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Abstract

INTRODUCTION
The term source memory (SM) refers to memory for
aspects of an event that help differentiate it from other
events. According to the source monitoring framework
(Johnson, Hashtroudi, & Lindsay, 1993), during remembering, activated source information contributes to an
attribution that a mental experience is an episodic memory, as opposed to, for example, knowledge or a belief.
These remembered and inferred details can include
perceptual information, such as color or size, spatiotemporal details, how we felt or what we thought at the
time, and so on (i.e., SM subsumes memory for context).
Source attributions can also be based on undifferentiated
information, such as familiarity or recency. Both specific
and undifferentiated features are experienced on continua. Specific information varies in vividness, a concept that
typically encompasses both how intense or clear and how
rich or embellished mental experiences are (e.g., ranging
from just a dim recollection of a car that was some shade
of red to the experience of ‘‘seeing again’’ a bright fireengine red convertible, or from remembering that the
speaker was a man to remembering that it was Tony;
Dodson, Holland, & Shimamura, 1998). Undifferentiated
mental experiences, such as familiarity or recency, vary in
strength. The processes involved in making attributions
about the origins of mental experiences (source moni-
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a filled delay. Substituting recency for location judgments
(Experiment 3) resulted in an overall shift in task context
that produced greater right PFC activity associated with ON
and recency tasks compared to the format task, in addition
to left SM-related activity. These data extend to WM previous findings from long-term memory (LTM) indicating that
the left and right PFC may be differentially involved in
memory attributions depending on the specificity of information evaluated. The findings also provide evidence for
the continuity of evaluative processes recruited in WM and
LTM. &

toring) capitalize on average differences in specific and
less differentiated information characteristic of different
types of events. Monitoring encompasses processes involved in the revival and evaluation of information. Both
revival processes (e.g., reactivation and retrieval) and
evaluation processes (e.g., is this information characteristic of Source A?) contribute to performance in the
typical study of long-term memory (LTM).
Specific and undifferentiated information are sometimes referred to as recollection and familiarity, respectively (Yonelinas, 1999; Jacoby, 1991). These terms
are descriptively useful as shorthand. However, the
underlying assumption in some recollection/familiarity
models is that recollection is all-or-none and familiarity
varies in degree (Yonelinas, 1999) or that both can be
modeled with all-or-none assumptions (discrimination
and detection in multinomial models, e.g., Batchelder &
Riefer, 1990). Such all-or-none assumptions are contrary
to the assumption in the source monitoring framework
(Mitchell & Johnson, 2000; Johnson et al., 1993) that
recollection, like familiarity, occurs in varying degrees
(e.g., Qin, Raye, Johnson, & Mitchell, 2001). A formal
two-dimensional signal detection model (STREAK) that
makes assumptions consistent with the source monitoring framework has recently been described by Rotello,
Macmillan, and Reeder (in press). It should be noted
that according to the source monitoring framework, undifferentiated information is not necessarily just weak
specific information, for example, one can have a strong
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& Using functional magnetic resonance imaging (fMRI), we
investigated prefrontal cortex (PFC) activity during remembering specific source information (format, location judgments)
versus remembering that could be based on undifferentiated
information, such as familiarity (old/new recognition [ON],
recency judgments). A working memory ( WM ) paradigm with
an immediate test yielded greater activation in the lateral
PFC for format and location source memory (SM) tasks
than ON recognition; this SM-related activity was left lateralized. The same regions of PFC were recruited in Experiment 2 when information was tested immediately and after
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interest, in part because of neuropsychological evidence
that damage to the PFC disrupts SM more than ON
recognition memory (e.g., Shimamura, Janowsky, &
Squire, 1990).
Based on the source monitoring framework (e.g.,
Johnson et al., 1993) and on a review of early neuroimaging studies (Nolde, Johnson, & Raye, 1998), we
suggested the working hypothesis that the right PFC
may support primarily heuristic processing and the left
PFC (or left and right together) may support more
systematic processing (Johnson & Raye, 1998, 2000;
Nolde, Johnson, & D’Esposito, 1998). Consistent with
this latter prediction, several LTM studies examining
various types of SM (e.g., location, size, cognitive operation performed) have found SM judgments are associated with increased activity in the left PFC (and
sometimes right as well), including the superior, middle,
and inferior frontal gyri (GFs, GFm, and GFi) primarily
in Brodmann’s areas (BA) 9, 10, 44, 46, and 47 (e.g.,
Slotnick et al., 2003; Dobbins et al., 2002, 2003; Ranganath et al., 2000; Raye et al., 2000; Henson et al., 1999;
Rugg et al., 1999; Nolde, Johnson, & D’Esposito, 1998).
Left PFC activity associated with long-term SM has
been found with auditory and visual words, nameable
pictures, and abstract shapes, suggesting a role for the
left PFC that is not specific to type of material.
The present experiments further clarify the role of
PFC in source monitoring. As noted above, remembering
in LTM tasks involves both reactivation/retrieval and
evaluation processes. Here we minimized the reactivation/retrieval aspects of the tasks by using a working
memory (WM) paradigm where source judgments about
information that is still active in WM should reflect
primarily evaluation.
The present studies also address the issue of whether
the same brain areas are involved in WM and LTM tasks.
Several recent studies have investigated continuity of
processes across WM and LTM for item memory (e.g.,
Nyberg et al., 2003; Ranganath, Johnson, & D’Esposito,
2003; Braver et al., 2001), and evidence is mounting that
under a range of circumstances, many of the same brain
areas are recruited (see, e.g., Cabeza & Nyberg, 2000;
Duncan & Owen, 2000, for reviews). With respect to
SM, Cabeza, Dolcos, Graham, and Nyberg (2002) compared, within the same subjects, LTM for words using a
remember/know procedure and WM for words and their
location (i.e., whether the word had been presented in
the left column, the right column, or was new); thus,
both tasks required monitoring for specific memorial
detail. Several left PFC areas were identified in both
tasks, relative to a fixation baseline, including an area
of left BA 9 similar to left dorsolateral PFC regions identified in LTM SM studies. However, there were differences between the tasks other than whether the
information was currently active in WM. The present
research is the first to ask, using exactly the same tasks,
whether the same left PFC regions are involved in SM
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feeling of familiarity accompanied by no recollection or
only a faint recollection of some specific detail(s).
Although the relation between familiarity and more
specific information is an important focus of interest in
the memory literature (see also, e.g., Banks, 2000), it is
beyond the scope of this article.
Empirically, SM is often contrasted with item recognition memory (e.g., ‘‘Where did you see this?’’ vs. ‘‘Did
you see this?’’). Again, this is a useful dichotomy,
although, strictly speaking, item recognition as explored
in laboratory tasks typically requires some source information (e.g., say ‘‘yes’’ to words from the list just
presented; e.g., Johnson et al., 1993; Anderson & Bower,
1974). More generally, item recognition often involves
some mix of more specific and less differentiated information (e.g., Jacoby, 1991; Mandler, 1980). Still, contrasting SM and old/new (ON) recognition tasks
provides a way of manipulating the amount of specific
(episodic) information required.
SM has been investigated over several decades using a
variety of cognitive behavioral paradigms, and there is a
rich set of theoretical ideas and empirical findings from
this domain clarifying the nature of episodic memory
(see, e.g., Hintzman, 2000; Kelley & Jacoby, 2000; Mitchell & Johnson, 2000; Johnson et al., 1993, for reviews).
For example, most theories of episodic memory agree
that remembering involves both heuristic and systematic
(or more automatic and more controlled) processes.
Heuristic and systematic are relative terms that apply to
cognitive processes in general. With respect to remembering, for example, retrieval (which may involve selfcueing) is more systematic than reactivation (a relatively
automatic response to cues, e.g., Johnson, 1992; Moscovitch, 1989). Undifferentiated information, such as
familiarity or recency, although it could be processed
systematically, is typically more likely to be processed
heuristically, and specific detail often requires relatively
more systematic processing. Studies exploring the
mechanisms underlying true and false memories (Mitchell & Johnson, 2000; Johnson & Raye, 1981) have
demonstrated that shifting the information people monitor during remembering (e.g., from less differentiated
to more specific) can influence the likelihood of source
misattributions (e.g., Marsh & Hicks, 1998; Multhaup,
1995; Jacoby, Kelley, Brown, & Jasechko, 1989; Lindsay
& Johnson, 1989).
More recently, studies using neuroimaging have begun to explore the neural correlates of SM (e.g., Slotnick,
Moo, Segal, & Hart, 2003; Cansino, Maquet, Dolan, &
Rugg, 2002; Dobbins, Foley, Schacter, & Wagner, 2002;
Dobbins, Rice, Wagner, & Schacter, 2003; Konishi et al.,
2002; Suzuki et al., 2002; Ranganath, Johnson, & D’Esposito, 2000; Raye, Johnson, Mitchell, Nolde, & D’Esposito, 2000; Henson, Shallice, & Dolan, 1999; Rugg,
Fletcher, Chua, & Dolan, 1999; Nolde, Johnson, & D’Esposito, 1998).1 These studies have tended to focus on
the prefrontal cortex (PFC) as a region of particular

