occipital gyri, in the Inclusion condition relative to left (BA 37) and right (BA 39) middle occipital gyri.
the Control condition.

Comparison of Exclusion and Control Comparison of Exclusion and Inclusion

conditions conditions

Contrasting the Exclusion Recognition condition against theContrasting the Exclusion condition against the Inclusion
Control condition (Table 4 and Fig. 2C) revealed activationscondition (Table 5 and Fig. 2D) revealed activation in the

of large regions of both left and right lateral prefrontal cortex,left and right dorsolateral regions of the middle frontal gyri

and both left and right superior parietal cortex. This more(BA 46) and the left posterior superior parietal cortex (BA

symmetrical pattern of activation is less consistent with thel9). Thus, direct comparison of the two recognition conditions
HERA generalization of Tulvingt al. (1994a). The bilateral revealed that our Exclusion instructions produced greater
prefrontal activations comprised posterior regions of theactivation in the dorsolateral prefrontal region identified in

superior frontal gyri (BA 6/8), a dorsolateral region of the the previous Inclusion versus Control and Exclusion versus
middle frontal gyri (BA 9/46), ventrolateral/anterior insula Control contrasts. The instructional manipulation also

regions of the inferior frontal gyri (BA 47) and anterior produced greater activation in the homologous region of the
regions of the inferior frontal gyri (BA 10/11). Other left prefrontal cortex and in a region close to the left superior
activations included bilateral anterior cingulate gyri (BA 32), parietal region identified in the previous Encoding versus
bilateral middle temporal gyri (BA 21), bilateral medial Control and Exclusion versus Control contrasts.



Monitoring episodic retrieval 1373

(B)

(€)

Fig. 2 Lateral areas showing BOLD signal increases (red) and decreases (blue) in comparigonthefEncoding condition relative to
the Control condition, B) the Inclusion condition relative to the Control conditio®) (the Exclusion condition relative to the Control
condition and ) the Exclusion condition relative to the Inclusion condition. For the purpose of illustration the threshold is slightly
lower (P < 0.0001 uncorrected) than in Tables 2-5.
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Table 3 Maxima of regions showing significar®® < 0.05 corrected) BOLD signal changes in comparison of Inclusion and
Control conditions

Region of activation Left/right Brodmann Number of Talairach coordinates Z value
area voxels

X y z

Increases during Inclusion

Superior frontal gyrus R 8 33 45 18 45 5.23
Middle frontal gyrus R 46 124 48 27 24 6.62
L 9 1 —51 24 30 4.60
Inferior frontal gyrus R 47 48 36 24 -12 6.24
L 45 10 —42 15 21 4.92
Anterior cingulate R 32 31 6 36 27 5.42
Cingulate R 24 1 1 —21 27 4.63
Cerebellum L - 3 -39 -57 —24 4.73
Increases during Control
Medial frontal gyrus B 10 263 -12 45 -6 6.15
B 11 3 33 -8 5.65
Middle occipital gyrus R 37 a7 54 —66 0 5.40
L 39 2 —45 —78 15 4.63

L = left; R = right; B = bilateral.

Table 4 Maxima of regions showing significar® (< 0.05 corrected) BOLD signal changes in comparison of Exclusion
and Control conditions

Region of activation Left/right Brodmann Number of Talairach coordinates Z value
area voxels

Increases during Exclusion

Middle frontal gyrus R 46 580 48 30 21 7.74
Superior frontal gyrus R 8 33 24 48 6.85
Middle frontal gyrus L 46 337 —48 27 27 7.17
Superior frontal gyrus L 8 72 -30 27 51 5.96
Inferior frontal gyrus R a7 111 36 24 -9 7.13

L 47 27 -30 24 -6 5.50

R 11 3 36 51 -12 4.63

L 11 46 —42 45 -6 5.85
Anterior cingulate B 32 154 6 36 27 6.47
Middle temporal gyrus R 21 11 66 -39 -12 5.02

L 21 3 —66 -33 -9 4.75
Superior parietal gyrus L 7 196 -30 —66 45 6.46

R 7 206 39 -63 45 5.85
Precuneus B 7 51 9 —69 39 5.21
Cerebellum L - 88 —42 —60 =27 5.58

