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1. Introduction

Effective performance monitoring is an important aspect of
adaptive behaviour. Self-monitoring, conceptualized in various
ways, has long been linked to the frontal lobes in general, and
more recently to medial prefrontal cortex (mPFC) specifically. For
example, dorsal anterior cingulate cortex (ACC) has been impli-
cated in response conflict monitoring (Botvinick, Nystrom, Fissell,
Carter, & Cohen, 1999; van Veen, Cohen, Botvinick, Stenger, & Carter,
2001; Yeung, Cohen, & Botvinick, 2004), and dorsal and ventral
ACC in error monitoring (Dehaene, Posner, & Tucker, 1994; Holroyd
& Coles, 2002; Holroyd, Dien, & Coles, 1998). Functional imaging
studies have also identified mPFC more generally as important in
the ‘default mode’ of brain function, attributed to a putative role for
this region in “chronic self-evaluation” (Beer, 2007).

Self-monitoring of learning and memory performance has been
studied for decades, producing a body of work that has remained
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play a role in the monitoring of memory performance, or ‘meta-memory’,
have yet to be definitively established. Medial prefrontal cortex in general

ex in particular, have been implicated in other forms of monitoring, such
g. Here, we tested the hypothesis that medial prefrontal cortex plays a
ring, aiming to determine whether this region contributed to all, or only
udgments. We also investigated the relationship between these judgments
lf. Three types of meta-memory judgment were measured in 5 subjects
efrontal cortex, with maximal overlap in dorsal anterior cingulate cortex,
graphically matched control subjects performing a face–name episodic
rning accuracy was not affected by such damage. In contrast, both recall
ing judgments were impaired. Memory performance was itself impaired

ormed a second experiment to examine the relationship between memory
n easier memory task, where patients performed as well as controls, recall
to within the control range despite medial prefrontal damage. In contrast,
remained less accurate in the patient group. These results argue that medial
al role in generating accurate recall confidence and feeling-of-knowing
y for judgment-of-learning. The role of this region in feeling-of-knowing
ependent of its role in memory itself.

© 2008 Elsevier Ltd. All rights reserved.
relatively separate from performance monitoring research focus-
ing on response conflict or errors (Blake, 1973; Hart, 1967; Koriat,
1993, 1997; Lovelace, 1984; Nelson, 1996; Nelson & Dunlosky,
1991; Nelson & Narens, 1990). Interestingly, cognitive neuroscience
research again suggests a role for the frontal lobes in at least
some of the processes supporting such memory ‘performance
monitoring’, with preliminary evidence implicating mPFC more
specifically.

Meta-memory has been operationalized in terms of prospective
and retrospective monitoring engaged at different stages during
acquisition, retention, and retrieval. Such monitoring is thought to
interact with control processes to support optimal memory per-
formance (Koriat, Ma’ayan, & Nussinson, 2006; Nelson & Narens,
1990; Pannu & Kaszniak, 2005). The focus here is on a subset of
these meta-memory judgments: The monitoring that occurs dur-
ing the acquisition and retention phases of memory is termed
judgment-of-learning (JOL) (Nelson & Dunlosky, 1991). In exper-
imental paradigms, JOL is typically measured either immediately
after a learning session, or after a delay (i.e. “How well did
you learn the material you just studied?”) (Nelson & Dunlosky,
1991; Nelson & Narens, 1990). When memory is subsequently
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tested through recall, the monitoring of memory retrieval can
be assayed by retrospective confidence judgments (RCJ) after the
recall attempt (i.e. “How sure are you that you have correctly
recalled the material?”) (Pannu & Kaszniak, 2005). Finally, feeling-
of-knowing (FOK) measures capture an individual’s prospective
sense of the likelihood of successful recognition, typically after
a failed recall attempt (i.e. “How likely are you to recognize the
correct answer from a list?) (Janowsky, Shimamura, & Squire,
1989; Nelson & Narens, 1990). Such judgments can be compared
in an absolute sense, both to each other, and to actual mem-
ory performance. More frequently, experimenters have asked how
closely these judgments are correlated with memory performance;
that is, how well these judgments discriminate between differ-
ent degrees of recall or recognition accuracy (Pannu & Kaszniak,
2005).

There is on-going debate about the relationship of these judg-
ments to each other, and to memory per se. One view is that all
judgments draw on a direct assessment of memory “strength”
(Dougherty, 2001; Jang & Nelson, 2005). Alternatively, cue-based
theories propose that memory judgments rely on additional infor-
mation, such as characteristics of the to-be-learned items, of the
study period, and of the learner, that might be expected to be
correlated with memory performance, either alone or in addi-
tion to information about retrievability (Gigerenzer, Hoffrage, &
Kleinbolting, 1991; Koriat, 1997). Empirical data demonstrate com-
monalities between different forms of memory judgment. For
example, retrievability does seem to be a factor in both JOL and
RCJ (Nelson, 1996; Nelson & Narens, 1990). However, the accura-
cies of these judgments are not necessarily correlated in healthy
participants (Leonesio & Nelson, 1990), and may be differen-
tially influenced by experimental manipulations (Busey, Tunnicliff,
Loftus, & Loftus, 2000; Dougherty, Scheck, Nelson, & Narens, 2005)
suggesting that JOL and RCJ may rely on different weightings of the
available cues, retrievability amongst them (Dougherty et al., 2005).
Similarly, JOL and FOK have been shown to differ in their reliance
on various sources of information (Schwartz, 1994). Koriat has pro-
posed that FOK judgments are based initially on the familiarity of
the cue; sufficient familiarity leads to a second stage in which FOK
is ‘fine-tuned’ based on retrievability (Koriat & Levy-Sadot, 2001;
Metcalfe, Schwartz, & Joaquim, 1993)

