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We employed fMRI to index neural activity in prefron-
al cortex during tests of recognition and source
emory. At study, subjects were presented with words

isplayed either to the left or right of fixation, and,
epending on the side, performed one of two orienting
asks. The test phase consisted of a sequence of three
0-word blocks, displayed in central vision. For one
lock, subjects performed recognition judgements on a
ixture of two old and eight new words (low density

ecognition). For another block, recognition judge-
ents were performed on a mixture of eight old and

wo new words (high density recognition). In the re-
aining block, also consisting of eight old and two new

tems, the requirement was to judge whether each
ord had been presented at study on the left or the

ight. Relative to the low density condition, high den-
ity recognition was associated with increased activity
n right and, to a lesser extent, left, anterior prefrontal
ortex (BA 10), replicating the findings of two previous
ET studies. Right anterior prefrontal activity did not
how any further increase during the source task.
nstead, greater activity was found, relative to high
ensity recognition, in left BA 10, left inferior frontal
yrus (BA 45/47), and bilateral opercular cortices (BA
5/47). The findings are inconsistent with the proposal
hat activation of right anterior prefrontal cortex dur-
ng memory retrieval reflects ‘‘postretrieval’’ process-
ng demands, such demands being considerably greater
or judgments of source than recognition. The find-
ngs provide further evidence that the left prefrontal
ortex plays a role in episodic memory retrieval when
he task explicitly requires recovery of contextual as
ell as item information.

INTRODUCTION

A consistent finding in functional neuroimaging stud-
es of memory is that performance of episodic retrieval
asks is associated with activation (relative to a range

f control tasks) of right prefrontal cortex (see Buckner b

520053-8119/99 $30.00
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nd Koutstall, 1998, and Fletcher et al., 1997, for
eviews). The extent of this activation, and the specific
egions involved, vary across studies, but commonly
nclude anterior lateral cortex in the vicinity of Brod-

ann area (BA) 10 and dorsolateral cortex of the
iddle frontal gyrus (BA 46/9). The functional signifi-

ance of these findings has been the subject of much
ebate. They have for example been interpreted as
eflecting the adoption of a ‘‘retrieval mode’’ (Nyberg et
l., 1995), the expenditure of ‘‘retrieval effort’’ (Schacter
t al., 1996), and the engagement of ‘‘postretrieval’’
rocessing (Rugg et al., 1996).
According to the postretrieval hypothesis, right pre-

rontal activation reflects demands placed upon cogni-
ive operations responsible for acting on the products of
emory retrieval. These operations are thought to

upport such processes as the integration of retrieved
nformation into a coherent episodic representation,
nd the monitoring of retrieved information for its
elevance to task-related behavioral goals. Support for
he postretrieval hypothesis comes from three sources.
irst, neuropsychological evidence suggests that the

oregoing processes are indeed likely to depend upon
he prefrontal cortex (Shallice, 1988). Second, the hy-
othesis leads to the prediction that right prefrontal
ctivity should be greater when retrieval is successful—
nd hence yields information for postretrieval pro-
esses to operate on—than when retrieval is unsuccess-
ul. This prediction has been confirmed in three studies
f recognition memory in which the probability that a
est word elicits successful retrieval was manipulated
Buckner et al., 1998; Rugg et al., 1996, 1998a; but see
apur et al., 1995 and Nyberg et al., 1995 for failures to
nd this effect, and Wagner et al., 1998 for evidence
hat the effect is modulated by retrieval strategy).

The third source of evidence supporting the
ostretrieval hypothesis of right prefrontal function
omes from the findings of event-related potential
ERP) studies of episodic memory retrieval. In a num-

er of studies (see Allan et al., 1998 and Rugg and
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521PREFRONTAL CORTEX IN RECOGNITION AND SOURCE MEMORY
llan, in press, for reviews), ERPs to test items eliciting
uccessful retrieval were found to exhibit, relative to
RPs to new items, a late-onsetting, sustained positive-
oing shift, which was maximal over right frontal scalp.
hile it is not possible to prove that this memory-

elated ERP effect reflects neural activity in the right
refrontal cortex, its scalp distribution, together with
he aforementioned functional neuroimaging findings
mplicating this region in episodic retrieval tasks,

ake this a highly plausible hypothesis. On the assump-
ion that the hypothesis is correct, the existence of the
‘right frontal old/new effect’’—reflecting as it does
eural activity sensitive to whether a retrieval cue
licits successful or unsuccessful retrieval—gives further
redence to the postretrieval hypothesis outlined above.