B - 34 -6 —78 —-24 4.81

Increases during Control

Medial frontal gyrus B 10 803 -9 45 -6 7.11

B 11 3 27 -12 6.85
Temporal pole R 38 14 45 21 —36 5.54
Superior temporal gyrus R 22 153 60 3 -3 5.75
Insula R 22 45 -6 -6 5.67
Superior temporal gyrus L 22 76 —63 -3 6 5.08
Insula L 22 —48 -9 -3 5.42
Hippocampus R - 4 33 -12 =21 4.85
Cingulate gyrus B 24 45 3 -9 42 5.52
Postcentral gyrus R 40 173 57 —24 21 6.14
Middle occipital gyrus R 37 72 54 —66 3 6.34

L 39 11 —42 -69 12 4.97

L = left; R = right; B = bilateral.
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Table 5 Maxima of regions showing significar®® < 0.05 corrected) BOLD signal
changes in comparison of Exclusion and Inclusion Recognition conditions

Region of activation Left/right Brodmann Number of Talairach coordinatesZ value
area voxels

X y z

Increases during Exclusion

Middle frontal gyrus L 46 26 —48 30 27 5.39
R 46 3 48 30 21 4.85
Superior parietal gyrus L 19 3 —-36 —66 39 472

L = left; R = right; B = bilateral.

Possible confounds cortex (BA 46), the left superior parietal cortex (BA 7/19),
One possible confound in our comparison of Inclusion andhe right dorsolateral prefrontal cortex (BA 46) and the right
Exclusion conditions is that there are necessarily fewewentral prefrontal cortex (BA 47). The mean percentage
correct ‘yes’ responses in our Exclusion condition than in ouBOLD signal change in the maxima of these regions is
Inclusion condition. To address this problem, we performed amplotted for each condition in Fig. 3. The left prefrontal region
orthogonal contrast of recognition conditions with a high(Fig. 3A) was activated in all experimental conditions relative
old : new word ratio (83%) against recognition conditionsto the control condition, but was particularly active for the
with a low old : new ratio (50%; see Methods). The higherEncoding condition and, to a lesser extent, the Exclusion
old : new ratio entailed a greater number of ‘yes’ responseszondition. This is consistent with the proposed role of the
Only one area showed greater activation in the high-ratigeft prefrontal cortex in the semantic processing necessary
condition that survived our corrected threshold, in the rightfor deep encoding (Kapuet al., 1994; Fletcheet al., 1998)
cuneus X = 12,y = -81,z = 33, BA 19), and no area and the suggestion that similar semantic processing and re-
showed greater activation in the low-ratio condition. We CaNencoding can occur during episodic retrieval (Nybetgl,
specula‘Fe that_the cuneus ac_tivation_ reflected greater Visu‘i‘bgea; see Discussion below). A similar but attenuated
‘?’Loecfr;sc?:g%n?rérr?:r?te%(;isov?;;etiym (E)I;jaivr\lloar?:atgztri]vgtee\l\battem was seen for the left ventrolateral prefrontal region
in our Exclus?on versus Inglusion condition contrast showe(%en-tmed in Table 4, which S close to that. found by
differential activation as a function of old : new ratio etrld(_as and_collea_gue_s (Petrlde_tsal., 1_995),_G|ven that

: ' gny differential activation of this region did not reach

even when the threshold was lowered 1o an uncorrectesi nificance in our direct comparison of the Exclusion versus
P < 0.001. The differential activations in our Inclusion and 9 ) .. P .
Inclusion conditions, however, we do not offer a functional

Exclusion conditions are therefore unlikely to reflect simply. . . .
interpretation for this region.