In principle, neuropsychological studies can help adjudicate
questions about the dissociability of the processes involved in
memory and meta-memory, as well as provide insight into the brain
substrates of these processes. A dissociation between memory and

FOK performance was reported in patients with medial tempo-
ral lobe amnesia (Shimamura & Squire, 1986). In the same study,
patients with amnesia due to Korsakoff’s syndrome demonstrated
impairments in both memory and FOK. The same investigators sub-
sequently reported intact RCJ in Korsakoff’s patients (Shimamura &
Squire, 1988). A similar pattern of impaired FOK and intact RCJ has
also been reported in patients with Alzheimer’s disease (Pappas et
al., 1992).

The findings in Korsakoff’s patients suggested a role for the
frontal lobes in FOK, at least, and indicated that this might be linked
to impaired memory. The role of the frontal lobes in meta-memory,
particularly memory monitoring, has since been pursued in studies
of patients with focal brain damage, with mixed results. Janowsky et
al. (1989) examined FOK accuracy with both semantic and episodic
memory tests in 7 patients with frontal damage. They found a FOK
deficit (in the presence of intact memory) but only after a delay of
1–3 days between learning and memory tests, and only in episodic
memory. Other work using episodic memory tasks in a larger sam-
ple (N = 30) found that frontal damage was associated with worse
JOL accuracy (Vilkki, Servo, & Surma-aho, 1998; Vilkki, Surma-aho,
& Servo, 1999).
ychologia 46 (2008) 2958–2965 2959

To our knowledge, only 2 frontal lobe-focused studies have
measured more than one class of meta-memory judgment in
the same patients, and none have tested the two that require
the prospective assessment of memory performance (i.e. JOL and
FOK), together. Schnyer et al. (2004) investigated RCJ and FOK
in a group of patients with frontal damage (N = 14) perform-
ing an episodic verbal memory task. They reported a deficit in
FOK but not in RCJ. Only 6 patients had clear FOK impairments;
post hoc lesion analysis indicated that right ventromedial pre-
frontal cortex was the common area damaged in these patients.
The patients with frontal lobe damage also had memory impair-
ments, but statistical analyses suggested that the FOK deficit was
not solely related to memory performance. Pannu et al. reported
the opposite result: In their hands, patients with frontal dam-
age (N = 9; including 3 with damage due to head trauma) were
less accurate in their RCJ, but intact in making FOK judgments,
albeit in a semantic memory task (Pannu, Kaszniak, & Rapcsak,
2005).

Several recent studies have used fMRI to examine the neu-
ral basis of memory monitoring in healthy individuals. Schnyer
et al. found that accurate FOK judgments in a sentence comple-
tion recognition memory task were associated with activation in
bilateral ventral mPFC (Schnyer, Nicholls, & Verfaellie, 2005). Two
recent studies reported enhanced medial PFC (including dorsal
ACC) activity for high compared to low confidence trials in quite
different recognition tasks (Chua, Schacter, Rand-Giovannetti, &
Sperling, 2006; Moritz, Glascher, Sommer, Buchel, & Braus, 2006).
Another study using an episodic recognition task, but a differ-
ent analytic approach, reported parametric increases in activity in
many prefrontal areas, including mPFC/ACC, with increasing lev-
els of FOK (Kikyo & Miyashita, 2004); similar prefrontal areas were
also implicated in FOK in a semantic memory task (Kikyo, Ohki,
& Miyashita, 2002). Activity in more ventral mPFC has also been
linked to JOL ratings, and correlated with individual differences
in the accuracy of such ratings, while more dorsal mPFC activity
was found to be related to both predicted and actual recognition
memory performance in the same study (Kao, Davis, & Gabrieli,
2005).

While the existing evidence clearly implicates PFC in meta-
memory, it remains unclear which area or areas within PFC are
critical, and for which meta-memory processes. Indeed, it seems
likely that multiple regions within PFC may be involved in this rel-
atively complex set of processes. The existing neuropsychological
literature leaves a number of questions unanswered. Patient groups

have been anatomically heterogeneous, a wide variety of mem-
ory paradigms and meta-memory measures have been used, and
only one study has addressed, post hoc, the regional specificity of
PFC involvement in meta-memory. Somewhat surprisingly, given
that dorsal ACC appears to be the most consistent mPFC correlate
of meta-memory in fMRI work, that study suggested right ventral
mPFC as a key region, at least for FOK.