Wilding and Rugg (1996) reported that the right
rontal ERP effect was larger for recognized test items
hat attracted correct source memory judgements than
t was for items attracting incorrect judgements. On the
asis of this finding, they proposed (see also Donaldson
nd Rugg, 1998) that the level of engagement of the
ostretrieval processes reflected by the effect varies
ccording to the amount of episodic information re-
rieved. Since the right frontal old/new effect appears to
e more prominent in tests (such as source memory)
hich require access to specific details of the encoding
pisode than in tests of simple recognition memory, it
as further been proposed (Allan et al., 1998; Donald-
on and Rugg, 1998) that the processes reflected by the
ffect are engaged in a task-dependent manner. Specifi-
ally, it was proposed that these processes will be
ngaged to a greater extent as the demands placed
pon postretrieval processes increase. These demands
re relatively light for yes/no recognition memory,
hen a response can be selected on the basis of a

uperficial evaluation of retrieval products, but are
onsiderable for tasks such as source memory, when
etrieved information must be evaluated more fully
efore a response can be selected.
On the assumption that the right frontal ERP effect

an indeed be identified with the retrieval-related right
refrontal activity identified in functional neuroimag-
ng studies, the theoretical framework developed to
ccount for the ERP findings (Allan et al., 1998; Rugg et
l., 1998b; Wilding and Rugg, 1996) leads to a clear
rediction: previously studied items should give rise to
ore right prefrontal activity when presented in the

ontext of a source memory task than when they are
ubjected to simple recognition judgments. The present
xperiment tests this hypothesis.
The experiment also permits a very different view of

he role of the prefrontal cortex in episodic memory
etrieval to be assessed. Nolde et al. (1998a) noted that
lthough authors have emphasized the role of the right
refrontal cortex in episodic memory retrieval when

iscussing functional neuroimaging findings, it is not t
ncommon for such findings also to include retrieval-
elated activation in left prefrontal cortex. According to
olde et al. (1998a), whether or not left prefrontal
ctivation is observed is systematically related to the

‘reflective demands’’ of the retrieval task. When these
emands are low, as in two-alternative, forced choice
ecognition, only right prefrontal cortex is engaged.
hen reflective demands are high, however, as is the

ase in tasks requiring the evaluation of episodic detail,
he left prefrontal cortex also is engaged. Using event-
elated fMRI, Nolde et al. (1998b) reported findings
onsistent with this hypothesis. In three of four sub-
ects studied they found that regions of left lateral
refrontal cortex (in the vicinity of BAs 10 and 46)
howed greater signal intensity when test items were
ubjected to source judgments rather than judgments
f recognition memory. By contrast, no region of the
ight prefrontal cortex discriminated between the two
asks. These findings are inconsistent with the predic-
ion, discussed above, that it is the right prefrontal
ortex in which activity should vary according to the
emands of the retrieval task.
Similar findings were reported by Henson et al.

1999). The key contrast in this study was between trial
locks in which items were subjected to simple old/new
ecognition judgments and blocks in which items from
nly one of the two study contexts (e.g., items appearing
t study on the top half of the display monitor) were to
e accorded an ‘‘old’’ judgment, thereby forcing subjects
o determine the source of each old item. As in Nolde et
l. (1998b), source judgments were associated with
reater activity in left prefrontal cortex (BA 46). Unlike
he findings from Nolde et al., however, greater activity
as also observed in a restricted region of right prefron-

al cortex (BA 46), a finding to some extent consistent
ith the prediction derived from the ERP findings
iscussed above.
In the present study we employed fMRI to contrast

he neural activity in prefrontal cortex under three
ifferent retrieval conditions. Two of these conditions
equired recognition memory judgments, in one case on
rial blocks composed mainly of new items (low density
ecognition), and in the other, on blocks consisting
argely of studied (old) items (high density recognition).
he third retrieval condition also employed trial blocks
ontaining mainly old items, but with the requirement
o perform a source rather than a recognition judgment.
y contrasting the two recognition memory conditions,

t was possible to identify prefrontal regions sensitive
o the probability of retrieval success; regions engaged,
ccording to the postretrieval hypothesis, as a conse-
uence of the need to process the products of memory
etrieval. It was expected that these regions would be
redominantly right-lateralized. By contrasting the
ource task with the high density recognition condi-

ion, it was possible to address two key questions:
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522 RUGG ET AL.
rst, whether activity in right prefrontal regions that is
ensitive to retrieval success is greater when source
ather than recognition judgments are required, as
redicted by ERP findings; and second, whether the
ource task engaged regions of left prefrontal cortex to

greater extent than does recognition memory, as
redicted by the hypothesis of Nolde et al. (1998a).