curate responding in the delayed condition required the
reactivation, as well as evaluation, of memorial information about the target event (Johnson, 1992; Johnson,
Raye, Mitchell, Greene, & Anderson, 2003, Experiment
2). Assuming evaluation of source information in WM and
LTM are similar and subserved by the left PFC, we
predicted, for both immediate and delayed trials, SMrelated activity in areas of the left GFm/GFi. In Experiment 3, we tested the hypothesis that the right PFC
is recruited for memory judgments requiring undifferentiated information (e.g., Dobbins et al., 2003; Kensinger, Clarke, & Corkin, 2003; Nolde, Johnson, & Raye,
1998; Johnson et al., 1993; Johnson & Raye, 1998, 2000)
by shifting the task context so that accurate performance
on the majority of trials could be based on less differentiated qualities (familiarity and/or recency).

RESULTS
Experiment 1
Behavioral Results
Table 1 shows the proportions of hits (H) and false
alarms (FA), along with d0, which we used as our primary
measure of accuracy. As expected, accuracy was high,
with a marginal effect of condition, F(2,14) = 3.33,
MSE = 1.00, p = .07; ON was greater than LR, no other
pairwise comparisons were significant. Analyses of response times (RTs; measured in milliseconds) on correct
trials showed an effect of condition, F(2,14) = 10.19,
MSE = 23,099, p < .01. As shown in Table 1, participants
took significantly longer on the PW test than both the
LR and ON tests, which did not differ from each other.
Finding longer RTs in PW than ON is consistent with
previous data indicating that specific source information
often takes time to revive and evaluate (e.g., McElree,
Dolan, & Jacoby, 1999; Hintzman, Caulton, & Levitin,
1998; Gronlund, Edwards, & Ohrt, 1997; Johnson, Kounios, & Reeder, 1994).2
Functional Magnetic Resonance Imaging Results

Figure 1. Procedure and trial timeline (see text for full details). The
test types, which were explained in advance to participants, were the
following: LR, the probe always represented an old item and participants
were to indicate whether the item represented by the word originally
appeared to the left (left-hand button press) or to the right (right-hand
button press); PW, the probe always represented an old item and
participants were to indicate whether the item originally appeared as a
picture (left-hand button press) or a word (right-hand button press); or
ON, the probe represented an item previously presented (i.e., an old
item), or a new item and participants indicated old (left-hand button
press) or new (right-hand button press). In Experiment 3, an EL
judgment was used in place of LR and participants responded with a
left-hand button press for early if the item was one of the first two
presented and with a right-hand button press for late if it was one of the
last two presented.