different frequencies of ‘yes’ responses. : : . .
A second possible confound correlated with our Inclusion The left parietal region (Fig. 3B) was also activated across

versus Exclusion contrasts is the difference in performanc@'l the experimental conditions, but was particularly active
levels, given that performance was significantly worse in outn the Exclusion condition. According to the nomenclature
Exclusion condition (though only by 5% on average). Thisof Talairach and Tournoux, this region is the lateral border
problem was addressed by repeating the above contrast 6f the precuneus, an area often implicated in episodic retrieval
Exclusion versus Inclusion conditions, but introducing theand which has been associated with imagery (Fletehet,
percentage of correct responses of individual participants ak995, 1996; but see Bucknet al,, 1996). Neural activity in

a confounding covariate in an SPM ANCOVA (Fristehal,  such aregion may explain the electrophysiological differences
1995). Removing the variance potentially attributable torecorded by left parietal electrodes during episodic retrieval
performance in this manner did reduce the significance ofRugg, 1995), particularly during retrieval of contextual
the activations in the prefrontal and left parietal areas(source) information (Wilding and Rugg, 1996, 1997).
Nonetheless, the pattern of brain activation in the bilateral, Most interesting are the different activation profiles for
dorsal prefrontal and left posterior parietal regions remaineghe dorsal and ventral regions of the right prefrontal cortex.
evident at a lower threshold d¢? < 0.001 uncorrected. A The ventral region (F|g 3D), |y|ng on the boundary between
similar pattern resulted when mean correct reaction timeghe posterior prefrontal and anterior insula cortex, is activated
were entered as a confounding covariate. These analysgg|y quring episodic retrieval, showing increases in BOLD
suggest that considerable variance remained accountable fgjyna) of similar magnitudes in the Inclusion and Exclusion
by our instructional change between Exclusion and Inclusion,,,gitions relative to the Control and Encoding conditions.

conditions. The dorsal region, however (Fig. 3C), shows a larger increase
in the Exclusion condition than in the Inclusion condition.
Summary of contrasts We have therefore observed a single dissociation between
Four regions revealed by the above comparisons that werctivation in two regions of the right prefrontal cortex
of particular interest were the left dorsolateral prefrontalacross our two recognition conditions: the ventral region is
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Fig. 3 Percentage BOLD signal change in each condition relative to the mean across all voxels and
conditions, for maxima identified in Tables 4 and 5 A) the left dorsolateral prefrontal cortex

(-48, 30, 27), B) left posterior parietal cortex (—36, —66, 39%)(right dorsolateral prefrontal cortex
(48, 30, 21) andD) right ventral posterior prefrontal cortex (36, 21, —15)=CControl; E = Encoding;

I = Inclusion; X = Exclusion. Error bars show standard error of the mean.