Post hoc lesion overlap analyses are a relatively weak form
of evidence, because lesion location is not randomly distributed
in human studies. Common patterns of damage related to the
underlying etiology of the damage can result in spurious findings
(Kimberg, Coslett, & Schwartz, 2007). Motivated by the putative
role of dorsal ACC in other forms of performance monitoring,
and by fMRI studies implicating this region in meta-memory, the
present study focused a priori on mPFC, enrolling participants
with lesions overlapping in dorsal ACC. We aimed to test whether
this frontal sub-region plays a critical role in meta-memory, to
determine whether this was manifest in both prospective and
retrospective memory judgments, and to determine the relation-
ship between memory and meta-memory performance in these
patients.
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Fig. 1. Lesion location and overlap for the mPFC group, shown on axial slices of the sta
(i.e. left is right). Pink indicates regions damaged in 1 subject, blue, 2 subjects, gree

2. Methods

2.1. Subjects

Subjects with mPFC damage (N = 5) were identified through the research
databases of the Center for Cognitive Neuroscience at the University of Pennsylva-
nia and McGill University (Fellows, Stark, Berg, & Chatterjee, 2008). All lesions were
secondary to ischemic stroke in either the anterior cerebral artery or peri-callosal
artery territory, and had occurred at least 6 months prior to testing (range 6 months
to 11 years). Individual lesions were traced from the most recent clinical magnetic
resonance imaging onto the standard Montreal Neurological Institute brain by a
neurologist with experience in image analysis, using MRIcro software. Two patients
had bilateral mPFC damage, in addition to substantial bilateral injury to adjacent
medial orbitofrontal cortex. The other three patients had damage limited to the left
hemisphere, centered in pre-genual and dorsal ACC. The locations of these lesions
are shown in Fig. 1.

For each patient, 2–3 age- and education-matched control subjects were drawn
from a database of healthy volunteers recruited from the local Montreal community
by advertisement. Control participants (CTL; N = 19) had no history of neurolog-
ical or psychiatric disease, closed head injury, or substance abuse and were not
taking psychoactive medication. Controls scored at least 27/30 on the Montreal
Cognitive Assessment (http://www.mocatest.org/). All participants provided writ-

ten informed consent, in accordance with the principles set out in the Declaration of
Helsinki and the stipulations of the local Institutional Review Boards, and received
a nominal fee as compensation for their time and effort. Background information
about the participants is provided in Table 1. Two sample t-tests revealed no signif-
icant difference between the groups with regard to age, education or IQ estimated
by the American version of the National Adult Reading Test (ANART).

2.2. Tasks

In Experiment 1, all subjects completed a face–name episodic memory task with
both a free recall and recognition test, during which they rated JOL, RCJ, and FOK.
Face stimuli were digitized images drawn from the face database of the Max Planck
Institute (http://www.kyb.mpg.de/downloads/index.html). These stimuli consist of
faces from young white people with hair removed and faces subtly distorted so as not
to be directly identifiable as the faces of the individuals who served as the models.
Subjects were shown a total of 24 faces, presented one at a time in blocks of 6. In
the learning phase of each block, each face was paired with a name printed below
it on the screen, displayed for 3.5 s, with an inter-stimulus interval of 500 ms. JOL
was measured immediately after each learning block: In keeping with the method
successfully used in two prior studies of patients with frontal injury, subjects were
asked to predict the proportion of faces they would be able to name later, on a scale
of 1–5 (remember none, 1/4, half, 3/4 or all) (Vilkki et al., 1998, 1999).

After a delay of 1 min, during which subjects completed a distractor confronta-
tion naming task, recall and recognition of the face–name pairs were tested. The 6
faces seen during encoding were presented in random order, one at a time. For each

Table 1
Background informationa

Group Age (year) Education (year) Sex (F/M) IQ (ANART)

CTL (N = 19) 58.74 (12.6) 12.32 (2.4) 12/7 122.4 (7.7)
mPFC (N = 5) 59.2 (15.1) 13.8 (2.2) 2/3 116.2 (5.4)

ANART, American National Adult Reading Test.
a Values given are mean (S.D.).
ychologia 46 (2008) 2958–2965

Montreal Neurological Institute brain oriented according to radiological convention
bjects, yellow, 4 subjects and red, the common area affected in all 5 subjects.

face, subjects were asked to recall the corresponding name; if they were unable to
provide an answer, they were encouraged to “make a guess”. They then provided
a confidence rating (RCJ) for their answer on a 4-point scale: uncertain, somewhat
uncertain, somewhat certain and certain. No feedback about recall accuracy was
provided. In keeping with Schnyer et al. (2005), subjects were then asked to esti-
mate the likelihood they would recognize the correct name from a list on a scale
of 1–5 (no chance of correct recognition, 25% chance, 50% chance, 75% chance or
know).

Following the FOK rating, participants completed a recognition memory test in
which each of the studied faces was displayed with 3 names (1 correct, 2 incorrect)
printed beneath it. One of the distractor names was previously paired with a different
face to ensure that the decision about the correct name was not based solely on
familiarity; the other distractor name was a new name that had not been presented
during encoding. All stimuli and meta-memory rating scales were presented on a
touchscreen-equipped Toshiba tablet computer using Eprime stimulus presentation
software (version 1, Psychology Software Tools, Inc., 2002).