METHOD

ubjects

Subjects were six healthy right-handed adults, 3
ale and 3 female. Mean age was 29 years (range

3–38).

xperimental Stimuli and Presentation

The stimuli consisted of a pool of 186 low-to-medium
requency words. One hundred and fourteen of these
ords were selected at random and used to form 6

tudy lists, each of 19 items (the first of which acted as a
ller). Each study list was paired with a corresponding
0 item test list. Eighteen of the test items were
embers of the study list (old items), whereas the

emainder did not appear on any of the study lists (new
tems). The test lists were organized into three blocks of
0 items. Two of these blocks comprised a random
ssortment of eight old words and two new words (high
ensity blocks), while the remaining block was made up
f two old words and eight new ones (low density block).
hree versions of each test list were created, such that
he block containing a majority of new items was
ituated at the beginning, the middle, or the end of the
ist. A seventh study/test list combination was also
onstructed and employed for practice.

timulus Presentation Parameters

Stimuli were presented using a computer-controlled
ideo projector focused on a mirror fixed to the MR head
oil. During the study phase a fixation cross was
ontinuously present at the center of the screen, and
tems were displayed with their center letters displaced
y approximately 15° left or right of fixation. The side of
resentation of each item was randomly determined.
resentation was subject paced, each item remaining
n the screen until the subject had made the appropri-
te orienting task judgment (see below).
Test items were presented in central vision (replac-

ng the fixation character) every 3.8 s for a duration of
00 ms. The first item of each test list was preceded by a
5.2-s period during which the screen was blank other
han for the fixation character. The fixation character
as then replaced for 7 s by a display (‘‘O/N’’ or ‘‘L/R’’)

hat served to remind the subject of the task required
or the forthcoming block. This display was then re-

laced for a further 1.4 s by the fixation character, after w
hich the first item was presented. An identically
tructured interval intervened between the first and
he second and the second and the third of the 10-item
locks comprising each test list.

rocedure

The study proper consisted of six study-test cycles,
hich were preceded by a practice cycle, during which

MRI data were not collected. The procedure for each
ycle was identical. At study, instructions were to view
ach item in turn and to perform one of two orienting
asks depending on whether the item was displayed on
he left or the right side of the screen. The relationship
etween side and task was counterbalanced across
ubjects. The two tasks were judgments of animacy
animate/inanimate) or pleasantness (pleasant/unpleas-
nt). Subjects signalled their judgments verbally.
The test phase began approximately 3 min after

tudy, during which time subjects were required to
ount back in threes from an arbitrary number to
revent rehearsal. Subjects were instructed that for
ach block of 10 items they should make either a
ecognition or a source judgment on each item, signal-
ing their responses by depressing a button with the
ndex or middle finger of their right hand. The mapping
f response to finger was counterbalanced across sub-
ects. For the recognition task, the instructions were to
iscriminate between studied (old) and unstudied (new)
ords. The instructions in the source task were to
iscriminate between items presented on the left and
ight side of the monitor during the study phase.
ubjects were advised that their performance in this
ask would be helped by recalling the encoding task
hat had been carried out with each word, but that they
hould guess if necessary. Recognition judgments were
equired for both high and low density lists, whereas
he source judgments were undertaken only with high
ensity lists. In each test list, therefore, two blocks (one
ow density and one high density) were employed for
ecognition, and the remaining high density block was
sed for source judgments. Subjects were informed
bout the order in which the tasks were to be performed
efore the start of each test phase and were reminded
bout the upcoming task just before the onset of each
lock (see previous section). For each subject, the order
f administration of the three conditions (high density
ecognition, low density recognition, and source) was
ifferent for each of the six study-test cycles. Across
ubjects, a different assignment of study/test lists to
ach of the six possible orderings of conditions was
mployed, and the sequence in which these orderings
ere administered was also varied.

MRI Data Acquisition

A Siemens VISION MR scanner operating at 2 Tesla

as employed to acquire both T1-weighted anatomical
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523PREFRONTAL CORTEX IN RECOGNITION AND SOURCE MEMORY
mages and gradient-echo, echo-planar T2*-weighted
OLD-sensitive images. Parameters for functional im-
ge acquisition were as follows: TE, 40 ms; TR, 4.8 s;
lice thickness, 1.8 mm skip 1.2 mm; number of slices,
8; in-plane resolution, 3 3 3 mm. Slice orientation was
xial, and the imaging volume was aligned to cover the
hole brain. The image acquisition parameters were

hosen in an effort to minimize drop-out in anterior
rontal regions caused by magnetic susceptibility arte-
act while maintaining adequate sensitivity to task-
elated signal variation (Howseman et al., 1999).
Functional data were acquired in six scanning runs.

hese were separated by the study phases of each
tudy/test cycle, which lasted for approximately 6 min.
ach run commenced with the acquisition of 6 dummy
olumes, allowing tissue magnetization to achieve a
teady state, after which 54 functional volumes were
cquired. Thus, over the course of the experiment, a
otal of 324 functional images were obtained for each
ubject.