insensitive to our recognition instructions, consistent perhapPiscussion

with the concept of a retrieval mode (Kapet al, 1995), |n support of our monitoring hypothesis, we identified a
whereas the dorsal region is sensitive to our Exclusionjorsolateral region in the right prefrontal cortex that was
condition, consistent with our monitoring hypothesis. significantly more active in our Exclusion condition than in
our Inclusion condition. These recognition conditions
involved equivalent stimuli and identical presentation
Psychophysiological interactions parameFers, differing only in the instruc_tions for thg
Given the hypothesis that the right dorsolateral prefrontafPProPriate response: correct responses in the Inclusion
cortex is involved in monitoring retrieval from episodic condition were independent of the study context, whereas
memory, we performed a final analysis in which the Signaporre_ct responses in the Exclusion condition requw_ed ca_1r_efu|
measured in this area was used as a regressor for tfygonitoring of the study context. Furthermore, we identified
signal measured in all other brain areas. More specifically? More ventral region of the right prefrontal cortex, bordering
we identified areas in which the slope of the regressiorPn the anterior insula cortex, which was activated in both our
showed a significant increase in our Exclusion conditionf€cognition conditions but was insensitive to the recognition
relative to our Inclusion condition (a psychophysiological instructions. The failure to distinguish these dorsal and ventral
interaction; Fristoret al, 1997). Assuming that the dorsal egions in most previous neuroimaging studies may explain
prefrontal cortex modulates retrieval-related activity in theSome of the confusion regarding the role of the right prefrontal
ventral prefrontal cortex during monitoring, we predicted cortex during episodic retrieval. Below we discuss the
that the right ventral prefrontal region identified in previous function of both regions within a single theoretical framework
subtractions would be one such area. This prediction wafor episodic retrieval.
confirmed, with a right ventral areax (= 39, y = 12, According to the model of episodic retrieval proposed by
z = -18) evincing the psychophysiological interaction atBurgess and Shallice (Burgess and Shallice, 1996; Shallice
P < 0.001 uncorrected. Interestingly, when a similarand Burgess, 1996), retrieval is an iterative, reconstructive
analysis was performed using the signal measured in thprocess (for similar views, see Bartlett, 1932; Moscovitch,
ventral region as the regressor, no voxel within the dorsal989; Schacteet al, 1998). Two key stages in this model
prefrontal region showed a psychophysiological interactiorare (i) specification of retrieval cues (‘descriptor processes’)
at P < 0.001. This suggests that the dorsal region isand (i) monitoring of the information retrieved via those
exerting a unidirectional influence on the ventral regioncues (‘memory editor processes’). If the monitoring process
across the Inclusion and Exclusion conditions. reveals that the information retrieved is inappropriate or
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incomplete, further retrieval cues are specified and theeconstruct and discriminate between elaborate memory
processes repeated. We propose that the cue specificatitraces, a process involving considerable monitoring (Shallice
process is subserved by the ventral region of the righand Burgess, 1996).
prefrontal cortex and that the monitoring process is subserved How can our hypothesis explain the failure to find any
by the dorsal region of the right prefrontal cortex. The greatesignificant difference in right prefrontal activation during
monitoring demands of our Exclusion condition can thenrecognition of old versus new words (Kapat al, 1995;
explain the greater activation of the dorsal region relative tdNyberg et al, 1995), veridical versus false recognition
our Inclusion condition. The lack of any such difference injudgements (Schactest al, 1997) or cued recall versus
the ventral region can be explained if the retrieval cues areecognition (Cabezaet al, 1997a)? The lack of any
equivalent for the two conditions. This equivalence holds ifdifferential activation in the ventral prefrontal region might
we assume that the dominant retrieval cue in both recognitiobe expected, given that the external retrieval cues were
tasks is the ‘copy cue’ of the word itself. comparable in all cases. The lack of any differential activation
Our ventral/dorsal prefrontal distinction is related to thatin the dorsal prefrontal region would be attributed to the
developed by Petrides (Petrides, 1994, 1995) from studies gflausible assumption that these tasks differ little in their
working memory, and which he has also applied to verbamonitoring demands. The failure to find a significant
long-term memory (Petridest al., 1995). According to both difference in right prefrontal activation for old and new
hypotheses, the processes subserved by the dorsal regimords in the event-related fMRI studies of Buckner and
modulate those subserved by the ventral region. Sucholleagues (Buckneret al, 199&) and Schacter and
modulation might explain the unidirectional influence of colleagues (Schactet al., 1997) may also reflect equivalent
dorsal activity on ventral activity identified in the present cueing and monitoring demands for the two types of word.
study, an influence that was particularly strong in ourThe differences in right prefrontal activation associated with
Exclusion condition. More generally, because retrieval ofold and new word discriminations found by Buckner and
episodic information from long-term memory is likely to colleagues (Bucknest al., 1998&) and Rugg and colleagues
entail temporary maintenance and manipulation of tha{Rugget al., 1996) resulted from blocked designs. These are
information in working memory, it is perhaps not surprising conditions under which differences in monitoring processes
that similar prefrontal activations are observed in studies ofire more likely, given that people tend to alter their response
episodic retrieval and working memory. Indeed, a processeriterion as a function of the response tendencies they
based distinction, rather than a time-based or content-basgxrceive in different blocks (e.g. people may monitor retrieval
distinction, would seem more appropriate for the functionalmore closely when most words seem old; for a related
anatomical study of the prefrontal cortex. argument, see Johnsat al, 1997). In an explicit test of
such a hypothesis, Wagner and colleagues (Waghel,
1998) found that the right dorsolateral prefrontal cortex was
Relation to previous neuroimaging studies more active for high than for low densities of old words
Our hypothesis is supported by the double dissociatioronly when the instructions informed participants of these
between activation of the ventral and dorsal right prefrontaldensities, which was likely to encourage more monitoring in
regions observed by Fletcher and colleagues (Fletehat,  the high-density condition.
1998), in which the ventral region was more active in a Right frontal activity has also been implicated in
category-cued recall task, whereas the dorsal region waalectrophysiological studies of episodic retrieval. Using
more active in a free recall task. The ventral activation wouldrecognition instructions similar to those employed here,
reflect the larger number of (externally provided) retrievalWilding and Rugg (Wilding and Rugg, 1997) showed that
cues in the cued recall task, whereas the dorsal activatiothe magnitude of the right frontal event-related potential was
would reflect the greater monitoring demands of the freegreater for correct ‘yes’ responses to old words studied in
recall task. Increased monitoring would also be implicatedhe appropriate context than for correct ‘no’ responses to old
when intentional retrieval tasks are compared with incidentalvords studied in the inappropriate context. Moreover, this
retrieval tasks (Rugget al, 1997) and when a task that difference appeared late in the recording epoch, supporting
requires discrimination of the temporal order of two old the authors’ hypothesis that it reflected processes operating
words is compared with a task that requires discriminatiorsubsequent to retrieval. Monitoring is clearly one such
of an old word from a new word (Cabezt al, 199D), process. Greater monitoring demands for correct ‘yes’
consistent with the right dorsal prefrontal activations observedesponses than for correct ‘no’ responses in Wilding and
in both studies. Though there was little apparent monitoringRugg’s Exclusion condition may reflect a stricter criterion
requirement in the passive listening task of Tulving andadopted by participants for ‘yes’ responses. The monitoring
colleagues (Tulvinget al, 199%), the right dorsolateral hypothesis can also explain why Uhl and colleagues (Uhl
prefrontal activation observed when participants hearcet al, 1994) reported a right frontal negative DC (direct
sentences they had studied previously versus sentences thayrrent) shift under conditions of high proactive interference,
had not is likely to reflect the high semantic content of theviz. situations where monitoring is required to select one of
stimuli. Such sentences are likely to prompt participants tanultiple competing responses.