As shown in Figure 2, there was activity in large bilateral regions of the GFm and GFi that included BA 9
extending into BA 46, BA 45 on the left (Figure 2A;
PW > LR > ON) and primarily BA 9 on the right
(Figure 2B; PW > LR > ON [LR vs. ON, p = .08]). Not
shown in the figure is a more inferior, but adjacent, left
region of the GFi, GFm [BA 10, 46; x = 38, y = 45,
z = 3; 7 voxels; max F(14,98) = 3.95] that showed the
pattern PW = LR > ON (LR vs. ON p = .08). These areas
are generally consistent with those found in long-term
studies of SM (e.g., Dobbins et al., 2002, 2003; Ranganath
et al., 2000; Henson et al., 1999; Rugg et al., 1999; Nolde,
Johnson, & D’Esposito, 1998). The only other PFC region
identified in this analysis (not shown) was located in
the left GFd, GFs [BA 8, 6; x = 6, y = 20, z = 51;
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when information is still active in WM as when information must be revived/reactivated.
Our goal in Experiment 1 was to assess whether source
attributions based on specific information currently active in WM show left PFC activity as is found in LTM SM
tasks. To maximize the chance that the information was,
indeed, likely to be in WM, each trial presented only four
items (two words, two line drawings; one of each on the
left of the screen, one of each on the right), and participants were probed immediately for ON or SM for a
single item from that set (see Figure 1). For generality,
we included two source tasks, format (picture, word;
PW) and location (left, right; LR). The three test types
were randomly intermixed. This design allowed us to
compare ON recognition and source judgments about
information in WM while equating encoding conditions and general memory factors, such as the set to remember (e.g., ‘‘retrieval mode,’’ Lepage, Ghaffar, Nyberg,
& Tulving, 2000; Nyberg et al., 1995), type and amount of
to-be-remembered information, and number of response
options. After finding the expected pattern of greater left
PFC activation for source than ON tests in Experiment 1,
in Experiment 2 we included an immediate test condition, as in Experiment 1, and a delay condition. On
delayed tests, the retention interval was filled by one or
two intervening trials (up to 36 sec) so that the information tested was unlikely to be currently active in WM
(e.g., Cowan, 1999). Thus, as in typical LTM tasks, ac-

Table 1. Behavioral Data: Hits, False Alarms, d0, and Correct RT
Experiment 1

Hits

False Alarms

d0

RT

Condition
LR

0.83 (0.04)

0.11 (0.02)

2.46 (0.40)

1422 (79)

PW

0.91 (0.03)

0.10 (0.03)

3.07 (0.34)

1644 (71)

ON

0.92 (0.02)

0.04 (0.02)

3.75 (0.28)

1306 (63)

Experiment 2

Hits

d0

False Alarms

RT

Immediate

Delay

Immediate

Delay

Immediate

Delay

Immediate

Delay

LR

0.87 (0.04)

0.75 (0.04)

0.10 (0.03)

0.43 (0.05)

2.47 (0.20)

0.90 (0.17)

1442 (88)

1720 (141)

PW

0.81 (0.02)

0.89 (0.03)

0.08 (0.03)

0.29 (0.05)

2.21 (0.16)

1.81 (0.14)

1776 (79)

2028 (131)

ON

0.88 (0.09)

0.70 (0.04)

0.06 (0.03)

0.06 (0.03)

2.69 (0.28)

1.99 (0.17)

1574 (97)

1612 (96)

Experiment 3

Hits

False Alarms

d0

RT

Condition
EL

0.92 (0.02)

0.11 (0.02)

2.70 (0.16)

1631 (113)

PW

0.83 (0.06)

0.06 (0.01)

2.67 (0.23)

1790 (79)

ON

0.91 (0.04)

0.03 (0.01)

3.35 (0.17)

1498 (79)

Numbers in parentheses are the standard error. RTs are in milliseconds.

85 voxels; max F(14,98) = 7.68]. It also showed the
pattern PW > LR > ON.
As in many LTM studies, the SM-related PFC activity
in the present WM experiment appeared to be leftlateralized (see Figure 2). To further assess laterality,
we used as regions-of-interest (ROI), the functionally
defined left and right PFC areas shown in Figure 2A
and B and applied them as masks for individual
subject’s t maps that resulted from contrasts of each
source task versus ON (i.e., PW-ON and LR-ON). We
then counted, for each participant in each ROI, the
number of suprathreshold voxels showing SM > ON.
There were significantly more suprathreshold voxels
on the left (M = 66.25) than the right (M = 14.00),
F(1,7) = 11.75, MSE = 929.11, p = .01, for the PWON contrast, with all eight participants showing this
pattern. The same was true for the LR-ON contrast
(M = 53.00 and 8.63, for left and right, respectively),
F(1,7) = 6.16, MSE = 1277.71, p < .05, with six of the
eight subjects showing this pattern.
Experiment 2
As expected, in Experiment 1, the left PFC showed
greater activity for both PW and LR SM tests than ON
recognition. We also saw increased SM-related activity in
a smaller right homologue region, as seen in many longterm SM studies. Having obtained evidence for leftlateralized PFC activity associated with source judgments
made about information in WM, Experiment 2 com-
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pared, within subjects, an immediate test (where the
relevant information is presumably currently active) to
a delayed test (where the relevant information is unlikely to still be active). On half of the trials, the test probe
was delayed by one or two intervening trials (up to
36 sec). Although this is shorter than the typical LTM
retention interval, relevant information is unlikely to still
be active after the filled delay. Thus, delay trials should
be more likely than immediate trials to require reactivation (Johnson et al., 2003; Cowan, 1999), as would be
required in long-term episodic memory tasks.
Behavioral Results
Due to equipment malfunction, behavioral data from
one participant were missing (n = 8). A 3 (condition)
 2 (retention interval) analysis of variance (ANOVA)
conducted on d0 scores (see Table 1) showed main
effects of condition, F(2,14) = 4.80, MSE = 0.36, p <
.05, and interval, F(1,7) = 99.40, MSE = 0.10, p < .0001,
which were superceded by a significant interaction,
F(2,14) = 4.28, MSE = 0.34, p < .05. Whereas accuracy
did not differ between the tests immediately (p > .10),
accuracy on the LR test was significantly worse than
either the PW or ON test when delayed by one or two
intervening trials (both ps < .01). Analysis of correct
RTs (see Table 1) revealed main effects of condition,
F(2,14) = 18.47, MSE = 28,761, p < .001, and interval,
F(1,7) = 8.34, MSE = 51,533, p < .05, and a significant
interaction, F(2,14) = 6.28, MSE = 11,005, p < .05. For
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Condition

both immediate and delay conditions, participants
were slower on the PW test than either the LR or ON
test (all ps < .05). LR and ON did not differ at either
delay interval (ps > .05).
Functional Magnetic Resonance Imaging Results
Figure 3 shows the GFm, GFi areas that demonstrated
a significant Condition  Time interaction and their
associated timelines. In all cases, the PW condition
showed greater activation than the ON condition but