MRI Data Analysis

The fMRI data were analyzed using SPM 97 (Well-
ome Dept of Neurology, UK; http://www.fil.ion.ucl.a-
.uk/spm). For each subject, a time-series consisting of
ll 324 images was formed, and the images were
ealigned and corrected for head movement. They were
hen stereotactically normalized, resampled, and trans-
ormed into the standard space of Talairach and Tourn-
ux (1988). Each image was smoothed spatially with a
aussian kernel of 7 mm full-width half-maximum
FWHM), and the time-series was smoothed temporally
ith a 6-s FWHM kernel. Experimental contrasts were
erformed using the general linear model as imple-
ented in SPM 97, with error terms estimated accord-

ng to a fixed effects statistical model. For each subject,
un was treated as a confounding variable, as were
hanges in signal at a frequency equal to or lower than
.0032 Hz (thereby attenuating the effects of baseline
rift across the imaging time series). Global changes in
ctivity were removed by proportional scaling. The
tatistical reliability of between-condition contrasts
as assessed using appropriately weighted box-car

unctions convolved with an idealized hemodynamic
esponse function. Regions of prefrontal cortex were
onsidered to exhibit a significant condition effect if
hey contained a cluster of 9 or more contiguous voxels
ignificant at P , 0.001 (uncorrected for multiple
omparisons).

RESULTS

ehavioral Performance

Because of technical failures, one block of functional

ata was lost from four subjects in the source task, and c
rom two subjects in each of the two recognition tasks.
he behavioral data are reported averaged across the
locks on which functional data were acquired. Correct
ource judgments were made on a mean of 0.82
SD 5 0.07) of the trials containing an old word. This
alue differed significantly from the chance level of 0.5
t(5) 5 21.15, P , 0.001], indicating that subjects were
ell able to perform the task. Recognition accuracy was
ssessed by the sensitivity index p(Hit)-p(False Alarm).
ean accuracy was somewhat higher for low density

han for high density blocks [0.91 (0.05) vs 0.78 (0.19)],
ut not to a statistically significantly extent. The trend
oward greater accuracy in the low density condition
as carried largely by differences in the false alarm

ates between the two conditions [0.05 (0.04) and 0.15
0.16) for low and high density, respectively], rather
han differences in hit rate [0.96 (0.05) and 0.93 (0.05)
or low and high density, respectively]. This differential
ffect may, however, be a reflection of the fact that the
it rates were near ceiling.
Reaction times (RTs) for the two recognition tasks did

ot differ [Low density: Old, 1260 (182) ms; New, 1248
120) ms. High density: Old, 1237 (93) ms; New, 1250
148) ms]. RTs for the old items in the source task [1460
237) ms] were slower than those for the corresponding
tems in the high density recognition task. This trend,
hich was evident in the RTs of five of the six subjects,
pproached significance [t(5) 5 2.32, P , 0.1].

MRI Data

Analysis of the fMRI data was focused on three
reexperimentally motivated directional contrasts1: (i)
igh vs low recognition, (ii) source vs high recognition,
nd (iii) source vs low recognition. Contrast (i) was
onducted to identify regions activated to a greater
xtent in the high density condition than the low
ensity condition of the recognition task. Contrast (ii)
dentified regions that were more active for source
udgments than recognition judgments when the prob-
bility of successful item memory was high and equiva-
ent across the two tasks. By comparing the outcomes of
ontrasts (iii) and (i), it was possible to ascertain
hether the regions sensitive to target density during

ecognition were also sensitive to density when the task
as source judgement.
The outcome of the first of these contrasts, between

igh and low density recognition, is shown in Table 1(a)
nd Fig. 1. Relative to the low density condition, high

1 We describe here experimental effects in frontal cortex only, since
he experiment was designed specifically to test hypotheses about
etrieval-related activity in this region. Results for the entire brain

an be obtained from the first author on request.
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524 RUGG ET AL.
ensity recognition was associated with signal increases
n two regions of left prefrontal cortex, as well as in
ight anterior prefrontal cortex in the vicinity of BA 10.
Table 2 and Fig. 2 show the results of the comparison

etween the source task and high density recognition.
ignal increases were observed bilaterally in the fron-
al operculum and cingulate gyrus, in left inferior
rontal gyrus, and in left anterior prefrontal cortex in
he vicinity of BA 10. Apart from a small area of the

TABLE 1

Outcome of Contrasts for (a) High Density vs Low Density
Recognition; (b) Source vs Low Density Recognition