The results of Experiment 1 prompted us to further examine the relationship
between meta-memory and memory performance in a second experiment. Only
3 of the 5 patients were available to participate in Experiment 2 (one with a large
bilateral mPFC lesion, and two with more restricted lesions to left mPFC); a matched
subset of the control group was also re-tested. This experiment was carried out on
a separate day. The basic design was identical, but the face–name memory task was
modified to gather meta-memory data at two levels of memory difficulty, to allow
analyses in which memory performance was equated across the patient and control
groups. All 3 patients and 6 of the control subjects completed an easier version of the
face–name task. This easy version used 24 more easily distinguished faces (colour
photos of unknown people, with hair and clothing visible, and with a range of ages
and ethnicities), and presented the face–name pairs in blocks of 4 (rather than 6),
with the test phase again following 1 min later. The three control subjects who had
scored higher than 66% correct on the recognition test in Experiment 1 performed a
harder version of that task, with a new set of faces and names, but which otherwise
differed from the task used in Experiment 1 only in the length of the delay between

learning and test (increased from 1 to 5 min, filled with object naming and simple
mental arithmetic distractor tasks). All meta-memory measures were identical to
those used in Experiment 1.

2.3. Analysis

Memory performance was expressed as the proportion of correct responses in
recall and recognition tests. As in previous work (Janowsky et al., 1989; Pannu et
al., 2005; Perrotin, Belleville, & Isingrini, 2007; Schnyer et al., 2004), the accuracy
(or, more precisely, the resolution) of retrospective recall confidence and FOK judg-
ments was measured using the Goodman–Kruskal gamma index (Nelson, 1984), a
correlation measure which captures the degree to which two ordinal variables vary
together (here memory performance in each block and response on the relevant
meta-memory response scale for each block). This gamma measure is appropriate
when the number of measurement categories is not equal for the two variables
(Gonzalez & Nelson, 1996). The gamma statistic is a continuous variable that ranges
from −1 to 1 with zero representing chance. Large positive values correspond to
a strong association and negative values correspond to an inverse relationship
between memory and meta-memory measures. In addition to this primary measure
of accuracy, the relationship between absolute judgments and memory performance
was also examined. t-Tests and repeated measures ANOVA were used to compare
memory and meta-memory performance between groups. Significance was set at
p < 0.05, two-tailed.

In keeping with previous work (Vilkki et al., 1998, 1999), JOL was measured
after each block of training rather than after each trial. Gamma statistics, which

http://www.mocatest.org/
http://www.kyb.mpg.de/downloads/index.html
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Fig. 2. Memory performance and meta-memory accuracy (expressed as gamma cor
memory accuracy. Panel B shows Gamma correlations for RCJ and FOK judgments.
mPFC groups (p < 0.05).

assess trial-by-trial correlations, could not be applied. Instead, absolute JOL accuracy
(and the direction of any inaccuracy) was determined by subtracting actual recall
performance (expressed as percent correct) from the JOL prediction for each block of
trials; a score of zero on this measure represents perfect JOL accuracy. The correlation
between block-wise recall accuracy and JOL was also examined.

3. Results

3.1. Experiment 1

3.1.1. Memory performance
Recall and recognition performance of the two groups in Exper-

iment 1 is shown in Fig. 2. Both groups had better recognition than
recall performance (F1,22 = 95.5, p < 0.001). Recall performance was
statistically indistinguishable in the two groups, with control sub-
jects correctly recalling 29.6% (S.D. 16) of the face–name pairs, and
mPFC patients 19.2% (S.D. 13). In contrast, those with mPFC damage
performed worse than control subjects on the recognition test, cor-
rectly recognizing 49.5% (S.D. 11) of the test stimuli compared to
65.6% (S.D. 14) in the control group (two sample t-test; t22 = 2.3,
p < 0.05). The recognition performance of both groups was bet-
ter than chance (CTL: t18 = 9.84, p < 0.001, mPFC: t4 = 3.24, p < 0.05).
The pattern of recognition errors was similar in mPFC and control
groups: all subjects were more likely to choose the familiar (i.e.
presented on a previous trial) than the novel distractor. Mean (S.D.)
recognition errors where familiar distractors were endorsed: CTL

7.3 (3.3), mPFC 10.4 (3); where novel distractors were endorsed:
CTL 1.1 (1.1), mPFC 1.8 (2.4). The effect of distractor type was highly
significant (F1,22 = 61.9, p < 0.001), but there was no significant group
by distractor type interaction (F1,22 = 1.5, p = 0.23).

3.1.2. JOL performance
Absolute JOL accuracy, expressed as the difference between

actual and predicted recall accuracy (both expressed as percent-
ages) for each block, was indistinguishable in the two groups (mean
difference score (S.D.): CTL −10.5 (27.5); mPFC −13.3(27.5); t22 = 0.3,
p = 0.77). The difference scores were significantly less than zero
in both groups, reflecting consistent over-confidence at the time
of learning with regards to eventual recall performance in both
patients and control subjects. There was a positive correlation
between JOL ratings and recall performance in the group as a whole
(r = 0.26, p < 0.05); the degree of correlation was similar in the two
groups (CTL: r = 0.24; mPFC: r = 0.27).