LR did not differ significantly from ON (although in the
area shown in Figure 3C, the difference between LR
and ON at a delay was p = .07).3 Subsequent analyses
of the percent signal change during immediate and
delay trials separately suggest that there was little
difference in the general pattern of activity in these
areas as a function of retention interval. Furthermore,
these areas were not identified as showing a 3-way
interaction (Condition  Time  Retention Interval).4
Thus, these results suggest that similar processes are
engaged in evaluation whether the information is still

Figure 3. PFC areas showing a significant Condition  Time interaction in Experiment 2 and associated within-trial time courses. Talairach
coordinates are reported for the local maximum in each area, but the slice (z = 32) was chosen to show representative activations. (A) Left GFm, GFi,
GPrC, BA 9, 45, 46, 13 [x = 41, y = 6, z = 35; 114 voxels; max F(14,112) = 6.59]; (B) right GFm, GFi, BA 9, 46, 45 [x = 52, y = 22, z = 31; 13 voxels;
max F(14,112) = 3.46]; (C) right GFm, GFi, GPrC, BA 9, 6 [x = 33, y = 5, z = 35; 17 voxels; max F(14,112) = 4.83].
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Figure 2. PFC areas showing a
significant Condition  Time
interaction in Experiment 1
and associated within-trial time
courses. In all figures, for the
time courses, the x-axis represents time within a trial (sec),
the y-axis represents mean
percent signal change from T1.
Abbreviations of brain areas
follow Talairach and Tournoux
(1988). BA areas are listed in
order of approximate size
(with approximately equal
areas of activation indicated by
a slash). Talairach coordinates
are reported for the local
maximum in each area, but the
slice (z = 33) was chosen to
show representative activations. (A) Left GFm, GFi, BA 9,
46/45, 6/8 [x = 48, y = 18, z =
31; 206 voxels; max F(14,98) =
8.98]; (B) right GFm, BA 9, 46
[x = 45, y = 22, z = 32; 39
voxels; max F(14,98) = 6.84].

right PFC activity for recency judgments and greater left
PFC activity for the cognitive operation judgment. Such
findings provide support for the idea that the right and
left PFC differ in the specificity of information they
retrieve and/or monitor (see also Kensinger et al., 2003;
Suzuki et al., 2002).
Perhaps we found SM > ON activity in the left PFC, but
not ON > SM activity in the right PFC, in Experiments 1
and 2, because in WM tasks, specific detail is highly
available and familiarity may not be a salient factor.
Alternatively, the extent to which less differentiated
information versus more specific information is used
in attributions about information in WM may depend,
as it does in LTM, on the overall task context (e.g.,
Johnson et al., 1997). In Experiments 1 and 2, two-thirds
of the trials were source trials (PW and LR) and one-third
were ON trials. Thus, participants may have been inclined to monitor for specific detail to some extent on all
trial types. Changing the overall task context so that
undifferentiated information more often would be adequate to perform the task may show more right PFC
activity associated with ON judgments. We tested this
hypothesis in Experiment 3 by replacing the LR trials in
the Experiment 1 design with trials on which participants
made an early/late (EL) judgment (on EL trials, the first
two study items were defined as early and the second
two as late). Because relatively undifferentiated information (familiarity, fluency, recency) could be used on twothirds of the trials (ON and EL), we predicted that there
would be an area(s) of right lateral PFC in which ON
would show greater activity than SM. If so, this would
provide additional evidence for differential hemispheric
engagement in monitoring less versus more specific
information, extending previous findings from LTM
(e.g., Dobbins et al., 2003; Kensinger et al., 2003; Raye
et al., 2000, Experiment 1C) to WM.

Experiment 3

Behavioral Results

In Experiments 1 and 2, as predicted, we found leftlateralized GFm/GFi activity that was greater for SM than
for ON recognition. However, we did not find, in either
experiment, greater activity in the right PFC associated
with ON recognition compared to SM, as might be
expected if the right PFC subserves judgments based
on undifferentiated information, such as familiarity or
recency (e.g., Kensinger et al., 2003; Johnson & Raye,
1998; Nolde, Johnson, & Raye, 1998). However, greater
activity in ON than SM tasks has been found in the right
PFC in some long-term SM studies. Raye et al. (2000,
Experiment 1C) reported greater activity for ON than
SM (format judgments) in an area of the right PFC, in
addition to the main finding of greater activity in the left
PFC for SM than ON recognition. Dobbins et al. (2003)
compared recency judgments and source judgments
(cognitive operation performed at encoding: pleasant/
unpleasant vs. concrete/abstract) and found greater

Data were missing from one participant due to equipment malfunction (n = 8). Analysis of d0 scores (see
Table 1) showed an effect of condition, F(2,14) = 6.48,
MSE = 0.18, p = .01); accuracy on ON trials was higher
than EL and PW, which did not differ. Analysis of correct
RTs also showed an effect of condition, F(2,14) = 14.92,
MSE = 11,412, p < .001); participants took significantly
longer on the PW test than both the EL and ON tests and
longer on EL than on ON (all ps < .05).
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Functional Magnetic Resonance Imaging Results
We predicted that shifting the task context to one in
which judgments could be made based on undifferentiated information on the majority of the trials would
result in ON recognition-related activity in right lateral
PFC. That is what we found. Figure 4A shows an area of
right GFm (BA 6, 8) that showed greater activity on ON
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active in WM or must be reactivated after a delay. To be
clear, these data say nothing about WM processes that
maintain information (e.g., refreshing or rehearsing) or
about processes that revive information (e.g., reactivation or retrieval);5 rather, these findings suggest that
whether information has never left WM or has been
revived, the evaluation processes involved in making
source attributions about it are similar.
Source-related PFC activation again appeared to be
left lateralized. We used the ROI masks from Experiment 1 (see Figure 2) and again conducted an analysis
of number of suprathreshold voxels found in individual
subject’s t tests of each SM task versus ON. Because no
PFC area in the main analysis showed an interaction
between condition and delay interval, we collapsed
across delay. As in Experiment 1, for the PW-ON contrast, there were more suprathreshold voxels on the
left (M = 24.22) than the right (M = 6.22), F(1,8) =
7.70, MSE = 189.38, p < .05, with eight of the nine
participants showing this pattern. There was no significant difference in number of suprathreshold voxels
between the left and right ROIs for the LR-ON comparison. As one might expect from the timelines shown in
Figure 3, very few voxels showed an LR > ON difference
in the t tests, although the laterality trend was in the
expected direction with numerically more such voxels
on the left (M = 8.56) than on the right (M = 0.89), with
five of the nine participants showing this pattern.
Two more medial PFC regions not shown in Figure 3
demonstrated a weaker SM effect: left GFs, GFd [BA 9,
8; x = 15, y = 43, z = 34; 10 voxels; max F(14,112) =
4.49] and GFd, ACC, GFs [BA 8, 32, 6; x = 2, y = 20, z =
47; 16 voxels; max F(14,112) = 3.61]. A superior area
of right GFm [BA 6; x = 25, y = 9, z = 51; 7 voxels;
max F(14,112) = 3.92] showed activity that was greater
in LR than either PW or ON.