Location
Peak Z

(n voxels) Region BA

a) 252, 12, 22 3.93 (43) Left inferior frontal gyrus 44
244, 56, 22 3.67 (10) Left anterior frontal 10
28, 46, 16 3.84 (33) Right anterior frontal 10/46
42, 52, 10 4.00 (12) Right anterior frontal 10
2, 2, 44 3.92 (17) Right cingulate gyrus 32/24

b) 244, 0, 48 4.19 (45) Left precentral gyrus 6
244, 4, 30 5.50 (85) Left precentral gyrus 6
252, 12, 24 4.25 (51) Left inferior frontal gyrus 44
236, 20, 28 4.93 (110) Left frontal operculum 47
250, 26, 26 4.23 (87) Left inferior frontal gyrus 45/47
254, 30, 14 4.24 (36) Left inferior frontal gyrus 45
236, 50, 16 4.39 (26) Left anterior frontal 9
228, 52, 0 4.11 (50) Left frontal pole 10
242, 52, 24 3.83 (14) Left frontal pole 10
24, 28, 34 4.31 (31) Left medial frontal 8
24, 46, 28 4.12 (17) Left medial frontal (anterior) 9
42, 16, 24 4.53 (77) Right frontal operculum 47
58, 24, 22 4.05 (25) Right inferior frontal gyrus 44/45
34, 48, 10 4.12 (75) Right anterior frontal 10
46, 56, 26 3.67 (9) Right frontal pole 10
6, 18, 48 4.34 (68) Right medial frontal 8

Note. Location is with respect to the system of Talairach and
ournoux (1988). Z values refer to the peak of the activated cluster,
he size of which is indicated in brackets.

FIG. 1. Statistical parametric maps (threshold P , 0.005) of the
he recognition task, superimposed onto transverse sections (z 5 2

ransformed into standard space (Talairach and Tournoux, 1988).
ight middle frontal gyrus (BA 46), no differences in
ignal were apparent in right anterior or dorsolateral
refrontal regions. The outcome of the contrast be-
ween the source task and low density recognition can
e seen in Table 1(b) and Fig. 3. For medial and left
refrontal cortex the results were largely similar to
hose seen for the preceding contrast. In the right
emisphere, however, two additional regions—poste-
ior inferior frontal gyrus and anterior cortex (BA
0)—were more active in the source task.
In summary, the foregoing results indicate that rela-

ive to low density recognition, high density recognition
nd source memory engaged right anterior prefrontal
ortex (BA 10) to a similar extent, but gave rise to dif-
erential activation in several other prefrontal regions,
ncluding left BA 10. The different patterns of activity in
eft and right anterior prefrontal cortex (BA 10) are illus-
rated in Fig. 4, where mean signal intensity is plotted for
epresentative voxels in each of these regions.

come of the contrast between the high and low density conditions of
10, and 22) of a magnetic resonance brain image, which has been

TABLE 2

Outcome of Contrasts for Source vs High Density
Recognition

Location
Peak Z

(n voxels) Region BA

44, 4, 30 4.36 (47) left precentral gyrus 6
40, 18, 0 4.34 (66) left inferior frontal gyrus 45
30, 22, 6 5.12 (33) left frontal operculum 45
50, 28, 0 3.74 (24) left inferior frontal gyrus 45/47
28, 46, 6 4.43 (47) left anterior frontal 10
22, 60, 12 4.69 (28) left frontal pole 10
6, 18, 38 3.83 (15) left cingulate gyrus 32
2, 14, 24 3.83 (41) right frontal operculum 47
2, 34, 18 3.64 (9) right middle frontal gyrus 46
, 16, 50 4.74 (32) right posterior medial frontal 6/8
, 22, 36 4.04 (15) right cingulate gyrus 32

Note. Location and Z values defined as for Table 1.
out
2,
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525PREFRONTAL CORTEX IN RECOGNITION AND SOURCE MEMORY
DISCUSSION

The primary aim of this study was to address two
uestions. First, does a requirement to make source
udgments further increment activity in right prefron-
al regions that are activated by old items in a recogni-

FIG. 2. Statistical parametric maps (threshold P , 0.005) of the outco
he recognition task, superimposed onto transverse sections (z 5 24, 6, an

FIG. 3. Statistical parametric maps (threshold P , 0.005) of the outc

he recognition task, superimposed onto transverse sections (z 5 26, 0, 12, an
ion memory test? Second, does a source memory task
ngage left prefrontal cortex to a greater extent than
imple recognition? According to the present findings,
he answer to the first question is negative. Of the
egions in which activity was greater for high than for
ow density recognition, none showed additional activation

of the contrast between the source task and the high density condition of
2) of the same magnetic resonance brain image shown in Fig. 1.