3.1.3. RCJ and FOK performance
The accuracy of meta-memory performance, as captured by

gamma measures for both RCJ and FOK were entered into a two-
ychologia 46 (2008) 2958–2965 2961

ns) for mPFC and CTL groups in experiment I. Panel A shows recall and recognition
bars indicate standard errors. * indicates significant differences between CTL and

way ANOVA (with ‘group’ as between and ‘judgment type’ as within
factor), revealing a main effect of group (F1,22 = 5.1, p < 0.05) with no
significant interaction, indicating that subjects with mPFC dam-
age were significantly less accurate in both types of confidence
judgment (Fig. 2B).

There was no evidence that those with mPFC damage differed
from control subjects in how they used the rating scales: The pro-
portion of responses for each level of RCJ and FOK rating was similar
between the two groups (F1,22 = 0.5, p = 0.48 for RCJ and F1,22 = 0.1,
p = 0.76 for FOK), with no significant interaction between ‘group’
and ‘rating’ for either measure.

In keeping with previous work (Schnyer et al., 2004), we also
examined meta-memory accuracy on a trial-by-trial basis by com-
paring ratings of both RCJ and FOK separately for correct and
incorrect responses. Ratings for both meta-memory measures were
statistically higher for correct than incorrect trials in the control
group (correct: 2.7 (0.66), incorrect: 1.8 (0.49), t18 = 5.3, p < 0.001
for RCJ, correct: 2.0 (0.8), incorrect: 1.5 (0.75), t18 = 4.0, p = 0.001 for
FOK judgments). Ratings for correct and incorrect trials did not dif-
fer significantly in the patient group (correct: 2.1 (0.93), incorrect:
1.6 (0.78), t4 = 1.86, p = 0.14 for recall confidence rating, correct: 1.3
(0.88), incorrect: 1.2 (0.96), t4 = 0.54, p = 0.62 for FOK judgments).

These data indicate that mPFC damage affects both memory
and memory monitoring, leading us to wonder whether these
two effects were independent. Memory performance and gamma
indices were positively correlated in the sample as a whole (recall

vs. gamma for recall confidence r = 0.38, p = 0.06, recognition vs.
gamma-FOK (r = 0.59, p < 0.01)). We therefore repeated the main
analyses with memory performance as a covariate (ANCOVA with
‘group’ as the main factor, ‘gamma measures’ as the dependant vari-
ables and either recall or recognition accuracy (in separate tests) as
covariates). This eliminated the effect of group on meta-memory
performance: subjects with mPFC damage and controls no longer
differed detectably in RCJ or FOK gamma coefficients (gamma-RCJ:
F1,21 = 2.5, p = 0.13; gamma-FOK: F1,21 = 0.4, p = 0.53).

3.2. Experiment 2

As reviewed in Section 1, prior work has provided inconsistent
evidence as to whether there are prefrontal contributions to meta-
memory independent from memory. Although the ANCOVA results
argue against such an independent contribution, our sample size
limits the power of this analysis. We therefore sought to exam-
ine the apparent relationship between memory and meta-memory
after mPFC damage more thoroughly, by manipulating memory
performance in a subset of the participants in a follow-up experi-
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Fig. 3. Memory performance and meta-memory accuracy for the mPFC group and t
the mPFC performance (including 3 control subjects who were tested on a second, m
Panel B shows gamma correlations for RCJ and FOK judgments. Error bars indicate s
measures.

ment. The aim was to compare meta-memory performance in the
two groups while experimentally controlling for memory perfor-
mance, and to do so at two different levels of memory performance.
This was achieved by administering easier or more difficult versions
of the task (see Section 2), and then pooling the data across experi-
ments to generate two datasets: one with memory performance of

controls approximately matched to the performance of the mPFC
group in Experiment 1 (‘poor memory’ condition; approximately
50% recognition accuracy), and the other with mPFC performance
matched to the performance of high performing control sub-
jects in Experiment 1 (‘good memory’ condition; approximately
75% recognition accuracy). Recognition accuracy in a subset of
healthy controls (N = 8) was in the target range (<66%) in the initial
experiment. A further 3 control subjects who had performed well
initially were re-tested with a more difficult version of the task.
Meta-memory measures were then compared at this “poor mem-
ory performance” level between these controls (N = 11) and all 5
patients with mPFC damage. The groups remained well matched
on demographic variables.

As intended, memory accuracy was statistically indistinguish-
able between the two groups in the ‘poor memory’ condition of
Experiment 2 (CTL: 12.5 (5.9)% recall and 50.4 (7.8)% recognition,
mPFC: 19.2 (13)% recall and 49.5 (11.2)% recognition; F1,14 = 0.03,
p = 0.86) (Fig. 3A). JOL accuracy did not differ between the two
groups in this condition, and both groups again significantly over-
estimated their future recall performance (mean JOL difference
scores: CTL: −19.1 (14.2), mPFC: −13.3 (11.8). Under this ‘poor mem-

Fig. 4. Memory performance and meta-memory accuracy for a subset of the mPFC group
in the range of performance of the control group in the Experiment 1. Three of the mPFC g
Panel A shows recall and recognition accuracy. Panel B shows gamma correlations for R
differences between CTL and mPFC groups (p < 0.01).
ychologia 46 (2008) 2958–2965

bset of the control group whose recognition memory performance was matched to
ifficult version of the task). Panel A shows recall and recognition memory accuracy.
rd errors. There were no significant differences between the groups on any of these

ory’ condition, RCJ and FOK accuracy dropped sharply in the control
group, and was now comparable to the accuracy of those with mPFC
damage (F1,12 = 0.05, p = 0.83) (Fig. 3B).