and EL trials than on PW trials. In addition, Figure 4B
shows an area of more medial right GFm, GFs (BA 6)
that demonstrated greater activity in the EL than either
PW or ON conditions. Other studies comparing recency
judgments to ON recognition also have found recencyrelated activity in this general area (e.g., Cabeza et al.,
1997, 18, 6, 44; Suzuki et al., 2002, 24, 6, 60). There
were no left PFC areas that showed activity that was
greater on ON trials than in the other conditions.
As in Experiments 1 and 2, PW-related activity was
found in the left PFC. Figure 4C shows an area of left
GFs (BA 6) in which there was greater activity on both
the PW and EL than ON trials. Figure 5 shows a more
lateral area, left GFm (BA 8, 9), where activity was
greater for PW than either ON or EL. There was also
an area of left GFs, BA 8 [not shown; x = 15, y = 36,
z = 46; 36 voxels; max F(14,112) = 4.89], with a similar
time course. Note that the left and right PFC areas
identified in this experiment were toward the more
superior extent of those identified in Experiments 1

and 2. This suggests a shift in the particular areas within
the left and right PFC engaged in evaluation as a function of overall task context; replication is needed to
confirm this possibility.
We directly tested our prediction about the relative
roles of left and right lateral PFC in monitoring specific
and undifferentiated information, respectively, by conducting 3 (condition: PW, EL, ON)  2 (hemisphere)
ANOVAs on the mean percent change (from Time 1) at
times 5, 6, and 7. We first compared the region seen in
Figure 4C (left) to the one seen in Figure 4A (right)
and found, as expected, a significant Condition  Hemisphere interaction, F(2,16) = 15.93, MSE = 0.002, p <
.001. Post hoc LSD tests for condition differences within
each hemisphere showed that, as predicted, mean percent signal change in PW (0.13) and EL (0.14) were
greater than ON (0.07) on the left, and that the change
in ON (0.15) was greater than both EL (0.09) and PW
(0.02) on the right, and EL was greater than PW (all ps <
.05). Likewise, a comparison of the left region in Figure 5

Figure 5. Left GFm area
[BA 8, 9; x = 41, y = 14,
z = 37; 36 voxels; max
F(14,112) = 4.94] showing
a significant Condition  Time
interaction in Experiment 3
and associated within-trial
time courses.
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Figure 4. PFC areas showing
a significant Condition  Time
interaction in Experiment 3
and associated within-trial time
courses. Talairach coordinates
are reported for the local
maximum in each area, but
the slice (z = 44) was chosen
to show representative
activations. (A) Right GFm,
BA 6, 8 (x = 42, y = 14,
z = 45; 17 voxels; max F
(14, 112) = 3.63); (B) right
GFm, GFs, BA 6 (x = 20,
y = 7, z = 44; 16 voxels;
max F = 4.14); (C) left GFs,
BA 6 (x = 22, y = 10,
z = 45; 6 voxels;
max F (14, 112) = 4.01).

Experiments 1–3: Comparisons between
Source Tasks
Although we assume that neural activity will differ
depending on what is being monitored (e.g., format or
location), the source monitoring framework (e.g., Johnson et al., 1993) is agnostic about whether such differences are reflected in PFC activity. That is, different PFC
areas might be associated with monitoring different
types of information (presumably in circuits involving
other areas) or a specific region of PFC might monitor
various features with differences between features reflected primarily in the activity of more posterior regions. The former possibility is consistent with models
that associate different PFC regions with discrete types
of information (e.g., Goldman-Rakic, 1987), whereas the
latter possibility is consistent with models that propose
functional specificity of PFC based on process (e.g.,
Petrides, 2000; D’Esposito et al., 1998). Alternatively,
PFC might be organized by both process and type of
material (e.g., Johnson et al., 2003), perhaps opportunistically (e.g., Duncan & Owen, 2000; Miller, 2000).
Furthermore, PFC may have a more hybrid organization
in which some processes are organized by types of
information and some are not. For example, different
types of information may be represented and/or maintained in different PFC areas but evaluated with respect
to task agendas by the same PFC area for a given task.
When we conducted analyses that compared PW directly to LR and to EL, areas of the left PFC, primarily in
GFi, showing greater activity in PW were identified in
each experiment (Experiment 1: x = 53, y = 21, z = 14;
Experiment 2: x = 45, y = 18, z = 14; Experiment 3:
x = 41, y = 28, z = 13). In addition, posterior
regions, primarily in the GOm, GTi, GF, also showed
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PW > LR/EL (Experiment 1: x = 50, y = 62, z = 8;
Experiment 2: x = 50, y = 58, z = 8; Experiment 3:
x = 46, y = 50, z = 3). In contrast, there was a
region of the right GFs/GFm (x = 19, y = 6, z = 52) that
showed LR>PW for Experiment 1. This is near the region of GFm reported earlier that showed LR > PW and
ON in Experiment 2 and similar to one found in other
WM tasks with a spatial component (e.g., Cabeza et al.,
2002). Although suggestive, our findings do not clearly
differentiate among the various possible organizations
of PFC with respect to types of information monitored.
More systematic studies are required to explore the
relative sensitivity of various PFC and more posterior
areas as the representation and monitoring of different
types of information are independently varied.