of the contrast between the source task and the low density condition of
me
ome

d 16) of the same magnetic resonance brain image shown in Fig. 1.
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526 RUGG ET AL.
uring the source memory task. By contrast, the answer to
he second question is affirmative; relative to recognition,
he source task engaged several additional prefrontal
egions. Some of these task-related effects were bilateral,
hereas others were confined to the left hemisphere.
Below, we focus first on the implications of these

ndings for current ideas about the roles of left and
ight anterior prefrontal cortex in memory retrieval.
e then discuss the possible significance of the findings

or an understanding of the roles played during epi-
odic retrieval by other prefrontal regions. Finally, we
ttempt to reconcile the findings from neuroimaging
nd electrophysiological studies of source memory.

nterior Prefrontal Cortex

The finding of greater activity in regions of right
nterior prefrontal cortex for high density than for low
ensity recognition replicates the results of two PET
tudies (Rugg et al., 1996, 1998; see also Buckner et al.,
998) and is consistent with the hypothesis that this
egion is sensitive to the probability of successful
etrieval (but see Wagner et al. (1998) for an alternative
nterpretation of such findings). The contrast between
he source and low density recognition conditions re-
ealed that these right anterior regions were also
ngaged in the source task, consistent with much
revious evidence that the involvement of right prefron-
al cortex in episodic retrieval is not associated with
ny one particular retrieval task (for review see Fletcher
t al., 1997). The finding that the activity of these right
nterior prefrontal regions was not enhanced during
ource memory is, however, inconsistent with the hy-
othesis (see Introduction) that right anterior prefron-
al activity is sensitive to the load placed on postretrieval

FIG. 4. Mean signal intensity (arbitrary units) in left (x 5 228,
5 46, z 5 6) and right (x 5 42, y 5 52, z 5 10) anterior prefrontal

ortex during source memory, high density recognition, and low
ensity recognition. Bars represent the standard errors of each
ubject’s mean across-block intensity values for the voxels and
onditions indicated.
rocessing, since the load is assumed to be greater for d
udgments of source than for judgments of recognition
an assumption supported perhaps by the tendency for
Ts to be longer in the former task). Evidently, what-
ver the identity of the cognitive operations supported
y the right anterior prefrontal cortex, they were
ngaged to a similar extent during the high density
ecognition and source memory tasks. The proposal of
olde et al. (1998a) that the right prefrontal cortex

upports ‘‘heuristic’’ processes, sufficient to permit a rudi-
entary evaluation of retrieved information, but not its
ore detailed analysis, is consistent with these findings.
It is important to note, however, that our finding that

he right anterior prefrontal cortex is equally active
uring recognition memory and source judgment is
ubject to two caveats. First, and most obvious, the conclu-
ion is predicated on a null result, that is, the failure to
nd a difference between the tasks. As always in such
ases, the possibility that a difference would have emerged
n a study with greater power cannot be ruled out.

Second, it is conceiveable that differences between
he tasks were diluted because subjects attempted to
etrieve and make use of source information regardless
f the task instructions.2 Clearly, the more similar the
nformation and strategies employed in the two tasks,
he more similar their respective neural correlates.
owever, this account cannot easily explain why pre-

rontal regions other than right anterior cortex did
how greater activity in the source task (see below).
In contrast to the findings for right anterior prefron-

al cortex, two regions (x,y,z 5 228,46,6, and 222,60,12,
espectively) of left anterior prefrontal cortex were
ore active in the source task than in either recogni-

ion condition. This finding adds to evidence linking left
refrontal cortex to the retrieval of source information
Nolde et al., 1998b, Henson et al., 1999). The interpre-
ation of these results is complicated by the fact that it
s not possible to determine whether they reflect (i) a
‘state’’ effect associated with mere engagement in the
ource task, (ii) stimulus-related processing common to
oth old and new items, or (iii) operations carried out
pecifically on the products of memory retrieval, and
ence selective for old words.3 Whatever the explana-
ion, the results presumably reflect the additional

2 We thank an anonymous referee for drawing this point to our
ttention.

3 In principle, further light could have been shed on this issue in
he present study by the employment of a ‘‘low density’’ as well as a
‘high density’’ source task. In practice, however, the value of this
ondition would have been limited by the difficulty of convincing
ubjects of the meaningfulness of source judgments on lists consist-
ng largely of items they failed to recognize as studied. The issue is

uch better addressed by the employment of event-related designs
Josephs et al., 1997; Rosen et al., 1998), permitting responses to old
nd new words to be characterized separately. Such a design was
mployed by Nolde et al. (1998b). In that report, however, data are
eported only for items collapsed across the old/new dimension. It is
herefore not possible to determine whether any of the effects

escribed in the report are modulated by the test items’ study status.



