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Neural correlates of actual and predicted

memory formation

Yun-Ching Kao!, Emily S Davis! & John D E Gabrieli'?

We aimed to discover the neural correlates of subjective judgments of learning—whereby participants judge whether current
experiences will be subsequently remembered or forgotten—and to compare these correlates to the neural correlates of actual
memory formation. During event-related functional magnetic resonance imaging, participants viewed 350 scenes and predicted
whether they would remember each scene in a later recognition-memory test. Activations in the medial temporal lobe were
associated with actual encoding success (greater activation for objectively remembered than forgotten scenes), but not with
predicted encoding success (activations did not differ for scenes predicted to be remembered versus forgotten). Conversely,
activations in the ventromedial prefrontal cortex were associated with predicted but not actual encoding success, and correlated
with individual differences in the accuracy of judgments of learning. Activations in the lateral and dorsomedial prefrontal cortex
were associated with both actual and predicted encoding success. These findings indicate specific dissociations and associations
between the neural systems that mediate actual and predicted memory formation.

A critical aspect of learning is knowing how to learn. Knowing
how to learn reflects an interaction between memory processes that
encode experience into long-term memory and introspective (or
metamemory) processes that evaluate whether information has been
learned successfully. Such judgments of learning (JOLs) guide the
allocation of cognitive and mnemonic resources so that information
that has been sufficiently learned is no longer studied, whereas
information that has not yet been successfully learned can be further
encoded into long-term memory. Functional neuroimaging studies
have delineated neural systems that seem to determine whether
information is successfully or unsuccessfully learned during encod-
ing!2, but there is no evidence as yet about the neural systems that,
during study, mediate judgments about whether information has or has
not been learned.

JOLs are known to influence the success of learning®™. Studies of
JOL ask people to judge, during encoding, whether particular pieces of
information or stimuli are successfully or unsuccessfully encoded (that
is, whether they are likely to be remembered or forgotten in a later test
of retention). Superior JOLs are associated with superior learning:
students with higher scholastic performance evaluate their learning and
predict their test performance better than students with lower scho-
lastic performance scores>*. The effects of JOLs on successful learning
are most potent in situations when people are given the most
opportunity to select study strategies, such as self-paced learning,
and least potent when there is minimal opportunity for this, as in
experimenter-paced learning®. With training, people can improve their
ability to accurately assess what they will remember or forget, especially

under self-paced learning circumstances’.

The unknown neural circuitry that mediates JOLs may be the same
as that known to mediate learning itself!, or there may be some
distinction between memory systems that encode experience and the
metamemory systems that evaluate the success of that encoding.
Indeed, psychopharmacological and neuropsychological studies indi-
cate that these memory and metamemory processes depend upon at
least partially distinct neural circuitry®~!°. Nitrous oxide and the
benzodiazepine lorazepam both impair memory performance, but do
not impair the ability to form accurate JOLs®®. Participants given
lorazepam perform poorly in recalling previously learned word pairs,
but actually perform as well as those given a placebo in forming
accurate JOLs about the likelihood of later recall®.

Neuropsychological studies have also reported dissociations between
JOLs and memory performance. Individuals with frontal lobe lesions
are impaired at making JOLs, despite normal recognition-memory
performance!®!!. In one study, individuals with unspecified frontal
lesions and those with a variety of posterior lesions memorized a 4 x 4
matrix of faces!®. The participants predicted the number of faces they
would later be able to match to the original matrix location. Whereas
subjects with right frontal lesions showed better memory performance
than did those with right posterior lesions, they were less accurate in
making memory predictions. These results suggest that JOLs may be
dissociable from actual encoding success for experimenter-paced
learning. Furthermore, these results point to the potential importance
of prefrontal cortex (PFC) in forming accurate JOLs.