DISCUSSION
The findings from these three experiments are consistent
with the hypothesis associating memory judgments based
on specific information with the left PFC and memory
judgments based on undifferentiated information with
the right PFC (Dobbins et al., 2003; Kensinger et al., 2003;
Johnson & Raye, 1998, 2000; Nolde, Johnson, & D’Esposito, 1998). Moreover, the findings are consistent with the
hypothesis that such PFC activity reflects evaluation
processes common to both WM and LTM tasks.
In Experiment 1, we found GFm, GFi activity that was
greater for two WM source tasks (remembering whether
an item was presented as a picture or a word or on the
left or right) than for ON recognition. Consistent with
several long-term SM studies, the extent of this activation was greater in the left than in the right PFC. In
Experiment 2, this pattern was evident on both immediate and delay trials. Although the delay was brief
(maximum 36 sec), it was filled with other trials, making
it unlikely that the information needed for the judgment
was still active. Rather, it was likely that information
needed to be reactivated in the delay condition (Johnson et al., 2003; Cowan, 1999). Thus, our delay condition
provides an intermediate data point between our WM
task and the LTM tasks used in previous SM studies (e.g.,
Slotnick et al., 2003; Dobbins et al., 2002, 2003; Ranganath et al., 2000; Raye et al., 2000; Henson et al., 1999;
Rugg et al., 1999; Nolde, Johnson, & D’Esposito, 1998).
Together with results from these previous LTM studies,
the present findings support the conclusion that lateral
PFC, particularly left, is involved in memory attributions
that require more specific memorial detail (i.e., source
information) both when that information is still active in
WM and when it must be reactivated.
In Experiment 3, substituting an early–late judgment
for the left–right judgment in our WM procedure
changed the overall task context and thereby the pattern
of brain activity (see also Johnson et al., 1997). When the
majority of judgments (ON and EL) could be made based
on undifferentiated information (familiarity or recency),
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to the right lateral region in Figure 4A showed a significant Condition  Hemisphere interaction, F(2,16) =
18.21, MSE = 0.002, p < .0001. Post hoc LSD tests
showed that on the left, the percent signal change in
PW (0.13) was greater than EL (0.05), which did not differ
from ON (0.08), and on the right, ON (0.15) was greater
than both EL (0.09) and PW (0.02) (ps < .05).
There was one small area of the right PFC (not shown)
[GFi, BA 45, x = 44, y = 22, z = 9; 8 voxels; max
F(14,112) = 3.40], in which activity was greater in PW
than either ON or EL.
The difference between the time courses in the two
right PFC areas shown in Figure 4 suggests that ON
recognition is not simply an easier discrimination than
recency along the same dimension. In addition, in the
left PFC, activity associated with the early–late task
sometimes looked more like ON (Figure 5) and sometimes more like PW (Figure 4C). Together, these patterns are consistent with findings indicating that there
are multiple bases for temporal judgments (e.g., Marshuetz, submitted; Suzuki et al., 2002).

METHODS
Participants
For all experiments reported here, participants were
healthy, right-handed college-aged students (Experiment 1: n = 8, 6 women, M = 23.8 years; Experiment 2:
n = 9, 7 women, M = 21.5 years; Experiment 3: n = 9,
6 women, M = 22.8 years). Data from one additional
participant were excluded in Experiments 1 and 2 because of excessive head movement. All participants
reported being in good health, with normal (or cor-

rected-to-normal) vision and no history of psychiatric
diagnosis or primary degenerative neurological disorder; none were taking psychotropic medications. All participants were paid. The Human Investigation Committee
of Yale University Medical School approved the protocol; informed consent was obtained from all participants.
Task and Design
In all experiments, during scanning, stimuli were projected onto a screen at the foot of the scanner, which
participants viewed through a mirror mounted on the
head coil. Each trial was 16 sec (see Figure 1). Participants saw four items presented sequentially for 1 sec
each. They were told to study each item for an upcoming test. Two of the items were concrete nouns printed
in lower case (i.e., words), two were black-and-white line
drawings of common objects (i.e., pictures). One of each
item type was presented on the left of the screen and
one of each on the right. Format and location were
pseudorandomly assigned, so that, across runs, each
format/location appeared nearly equally often in each
ordinal position in each testing condition. After 1 sec of
unfilled time, a probe word appeared in capital letters.
The test probe was accompanied by cues, presented
in smaller font to the left and right below the probe
word, that indicated to the participant which aspect
of their memory was being tested (see Figure 1). In
Experiment 1 probes always tested items from the
current trial. In Experiment 2, for half of the trials, probe
items were from the current trial (immediate test) and
for half of the trials probe items were from one or two
trials back (i.e., the target could have been presented up
to 36 sec prior to the test probe, delay test). Participants
were aware of the delay manipulation. Experiment 3
included only immediate trials and the procedure was
exactly like Experiment 1 except that participants made
EL judgments instead of LR. For the EL task, participants were instructed to press the left button for early
if the item had been one of the first two items presented
on that trial and the right button for late if the item had
been one of the last two items presented on that trial.
In all experiments, the test probe was followed by an
8-sec intertrial interval that included two arrows presented sequentially for 1400 msec each. Participants
pressed one of two buttons to indicate which way the
arrow pointed. The arrows provided a task common to
all conditions to allow time for the hemodynamic response associated with encoding and remembering and
to decrease variability among participants from uncontrolled mental activity between trials (e.g., Raye, Johnson, Mitchell, Reeder, & Greene, 2002).
Stimuli were common objects whose names were one
to three syllables in length (e.g., toad, toothbrush,
microscope). Pictures were chosen from Snodgrass
and Vanderwart’s (1980) corpus and similar drawings
provided by Friedman (see Cycowicz, Friedman, Roth-
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we identified a region of the right PFC associated with
making such judgments. These findings support the idea
that the right PFC is sensitive to undifferentiated information (e.g., familiarity, recency, fluency) when items are
presumably still active in WM, as it is in tasks requiring
reactivation of information from LTM (Dobbins et al.,
2003; Kensinger et al., 2003; Suzuki et al., 2002; Raye
et al., 2000). In contrast to the proposal that the right
PFC subserves monitoring in general (Cabeza, Locantore,
& Anderson, 2003; Rugg, Henson, & Robb, 2003), these
results add to evidence suggesting that the pattern of
activity observed in the left and right PFC depends, at
least in part, on the qualities of mental experiences
that are being monitored (see also Dobbins, Simons, &
Schacter, 2004).
Our strategy in these experiments was to equate
encoding across conditions (e.g., by randomly intermixing test conditions) and to simplify the processing
involved (e.g., by minimizing reactivation/retrieval requirements compared to typical LTM tasks) to examine
brain activity as a function of whether undifferentiated
or specific information was evaluated at test. We cannot
assume that we have completely disentangled type of
information (undifferentiated and specific) from type of
processing (heuristic and systematic) because they tend
to be correlated. This is a general problem that is typically ignored; for example, across studies in the literature, familiarity and recollection are variously treated as
processes or as types of information. Additional studies
designed to assess contributions of specific processes
and types of information to PFC activity in SM tasks
would be useful.
In summary, the present results provide evidence that
the left PFC is particularly likely to be recruited when the
task requires monitoring of specific features, such as
modality or location, not only when reactivation is required, but also when the information is highly likely to
be currently active in WM. The right PFC is more likely to
be recruited when judgments assess undifferentiated information, such as familiarity or recency. These results are
consistent with a role for both the left and right PFC in the
evaluation of activated information. Furthermore, these
findings, along with previous studies investigating longterm SM, point to the commonality in neural substrates
of processes engaged flexibly across WM and LTM tasks.