p
p
m

c
‘
o
i
p
w
t
a
n
a
s
m
j
s
a
a
T
l
s
H
i
w
t
m
s
t
r
p

d
o
(
(
d
t
s
t
r
p
i
f
i
p
a
e
s
d
o
t
c
t
r
i

c
r
d
a
i
n
t
a

D

1
t
s
2
(
t
a
(
(
a
t
t
T
i
P
a
s
w
i
s
b
m
a
r
p

I

i
o
a
m
1
h
1
v
i
v
s
a
s
t
c
S
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rocessing demands engendered by the requirement to
erform source rather than simple recognition judg-
ents.
According to Nolde et al. (1998a) these demands are

aptured by such terms as ‘‘reflective,’’ ‘‘systematic,’’ or
‘complex’’ processing, terms which refer to a wide range
f cognitive processes hypothesized to be engaged dur-
ng episodic retrieval (Johnson, 1993) and to be sup-
orted by left prefrontal cortex. Testing this proposal
ill require the development of procedures that allow

hese different putative processes to be operationalized
nd thus brought under experimental control. An alter-
ative possibility is that the additional prefrontal
ctivity (both in anterior cortex and elsewhere) ob-
erved during source judgments relative to recognition
erely reflects the extra effort required to perform such

udgments, which are invariably more difficult than
imple recognition of the same items (see Buckner et
l., 1996, for data supporting a role for left prefrontal
nd bilateral opercular regions in effortful retrieval).
his possibility can be tested by an orthogonal manipu-

ation of type of task and task difficulty. Finally, it
hould be noted that both the present study and that of
enson et al. (1999) employed words as experimental

tems, while Nolde et al. (1998b) employed a mixture of
ords and pictures at study, and words alone at test. It

herefore remains to be demonstrated that the recruit-
ent of additional left anterior prefrontal regions in

ource memory is not a material specific effect tied to
he use of words as test cues, reflecting, perhaps, the
einstatement or attempted reinstatement of study
rocessing diagnostic of source (Henson et al., 1999).
In contrast to the left anterior prefrontal regions

iscussed above, a quite different pattern of results was
bserved in a nearby, more lateral region
x,y,z 5 244,56,22). Here, as was found in Rugg et al.
1996), left anterior prefrontal activity was greater
uring high density than low density recognition. Essen-
ially the same region was also more active in the
ource task than it was in low density recognition, but
o no greater extent than in the case of high density
ecognition. Thus, unlike the more medial left anterior
refrontal regions discussed above, the pattern of activ-
ty shown by this lateral region mirrored the pattern
ound in right anterior prefrontal cortex. If this finding
s to be reconciled with the view that left lateralized
refrontal activations during episodic retrieval invari-
bly reflect ‘‘complex’’ or ‘‘reflective’’ processing (Nolde
t al., 1998a), it must be assumed that some aspects of
uch processing were engaged equivalently by the high
ensity recognition and source memory tasks, whereas
ther aspects were engaged to a greater extent during
he source task. The present findings are equally
ompatible, however, with the proposal that the re-
rieval-related operations supported by the right ante-
ior prefrontal cortex are not exclusively right lateral-

zed, but are supported by left anterior prefrontal fi
ortex also, albeit to a lesser degree. Regardless of the
elative merits of these alternatives, the finding of
ifferent patterns of task-related activity in almost
djacent portions of left anterior prefrontal cortex
ndicates that there is considerable functional heteroge-
eity in this region. Its role in episodic memory re-
rieval is therefore unlikely to be specifiable in terms of
single cognitive operation.

orsolateral Prefrontal Cortex

In contrast to the right anterior prefrontal cortex (BA
0), a restricted region of right dorsolateral cortex in
he vicinity of BA 46 showed greater activity during the
ource than the high density recognition task (see Table
). This finding echoes the results of Henson et al.
1999), who reported that, relative to simple recogni-
ion, source judgments were associated with enhanced
ctivity in a restricted region of BA 46, at a site
x,y,z 5 48,30,21) close to the peak reported here
x,y,z 5 42,34,18). Henson et al. (1999) interpreted this
dditional dorsolateral activity during their source
ask as reflecting the greater demands made by this
ask on ‘‘monitoring’’ operations (Fletcher et al., 1998).
his interpretation is akin to the postretrieval process-

ng hypothesis advanced to account both for previous
ET studies of target density (Rugg et al., 1996, 1998)
nd for ERP findings (Rugg and Allan, in press). A
imilar account is possible in the present study, but
ould not easily explain the failure to find differences

n right dorsolateral activity in the contrasts between
ource and low density recognition, or, for that matter,
etween the two recognition conditions. While this
ight be achieved by making an ad hoc assumption

bout the relative ‘‘monitoring’’ demands of the three
etrieval conditions, it must be conceded that this
attern does not admit a straightforward explanation.