1378 R. N. A. Hensoret al.

Relation to neuropsychological studies 1998). This proposal is consistent with the greater emphasis
Though the episodic memory deficits of patients with frontalon retrieval of contextual information in our Exclusion task
lobe damage are generally mild compared with those ofhan in our Inclusion task. _ _ _
patients with medial temporal or limbic damage, their recall A Similar source-retrieval explanation might be applied to
is marked by poorer organization (Stust al, 1994; OUr left dorsolateral prefrontal activation. This would be
Gershberg and Shimamura, 1995), increased susceptibili%PnSiSte”t with the greater left prefrontal activation observed
to interference (Incisa della Rocchetta and Milner, 1993 uring intentional retrieval of words previously studied under
Shimamuraet al, 1995) and impoverished recall of spatial d€€P versus shallow encoding (Rugigal, 1997), given that
and temporal context (Janowsket al, 1989; Shimamura the source information in our study was likely to involve

et al, 1990). However, these deficits are more pronounceﬁﬁeefp’ Ve,;_rbfl elabcl)ratlo_rt1_s of theRworltzs cl)ndthz basis ?f
with left rather than right frontal lesions, at least for verbal eir spatiotemporal position (see Results). Indeed, a greater

information (Incisa della Rocchetta and Milner, 1993; StussamOunt of semantic processing accompanying retrieval of

et al, 1994; Swick and Knight, 1996). This may reflect the elaborate verbal episodic memories may result in further
fact that deficits in retrieval are difficult to isolate from episodic encoding (Nybergt al, 199 for a counter-

deficits in encoding with patient studies, given that the Ieftargument, see Noldet al, 1998), which is consistent with
9 P >S, gIver the clear left lateralization of dorsolateral prefrontal activation
prefrontal cortex is thought to be particularly important for