This finding argues that accurate trial-by-trial memory monitor-
ing requires some minimum information upon which to operate;
when memory task performance is poor, meta-memory accuracy

is likewise poor, even in healthy controls. Thus, the deficit in both
RCJ and FOK accuracy after mPFC damage would appear to be
related to the level of difficulty of the memory task itself for such
patients.

What happens when these patients perform an easier memory
task? The three patients who were available, and 6 of the control
subjects whose original recognition accuracy was <66% (and who
were matched most closely in age and education to the 3 patients),
were re-tested with an easier memory task. Subsequently, the
meta-memory accuracy for all subjects with recognition accuracy
>66%was examined (CTL: N = 13, mPFC: N = 4). As can be seen in
Fig. 4A, memory accuracy was well matched across the two groups
in this ‘good memory’ condition (recall accuracy: mPFC 46 (21)%,
CTL 47 (17)%; recognition accuracy mPFC 74 (7)%, CTL 79 (9)%;
(F1,15 = 0.23, p = 0.64)) (Fig. 4A).

Under this ‘good memory’ condition, JOL accuracy improved in
both groups, and to a similar extent. The difference between pre-
dicted and actual recall accuracy was not statistically different from
zero in either group (mean JOL difference score: CTL −2.7 (24.4);
mPFC −2.1 (5.4)). Similarly, RCJ accuracy as captured by the gamma
measure improved in the mPFC group, to the point where it did not

(N = 4), and of the control group (N = 13), with memory performance matched and
roup and 6 of the control group were tested on a second, easier version of the task.

CJ and FOK judgments. Error bars indicate standard errors. ** indicates significant
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differ from control performance. In contrast, mPFC patients showed
a persistent deficit in FOK accuracy (t15 = 3.6, p < 0.01) (Fig. 4B).

Finally, we examined the absolute correspondence between
both RCJ and FOK judgments and performance, to determine
whether inaccuracies in meta-memory judgments systematically
reflected either under-confidence or over-confidence about perfor-
mance. In keeping with previous work, the distributions of ratings
for RCJ and FOK judgments were examined separately for incorrect
and correct recall or recognition trials. In the ‘poor memory’ con-
dition, the two groups were similarly inclined to give low RCJ and
FOK ratings for incorrect recall and recognition trials, respectively,
(i.e. both groups were mostly uncertain or somewhat uncertain of
their recall responses on trials where they were, in fact, incorrect
(CTL: 81%, mPFC: 82%)) and predicted a low likelihood (50% or less)
of correct recognition on trials where they in fact made incorrect
recognition responses (CTL: 83%, mPFC 83%). Interestingly, both
groups provided low FOK judgments even for correct trials (CTL:
82%, mPFC: 83%) but this effect was not as evident for RCJ (CTL:
61%, mPFC: 35%).

In contrast, in the ‘good memory’ condition, both groups
provided similar meta-memory ratings for correct recall and recog-
nition trials. However, those with mPFC damage gave higher FOK
ratings for incorrect trials than did controls (percent of responses
that were in the “know” or “75% chance of recognition” categories
for incorrect trials: CTL: 19%, mPFC: 38%). The likelihood of over-
estimating memory abilities on incorrect trials was significantly
greater in the mPFC group (chi square = 9.65, p < 0.05). RCJ and FOK
ratings were not correlated with each other in either ‘poor’ or ‘good’
conditions.

The recognition accuracy in one of the patients who was not
available for retest was exactly 66%. We therefore included him in
both the “poor” and “good” memory performance datasets. How-
ever, excluding his data from either analysis does not substantially
affect the results. In addition, in order to make sure that the results
of these subset analyses were not being driven by inadvertently
dropping subjects who were the main drivers of the initial pattern
of results, Experiment 1 analyses were repeated including only the
subset of controls and patients examined in the “poor” and “good”
memory-matched analyses. The pattern observed in the full group
of participants was present in both of these subset analyses.