nferior Prefrontal Cortex and Frontal Operculum

Relative to either version of the recognition task,
ncreased activity in the frontal operculum (BA 47) was
bserved bilaterally during the source task. Opercular
ctivation has been described previously in studies of
emory retrieval, both bilaterally (e.g., Buckner et al.,

998; Wagner et al., 1998) and confined to the right
emisphere (e.g., Fletcher et al., 1998; Henson et al.,
999). Fletcher et al. reported that right opercular/
entral prefrontal activation was greater in a condition
n which external retrieval cues were continuously
aried, relative to a condition in which retrieval was
elf-directed in the absence of external cues. They
rgued, as did Henson et al. (1999), that this region
upported the processes involved in ‘‘cue specification,’’
he conversion of retrieval cues into ‘‘descriptors’’ that
ould be used to direct memory search (Burgess and
hallice, 1996). From this perspective, the present

ndings would reflect the greater load placed on cue
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528 RUGG ET AL.
pecification processes by the source task than by
ecognition. Since the informational requirements of
he two tasks differ (the source task requiring the
etrieval of more detailed information about the study
pisode than recognition), it is not implausible that test
tems might be used to generate more elaborate descrip-
ors in one task than the other.

As noted by Wagner et al. (1998), however, activation
f the frontal operculum in the vicinity of BA 47, albeit
ainly on the left, has been reported in semantic and

honological processing tasks with no overt episodic
etrieval component (see Fiez, 1997, for review). While
t is conceivable that right and left opercular regions

ight support operations as distinct as ‘‘cue specifica-
ion’’ and the semantic/phonological processing of words,
t seems equally likely that opercular activation during

emory tasks reflects cognitive operations, such as the
nternal ‘‘rehearsal’’ of test items, that are not tied
pecifically to memory retrieval. The same conclusion
eems likely to hold for the retrieval-related inferior
refrontal gyrus (BA 45) activations observed in the
resent study. These regions have also been found to be
ctive in a variety of language-related tasks, especially
hose including a working memory component (e.g.,
wh et al., 1996), and their activation in the present
tudy may reflect differences in the demands placed
pon articulatory/phonological processing across the
hree different retrieval conditions.

elationship between Functional Imaging
and ERP Findings

The hypothesis motivating the present experiment—
hat right prefrontal regions activated during high
ensity recognition would show further enhancement
f activity when the task was source memory—was
ased on the results of ERP studies (e.g., Rugg et al.,
998b; Wilding and Rugg, 1996, 1997). A consistent
nding in these studies was that, relative to new test

tems, ERPs elicited by old items attracting correct
ource judgments exhibited a sustained, positive-going
ave that was maximal over the right frontal scalp. On

he assumption that the ‘‘right frontal’’ ERP effect
riginates in the right prefrontal cortex, the question
rises how these findings can be reconciled with the
resent and previous (Nolde et al., 1998b; Henson et al.,
999) neuroimaging results, which indicate that source
udgements are associated with bilateral prefrontal
ctivation which is stronger on the left than the right.
or two reasons, these seemingly disparate sets of
ndings may not in fact be at variance with one
nother. First, as already noted, it cannot be deter-
ined from the available evidence whether the left-

ided activations associated with source memory are
reater for old than for new items, as appears to be the
ase for activation of right prefrontal cortex. If old and

ew items activate left prefrontal cortex to an equal
xtent, then activity in this region would not contribute
o ERP ‘‘old/new’’ effects.

Second, the neuroimaging data give no information
bout the relative time-courses of the activation of right
nd left prefrontal cortices during source judgments.
ven if left and right prefrontal regions are both
ctivated selectively by old items, it does not follow that
hese activations have equivalent time-courses. Thus,
he right frontal ERP effect could be a reflection of right
refrontal activity which outlasts the activity elicited
n the left. The observation that the right frontal ERP
ffect is sometimes preceded by an earlier-onsetting
ilateral (Donaldson and Rugg, 1998; Wilding and Rugg,
997), or left lateralized (Schloerscheidt and Rugg, 1998),
ld/new effect is consistent with this possibility.

oncluding Comments

In summary, the results of the present study offer
nly limited support for the hypothesis that activation
f the anterior right prefrontal cortex during episodic
emory retrieval reflects the engagement of processes

hat operate on the products of retrieval in the further-
nce of behavioral goals (the postretrieval processing
ypothesis). Consistent with the hypothesis, the ma-
ipulation of target density in a recognition memory
ask modulated right anterior prefrontal activity. But
dding to the load on postretrieval processing by requir-
ng source rather than recognition judgments had no
urther effect on activity in this region, and instead
esulted in activation of anterior prefrontal cortex on
he left. Along with other, similar, findings (Nolde et al.,
998b; Henson et al., 1999), these results suggest that
he left anterior prefrontal cortex plays an important
ole in the retrieval of source information.
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