Currently, there is no evidence about the neural basis of JOLs in
normal healthy adults. Although little is known about the neural
systems supporting the prediction of encoding success, there is
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mounting evidence about the neural systems
that mediate actual encoding success. The
ability to successfully encode experiences into
long-term memory has been associated with
the functioning of medial temporal lobe
(MTL) and PFC. MTL structures are essential
for the formation of new declarative mem-

Will you remember this at test?

ories'>!%, and MTL activation is greater during
the encoding of scenes! and words? that will
later be remembered than for those that will
later be forgotten. Activations in PFC during
encoding also predict subsequent remember-
ing>!4, One interpretation is that PFC con-
tributes to memory formation by supporting
semantic elaborations and executive opera-
tions that monitor, regulate and facilitate
memory processes'>. Thus, convergent beha-
vioral evidence from patients with frontal
lesions and imaging evidence suggest that

JOLs, which involve the self-monitoring of memory test.

Will you remember this at test?

12

Figure 1 Task design. Scenes and fixations were presented for 4 s. For each scene, participants made
judgments of learning by predicting whether or not they would remember the scene in a later recognition-

encoding processes, may also depend on
PFC functioning.

Although neuropsychological studies have implicated PFC as impor-
tant in JOL accuracy, it is unknown which specific subregions support
JOLs. One clue comes from a neuropsychological study of a meta-
memory judgment made at retrieval, the feeling-of-knowing (FOK)
judgment!'®. In FOK studies, people are asked whether they feel they
would recognize information that they have failed to recall. The
accuracy of the FOK can be gauged by then asking a person to actually
make the recognition memory. Individuals with the most inaccurate
FOK judgments had in common damage to the ventromedial pre-
frontal cortex (VMPFC)!°. The finding that VMPFC is essential in FOK
metamemory judgment at retrieval raises the possibility that the same
brain region participates in JOL metamemory judgments at encoding.

In the present study, we used event-related functional magnetic
resonance imaging (fMRI) to investigate the neural basis of JOLs.
Specifically, we examined whether subjective predictions of encoding

lying actual encoding success. Participants were scanned while predict-
ing whether or not scenes were successfully encoded (that is, whether
they would be later remembered or forgotten) (Fig. 1). Afterwards,
outside the scanner, participants were given an old or new recognition-
memory test. For analysis, items were sorted on the basis of whether
they were given a “will remember” (R) or a “will forget” (F) JOL, and
whether they were later actually remembered (r) or forgotten (f) during
the recognition-memory test. This design

allowed us to investigate the neural substrates

l, .I success (JOLs) depend on the same or different neural circuits under-

tion (t;5 = 1.90, P > 0.05) or latency (t;5 = 0.91, P > 0.05) of R versus
F responses. In the post-scan recognition test, participants made
accurate old or new judgments 71% of the time (s.d. = 7%) and
had a mean d-prime of 0.83 (s.d. = 0.33). (D-prime is a measure
of recognition memory sensitivity, independent of decision criteria.)
Using participants’ responses on the post-scan memory test, we
sorted trials at study based on predicted encoding success and actual
encoding success. Items remembered with low confidence were
excluded from all analyses to minimize the influence of guessing;
however, items forgotten with low confidence were not excluded
because such exclusion would have resulted in an insufficient number
of misses for data analysis. During encoding, scenes were given either R
or F predictions and were either subsequently remembered with high
confidence (r) or subsequently forgotten (f). Thus, there were four
possible trial outcomes (Fig. 2a,b): (i) scenes were given a “will
remember” prediction and were later remembered (Rr), (ii) scenes
were given a “will remember” prediction but were later forgotten (Rf),
(iii) scenes were given a “will forget” prediction but were later
remembered (Fr) and (iv) trials were given a “will forget” prediction
and were later forgotten (Ff). A 2 X 2 repeated-measures analysis of
variance (ANOVA) revealed no significant main effects for prediction
or retrieval outcome, indicating suitable and unbiased measurement
per trial type.