4. Discussion
The present study examined the role of mPFC in three classes
of memory monitoring judgments. Damage to mPFC had differ-
ent effects on these meta-memory measures. Such damage also
affected performance of the memory task, an effect that was related
to some, but not all, of the observed meta-memory deficits. The 3
memory monitoring measures will be discussed in turn:

4.1. Judgment-of-learning

Consistent with the literature (Dunlosky & Nelson, 1994;
Mazzoni & Nelson, 1995; Vesonder & Voss, 1985), control partic-
ipants in our study over-estimated the likelihood of future recall
success immediately after the learning phase of the experiment.
The group with mPFC damage also over-estimated their future per-
formance. The relation between JOL and recall accuracy tested a
minute later was similar in the two groups. Two prior studies have
reported impaired JOL accuracy after focal frontal damage (Vilkki
et al., 1998, 1999). Our study does not address the role of frontal
regions other than mPFC, but taken together with this prior work,
accurate JOL likely depends on a non-mPFC region of the frontal
lobes.
ychologia 46 (2008) 2958–2965 2963

The present study does speak to the question of whether JOL
is dissociable from other meta-memory judgments. The intact JOL
observed in the same patients who had impaired FOK (and, in non-
memory matched conditions, impaired RCJ) provides evidence that
these classes of memory monitoring judgments are distinct, and
do not rely in common on a function mediated by mPFC. This is
consistent with previous studies in normal subjects showing that
the accuracies of JOL and FOK ratings are not necessarily correlated,
nor equally predictive of memory performance (Leonesio & Nelson,
1990), and with a study in traumatic brain injury patients that also
found intact JOL despite impaired FOK (Pinon, Allain, Kefi, Dubas,
& Le Gall, 2005).

JOL and FOK are both judgments about future performance.
The dissociability of JOL and FOK performance here argues that
mPFC is not critical for prospective memory performance moni-
toring in general. JOL and FOK differ in several ways, and further
work will be needed to specify what protects JOL from the effects
of mPFC damage. One possibility is that JOL, at least as opera-
tionalized here, involves judging performance integrated over 4
or 6 trials, which may be qualitatively different from judgments
made regarding past or future memory performance on a single
trial basis, as was required for the other meta-memory measures.
We speculate that this more integrative judgment relies more on
heuristics (perhaps the discriminability of the studied items, load,
or past experience outside the testing setting) than on trial-specific
memory or memory monitoring processes.

4.2. Recall confidence and feeling-of-knowing

We found that mPFC damage was associated with reduced accu-
racy in both RCJ and FOK judgments. However, only the latter deficit
remained when the mPFC and CTL groups were matched on mem-
ory task performance in a ‘good memory’ condition. Furthermore,
when the CTL group performed at ‘poor memory’ levels, RCJ and
FOK accuracies were within the range of mPFC patients perform-
ing at a similarly poor level of recognition accuracy. Two recent
studies that used the same two meta-memory measures in sub-
jects with frontal damage reported conflicting results: Pannu et al.
found impaired RCJ accuracy (Pannu et al., 2005), while Schnyer
et al. found impaired FOK accuracy (Schnyer et al., 2004). While
there were important differences in the memory tasks used in those
studies, the results may have a neuroanatomical explanation: the
majority of patients studied by Pannu et al. had lateral PFC dam-
age, while those with impaired FOK in the Schnyer et al. study had

damage that overlapped in ventromedial PFC.

We explicitly chose meta-memory measures similar to those
used by Schnyer et al. to optimize comparability, but tested the role
of a more dorsal region within mPFC that has been implicated in
other forms of performance monitoring. Our main finding is broadly
compatible with the results of the Schnyer et al. study: even unilat-
eral mPFC damage led to a consistent deficit in FOK, across all levels
of memory performance. However, the overlap in the Schnyer et
al. study was in the right hemisphere, and more ventrally located.
The 3 patients we studied with unilateral damage had left hemi-
sphere injury, with a more dorsal overlap. While our findings do
not address the role of frontal regions outside of dorsal mPFC, they
do indicate that mPFC damage in either hemisphere, and affect-
ing dorsal mPFC alone, is sufficient to disrupt FOK. This finding is
consistent with recent fMRI studies showing that mPFC, and more
specifically dorsal ACC, is active during FOK judgments in healthy
subjects (Kikyo et al., 2002; Schnyer et al., 2005), and argues that
this activation reflects a necessary role for this region in FOK.

In most experimental paradigms, FOK judgments are made after
subjects have failed to recall the item. Thus, feedback on recall per-
formance may be used to adjust subsequent FOK estimates (Koriat,
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1993), and it has been argued that a subtle difficulty in using such
feedback may be the explanation for FOK impairments after frontal
damage (Schnyer et al., 2004). Certainly, patients with ventrome-
dial PFC damage have difficulty learning from negative feedback
in other contexts (Wheeler & Fellows, 2008). To avoid this poten-
tial confound, we provided no feedback after recall. The persistent
deficit in FOK we observed with this design confirms that the
difficulty is with the FOK judgment itself, rather than with incor-
porating explicit performance feedback.

We also found that RCJ was affected by mPFC damage, an effect
that was related to the level of difficulty of the memory task.
When the patients’ memory performance improved (in an eas-
ier task), their recall confidence became as accurate as that of
controls, although their FOK remained inaccurate. Interestingly,
when control memory performance worsened (in a more diffi-
cult task) to levels seen in patients, the accuracy of both forms
of meta-memory was degraded even in these healthy subjects.
A close relationship between memory and trial-by-trial forms of
meta-memory is consistent with recent work in patients with mild
cognitive impairment (Perrotin et al., 2007) and studies of other
amnesic populations with frontal dysfunction (e.g. Korsakoff’s syn-
drome, dementia) (Pannu & Kaszniak, 2005). The present study
adds nuance to our understanding of frontal lobe contributions to
memory and meta-memory: first, we confirm the link between the
two processes after mPFC damage specifically, and second, we show
that such damage leads to a FOK deficit that is above and beyond
meta-memory deficits related to memory performance per se.