Imaging Details
The imaging details were the same for Experiments 1
and 2. T1-weighted anatomical images were acquired for
each participant using a 1.5-T GE Signa scanner at the
Yale University School of Medicine. Functional scans
were acquired with a single-shot echo-planar gradientecho pulse sequence (TR = 2000 msec, TE = 35 msec,
flip angle = 808, field of view = 24). Experiment 3 was
run on a 3-T Siemens TRIO scanner at the new Magnetic
Resonance Research Center at Yale University with the
same scanning parameters, except that the anatomical
images were T2-weighted and the TE for the functional
scans was 25 msec. In all experiments, the 24 axial slices
(slice thickness 3.8 mm, resolution 3.75  3.75 mm
in plane) were aligned with the AC–PC line. Each run
began with 12 blank seconds to allow tissue to reach
steady state magnetization and was followed by a 1-min
rest interval. One volume was collected every 2 sec, or
eight full brain scans for each trial; thus there were, for
each person, a total of 320 images collected in each
condition in Experiments 1 and 3 and 160 in each
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Condition  Retention interval cell in Experiment 2
(120 for ON).
Analyses of Behavioral Data
Responses that required a left-handed response (old,
picture, left, early) were coded as targets and those requiring a right-handed response (new, word, right, late)
as lures. Thus, hits and false alarms could be calculated
and converted to d 0 scores, which we used as our measure
of accuracy. Before calculating d 0, scores were adjusted
as follows: p(H) = 1 was recalculated as 1  1/(2N);
p(FA) = 0 was recalculated as 1/(2N), where N = the
maximum number of hits or false alarms possible (Macmillan & Creelman, 1991). An ANOVA with condition
(and retention interval, Experiment 2) as within-subjects
factor(s) was followed by an LSD post hoc test to determine which conditions differed. Unless otherwise
noted, p < .05.
Functional Magnetic Resonance Imaging Analyses
Data were motion-corrected using a six-parameter automated algorithm (AIR; Woods, Cherry, & Mazziotta,
1992). A 12-parameter AIR algorithm was used to coregister participants’ images to a common reference
brain. Data were mean-normalized across time and participants and spatially smoothed (3-D, 8-mm FWHM
Gaussian kernel).
The arrow task was included as a ‘‘filler’’ task to equate
participants’ cognitive activity during the intertrial interval (e.g., Raye et al., 2002). Regions were not identified
by using the intertrial interval as a baseline, rather the
analyses compared experimental conditions directly. The
functional magnetic resonance imaging (fMRI) data
were analyzed using ANOVA with participant as a random factor (NIS software, Laboratory for Clinical Cognitive Neuroscience, University of Pittsburgh, and the
Neuroscience of Cognitive Control Laboratory, Princeton
University). Run (1–5), condition (LR or EL, PW, ON), retention interval (immediate, delay; Experiment 2 only),6
and time within trial (volumes 1–8) were fixed factors.
The hemodynamic response that indexes brain activity
in fMRI responds slowly, rising to a peak 4–6 sec after
the critical event. Because encoding conditions were
held constant, differences between the conditions
should be seen as differences in the fMRI signal peaking
at seconds 10–14 (volumes 5–7), corresponding to the
test period in each trial. Brain regions in the Condition 
Time interaction were identified that had a minimum of
six spatially contiguous voxels, each significant at p <
.0001 (Experiment 1) or p < .001 (Experiments 2 and 3)
(Forman et al., 1995). Less stringent alpha levels were
used in Experiments 2 and 3 because they had the builtin opportunity for replication, there were fewer trials per
condition (Experiment 2) and a specific interaction
between condition (ON, PW) and hemisphere (left,
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stein, & Snodgrass, 1997). Words were chosen from
among the remaining picture labels and additional
concrete nouns representing objects that could have
been presented as line drawings. For the test probes,
names of the pictures were either the original labels or
single-word names reached by agreement among the
experimenters. Items in all classes—studied, tested,
pictures, words, new items—were equated between
conditions on published norms for that class (Snodgrass
& Vanderwart, 1980; Cycowicz et al., 1997), including
number of syllables (M = 1.81) and Kucera–Francis
frequency (M = 23.95; Kucera & Francis, 1967) for
words and picture labels, familiarity (M = 3.31) for
pictures and words, and name agreement (M = 0.53,
Snodgrass & Vanderwart’s, 1980 H statistic]), image
agreement (M = 4.12), and complexity (M = 3.06) for
pictures. Across participants, each item appeared equally
often for each type of test. Test probes were taken
equally often from each ordinal study position, format
(PW), and location (LR).
Experiments 1 and 3 were simple single-factor designs
in which condition had three levels (Experiment 1: LR,
PW, and ON; Experiment 3: EL, PW, and ON) manipulated within subjects. There were five runs of 24 trials
each (eight per condition for a total of 40 trials per
condition per participant); in each run, LR/EL, PW, and
ON trials were pseudorandomly intermixed, with a
different order for each participant. Experiment 2 was
a 3 (condition: LR, PW, ON)  2 (retention interval:
Immediate, Delay) design, with both factors varied
within subjects. Trials were presented in a pseudorandom fashion, with a different trial order for each participant (each of 5 runs had 8 trials PW, LR [4 immediate,
4 delay], 9 trials ON [3 immediate, 3 delay, 3 row]).
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Notes
1. There are also several event-related potential studies
examining the neural correlates of long-term source memory
(e.g., Ranganath & Paller, 1999; Allan & Rugg, 1998; Senkfor &