: : ! rin r Encodin ndition (Fig. 3). her i
effective encoding (Tulvinget al., 1994; Nyberg et al, . ?Suchagctgrl:at a|_,Cfggeg; ;?JC?(;; et( aI? 13298)§?thgw§\§z: es
199_85‘)' Nonet_hele;s, there are some neuropsycholpgmq{ave found the opposite result, with greater left prefrontal
findings following right prefrontal damage that are easier 0, .iyation during retrieval of words studied shallowly, which
attribute specifically to retrieval problems, and that arée authors attributed to greater ‘retrieval effort. An
consistent with our monitoring hypothesis. Stuss andyjterative possibility is that the left prefrontal cortex, like
colleagues (Stuset al, 1994), for example, reported jts right homologue, subserves the monitoring of episodic
excessive repetitions during recall in a group of right frontalyetrieval. This possibility is more consistent with the
patients, the majority of whom had damage to dorsolateraheyropsychological evidence reviewed above and with a
regions of the prefrontal cortex, and Schacter and colleaguggcent meta-analysis by Nolde and colleagues (Neldal.,
(Schacteret al, 199@) described a patient (BG) with an 1998), who suggested that left prefrontal activation during
extensive lesion in the right posterior frontal cortex whoepisodic retrieval varies as a function of the engagement of
made unusual numbers of false alarms in recognition testseflective processes, such as monitoring.
Both patterns of deficit may be attributed to a failure of The functional interpretation of activation in the anterior
monitoring. More generally, we note that the disinhibition right prefrontal cortex, the third region associated with
hypothesis proposed by Shimamura (Shimamura, 1995) tepisodic retrieval by previous studies (see Introduction), is
explain episodic memory deficits in frontal patients is similarnot immediately apparent from our results. We note that a
to the monitoring hypothesis proposed here. monitoring hypothesis similar to that tested here was used
by Fletcher and colleagues (Fletchetral, 1996) to explain
their finding that the anterior right prefrontal activity
measured by PET was a U-shaped function of the degree of
Activations of other areas in the present study semantic relatedness between paired associates during cued
In addition to the dorsal region of the right prefrontal cortex, recall: relative to weakly related pairs, strongly related pairs
greater activation in the Exclusion than in the Inclusionwere seen to require verification that the information retrieved
condition was observed in the left dorsolateral prefrontawas not a consequence of free (semantic) associations to the
cortex and the left superior parietal cortex. The left parietacue, whereas randomly related pairs were seen to require
activation may be associated with greater visuospatiayerification that the information retrieved was not the
attentional demands (Corbegtaal, 1993; Coull and Nobre, associate of a different word presented in the study phase.
1998) in our Exclusion condition. Though we cannot discount® Similar region was activated in the Exclusion versus
this possibility, we note that similar regions have pbeenControl contrast of the present study, but not in the Incluspn
activated in studies of episodic retrieval in which spatialVersus Control contrast (except at a lower threshold) or in
position was not manipulated (Cabeggal, 199%; Rugg the direct contrast between Exclusion and Inclusion condltlor)s
et al, 1996, 1997; Tulvinget al, 1994). Moreover, we have (even at a lower threshold). For these reasons, coupled with

recently observed differential event-related activation of thigh® fact that the anterior regions of the prefrontal cortex are

region during discrimination of old and new words intermixed PfO"€ to susgept|b|llty grtefacts W.'th fMRI, we do not offgr
within the same session. which is difficult to attribute to & functional interpretation of retrieval-related activation in

differential attentional demands. An alternative proposal isthls region on the basis of the present resuits.

that the left parietal activation reflects retrieval of source

information, which may underlie the differences in event-Conclusion

related potential at left parietal electrodes associated witfThe present study provides support for the hypothesis that a
successful source retrieval (for a review, see Alinal, dorsal midlateral region of the right prefrontal cortex is
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involved in monitoring information retrieved from episodic Coull JT, Nobre AC. Where and when to pay attention: the neural
memory. In contrast, a cue specification hypothesis wasystems for directing attention to spatial locations and to time
propOSed to exp|ain the f|nd|ng that a ventral posteriorintervals as revealed by both PET and fMRI. J Neurosci 1998; 18:

region of the right prefrontal cortex showed retrieval-related’426-35.

activation that appeared insensitive to a change in monitoringjetcher P, Frith CD, Baker S, Shallice T, Frackowiak RSJ, Dolan
requirements. The failure to attribute different functions tORJ. The mind’s eye—activation of the precuneus in memory related
these distinct regions may explain some of the previousmagery. Neuroimage 1995; 2: 196—200.

confusion regarding the role of the right prefrontal cortex

during episodic retrieval. Fletcher PC, Shallice T, Frith CD, Frackowiak RS, Dolan RJ. Brain

activity during memory retrieval: the influence of imagery and
semantic cueing. Brain 1996; 119: 1587-96.
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