What are the implications of this relationship between memory
and meta-memory? In principle, this apparent link might reflect
a confound, in that relatively poor memory performance could
restrict or bias the gamma measure that we chose as our pri-
mary measure of meta-memory accuracy. However, prior work has
shown that memory and meta-memory performance need not be
linked: for example, there is evidence of the dissociability of these
abilities, as measured by the gamma statistic, in temporal lobe
amnesics (Shimamura & Squire, 1986). In other words, it is pos-
sible to have memory impairment, and to accurately report that
impairment on a trial-by-trial basis, a phenomenon predicted by
‘assessment of memory strength’ accounts of meta-memory, as
long as the neural substrates of meta-memory are distinct from
those that support memory.

Why do patients with mPFC damage fail to do so? One possibility
is that meta-memory inaccuracy is the cause of the poor mem-
ory performance in these patients. That is, a failure to recognize

poor performance means that compensatory control processes are
not engaged, so performance remains poor. This seems unlikely:
while RCJ was inaccurate in the ‘poor memory’ condition, the over-
all tendency was to under-estimate memory performance. Patients
thought they were performing worse than they actually were,
which would presumably lead to increased engagement of control
processes supporting memory performance. A more complex alter-
native is that mPFC damage disrupts both monitoring and control
processes, an account that has been advanced to explain the role
of dorsal ACC in other cognitive tasks (Posner & DiGirolamo, 1998).
However, this is not particularly consistent with the finding that
RCJ accuracy normalized as memory task performance improved
under ‘good memory’ conditions. A third possibility is that accu-
rate RCJ requires some minimum level of memory strength upon
which to operate. By this account, mPFC damage directly affects
memory task performance, and only indirectly impairs RCJ accu-
racy. This possibility is also consistent with the inaccuracy of RCJ in
control subjects with poor memory performance.

Some theories of memory monitoring posit that all judgments
call upon a common assessment of memory ‘strength’. Others pro-
pose that mnemonic cues such as retrievability are only one of a
ychologia 46 (2008) 2958–2965

set of cues that may be used to make meta-memory judgments,
and there is evidence that JOL, RCJ, and FOK may rely on differ-
ent weightings of such cues (Busey et al., 2000; Dougherty et al.,
2005; Jang & Nelson, 2005; Kelley & Lindsay, 1993; Koriat & Levy-
Sadot, 2001). The findings of this study are more in keeping with
the latter hypothesis: Under different conditions the accuracies
of these three classes of meta-memory judgments were dissocia-
ble. Furthermore, experimental manipulations that were likely to
enhance memory strength led to improvement in the accuracies
of JOL and RCJ, but not FOK, in those with mPFC damage. Multi-
ple forms of post-retrieval monitoring have also been reported in
amnesic patients with confabulation after orbitofrontal and ven-
tromedial PFC damage (Gilboa et al., 2006).

The present experiments were not designed to disentangle what
might be driving this differential effect of memory performance
on these meta-memory measures. Further work will be needed to
determine whether mPFC is crucial for accurately using mnemonic,
internal, or external cues, or a combination thereof, to arrive at FOK
judgments. However, at the least, our findings indicate that mPFC
plays a particular, additional role in some process that is required
for FOK, but not RCJ (or, for that matter, JOL).

Given the rich literature implicating dorsal ACC in other aspects
of performance monitoring, such as error detection (Carter et al.,
1998; Fiehler, Ullsperger, & von Cramon, 2004) and response con-
flict monitoring (Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis,
2004), we speculate that this additional process is not memory spe-
cific. Instead, it seems likely to be a generic monitoring function.
It is worth considering the distinct features of FOK judgments as
operationalized here: These judgments were prospective, trial spe-
cific, and likely relied, at least in part, on an effort to carry out the
required operation (in this case, memory retrieval). These three fea-
tures have a parallel in paradigms used to study the role of dorsal
ACC in error and conflict monitoring. Dorsal ACC activation across
a range of (non-memory) tasks reflects error likelihood (i.e. pre-
dicted performance accuracy) on a single trial basis, and is sensitive
to ‘internal’ information such as response conflict (Botvinick et al.,
1999; Brown & Braver, 2008). The challenge for future work will be
to extend models of dorsal ACC function to capture the role of this
region in FOK judgments, as well as in performance prediction in
decision-making and response conflict tasks.

In summary, this study focused on the role of mPFC in the mon-
itoring of memory performance. We found evidence for at least
partial dissociability of 3 classes of memory monitoring judgments.
The absolute accuracy of JOL in predicting future recall perfor-

mance was not affected by mPFC damage, but the resolution of RCJ
and FOK in discriminating between degrees of memory accuracy
was impaired, even after unilateral mPFC damage. However, only
FOK remained impaired when patients with mPFC damage were
matched to controls at a high level of memory accuracy. MPFC plays
a critical role in FOK accuracy in episodic memory independent of
its role in memory task performance.
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