Van Petten, 1998; Johnson, Kounios, & Nolde, 1996). In general, the findings are consistent with findings from fMRI and
PET studies implicating PFC in source memory.
2. The PW task is particularly interesting because it represents a common source monitoring situation in which
people must discriminate things they saw from things they
learned about through language (e.g., read or heard about).
However, it does raise the issue of the match between study
and test format. The test probes were always words. Although
there was a change from lower case to upper case between
study and test, the probe was a better physical match for
items originally presented as words than items originally
presented as pictures. It might be that participants based
their format decisions on the fluency created by a ‘‘perceptual match’’ between the target and probe. To evaluate this
possibility, we examined correct RTs as a function of whether
the target item had originally been presented as a picture or
a word. There was an interaction of format of original presentation (P, W) and test condition (PW, LR, ON), F(2,14) =
5.02, MSE = 18477, p < .05, because responses were faster to
P than to W items in both the PW condition (M= 1606 vs.
1798, for pictures and words, respectively) and the LR condition (M = 1342 vs. 1518, for pictures and words, respectively), but they did not differ in the ON condition (M =
1464 vs. 1385, for pictures and words, respectively, p > .10).
This pattern is consistent with the idea that participants were
evaluating test probes on a different basis on SM and ON
tests, with amount of pictorial information apparently being
relatively more salient in the source tasks than ON. However,
similar analyses conducted for data from Experiments 2 and
3 showed no interaction of format and condition, and the
main effect of format was not significant (ps > .10). Thus, it
does not appear that judgments were based on the extent to
which the test probe physically matched the study item in
any of the experiments.
3. The timelines shown in Figures 2 and 3 suggest that the
SM–ON difference tended to be somewhat greater for the PW
than the LR task, especially when delay trials were included. The
behavioral data showed poorer performance on LR than ON or
PW after a delay in Experiment 2. Together, this pattern
suggests that format is more salient than location and that
location information becomes unavailable faster than format
information in this task.
4. The only PFC area that showed a Condition  Time 
Retention Interval interaction, after dropping the threshold
to p < .01, was an inferior part of ACC (x = 8, y = 36,
z = 20). It showed greater deactivation for ON than the source
tests (which did not differ from each other) immediately but
not after a delay. A very superior region of GFs (BA 6/8)
showed uninterpretable time courses for both immediate and
delay trials.
5. Two interesting regions potentially related to revival
demonstrated a Retention Interval  Time within-trial
interaction such that there was greater activity on delay than
on immediate trials at test: precuneus (x = 13, y = 67,
z = 34), a region often associated with episodic retrieval
(e.g., Cabeza, Dolcos, Prince, et al., 2003; see Cabeza & Nyberg, 2000, for a review) and an area of the posterior cingulate
gyrus (x = 7, y = 33, z = 39), which is sometimes found to
be associated with retrieval when contextually specific cues are
used as probes (e.g., temporal cues, Fujii et al., 2002, or one
word of a learned pair, Krause et al., 1999). In contrast, as
might be expected, an area of left parietal cortex (LPs/LPi, x =
42, y = 55, z = 51) showed greater test-related activity on
immediate than delay trials (e.g., see Cabeza & Nyberg, 2000,
for a review). These findings suggest that we were successful
in manipulating the revival requirements between the immediate and delay conditions in Experiment 2.
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right) was predicted (Experiment 3). Once areas of
activation were identified, pairwise post hoc analyses
were conducted on the mean percent change within
trials (from Time 1) at Times 5, 6, and 7 to determine
which conditions significantly differed at test within
each area ( p < .05, unless otherwise noted).
The resultant F maps were transformed to Talairach
space using AFNI (Cox, 1996), and areas of activation
were localized using Talairach Daemon software (Lancaster, Summerlin, Rainey, Freitas, & Fox, 1997), as well as
manually checked with the atlases of Duvernoy (1999),
Mai, Assheuer, and Paxinos (1997), and/or Talairach and
Tournoux (1988). Because our focus concerns differential participation of regions of PFC in SM tests versus ON
recognition, we report only PFC regions; a list of all brain
regions identified can be obtained from the authors.
To subsequently quantify and test laterality differences
in SM-related activity in PFC in Experiments 1 and 2, we
used the left and right ROIs found in Experiment 1
(Figure 2A and B) as masks and counted the number of
suprathreshold voxels in each participant’s t maps that
compared each SM task to ON (i.e., PW-ON and LR-ON).
Cutoffs were t  1.89 and t  1.86, the group critical t at
p = .05, df = 7 and df = 8 in Experiments 1 and 2,
respectively. We then submitted these voxel counts for
each participant to an ANOVA with hemisphere as the
within-subjects factor. We tested for the specific predicted interaction between condition (ON, PW) and
hemisphere (left, right) in Experiment 3 by submitting
individuals’ mean percent change during the test period
(Times 5–7) for functionally defined ROIs on the left
and on the right to ANOVAs with condition and hemisphere as within-subjects factors.
For the direct comparisons of PW to LR/EL discussed
at the end of Experiment 3, the identified brain areas
were obtained from ANOVAs, which included run (1–5),
condition (LR or EL, PW), and time within trial (volumes
1–8) as fixed factors; for all three experiments, the
regions noted had a minimum of six spatially contiguous
voxels, each significant at p < .001.

6. For all three experiments, both correct and incorrect
trials were included in the fMRI analysis because we were interested in the processes engaged in making ON and SM
judgments. In Experiment 2, new test items on the ON test
were neither immediate nor delay. Thus, the images
corresponding to these trials were deleted from the analysis
of fMRI data reported in Experiment 2 so that retention
interval could be entered as a factor. Other ANOVAs conducted on the fMRI data with those trials included showed
the same patterns of activity.
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