underlying predicted encoding success (JOLs) @ Predicton D Prediction ~ C Predicion Prediction € Prediction
. . R _F F R_F R__F R _F
compared to actual encoding success (learning
itself). We found specific brain regions that ~ggr| R [ Fr gor( 9 | 3 | gor| R Fr | gorf Rr| Fr gor| Rr) Fr
. 29 29 29 29 L9
were related exclusively to actual memory  5$ g £ e e
) . . ©3f| Rt | Ff c3f| 48 | 69 | £3f| R | Ff | £3f| Rf | Ff | £3f| Rf | Ff
formation, or exclusively to predicted memory
formation, or to both actual and predicted Trial type Mean JOL accuracy Actual Predicted
f . number of encoding encoding
memory ormation. responses success success

RESULTS

Task performance

Participants made an average of 144 (s.d. = 51)
“will remember” predictions (R) and 104 (s.d.
= 43) “will forget” (F) predictions. There was
no significant difference in either the propor-

Figure 2 Schematics of the four trial types and trial combinations for statistical analyses. (a) At study,
there were two possible JOL predictions: “will remember” (R) and “will forget” (F). At the recognition-
memory test, scenes were either remembered (r) or forgotten (f). (b) Mean numbers of responses for the
four trial types. (c) JOL accuracy was assessed by comparing correct JOL trials (gray) to incorrect JOL
trials (white). (d) In the actual encoding success analysis, scenes that were later remembered (gray) were
compared to scenes that were later forgotten (white). (e) In the predicted encoding success analysis,

R predictions (gray) were compared to F predictions (white).
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Table 1 Brain regions associated with actual and predicted encoding success

MNI coordinates

Study task X y z Peak Z-score Cluster size Region BA Peak Z-score
Actual encoding success -22 -72 45 4.74 97 L Parietal 7
38 -60 -15 4.72 135 R Fusiform 37
45 6 22 4.34 11 R Inferior frontal (lateral PFC) 44/6
-45 -66 -4 4.27 142 L Fusiform 37
38 -84 15 4.07 78 R Middle temporal 19
-34 30 -22 3.98 12 L Inferior frontal 47
-41 6 26 3.87 5 L Inferior frontal (lateral PFC) 44/6
15 -b4 15 3.47 5 R Posterior cingulate 30
34 -48 49 3.35 6 R Parietal lobule 40
Predicted encoding success -22 12 56 4.67 153 L Superior frontal 6
-41 -66 0 4.18 64 L Middle occipital 37
22 30 -15 4.07 58 R Middle frontal 11
-22 -72 34 4.23 53 L Precuneus 7
30 -54 34 4.02 49 R Precuneus 7
-11 42 -22 4.45 26 L Inferior frontal (VMPFC) 11/47
-45 36 19 4.08 17 L Inferior frontal (lateral PFC) 44/6
-15 0 -22 3.49 10 L Amygdala 34
49 -66 -4 4.79 8 R Inferior temporal 37
-41 24 -19 3.86 7 L Inferior frontal 47
52 -78 8 3.46 5 R Middle temporal 39

Only clusters of five or more voxels and a significance of P < 0.001 uncorrected are reported. BA,

We calculated JOL accuracy to examine whether participants
could reliably assess their learning to predict future retrieval perfor-
mance. Correct JOL trials consisted of trials in which JOL predictions
matched retrieval outcomes (Fig. 2c). Participants made JOL predic-
tions with above-chance accuracy (mean + s.d. 64 + 5%). To investigate
whether participants could discriminate between well-learned and

Brodmann'’s area; PFC, prefrontal cortex; VMPFC, ventromedial prefrontal cortex; L, left; R, right.

poorly-learned items, the Goodman-Kruskal gamma was calculated
for each participant. The gamma statistic indicates the strength of
association between two ordinal variables and is the preferred measure
in metamemory research!’. The mean gamma score was 0.53 (s.d. =
0.04) and was statistically greater than zero (t;5 = 12.64, P < 0.001),
indicating that participants were able to discriminate between items

Table 2 Distinct and overlapping regions between actual and predicted encoding success

MNI coordinates

Study task X y z Peak Z-score Cluster size Region BA
Actual > predicted -26 -48 -11 4.62 35 L Fusiform/parahippocampal 37
-26 -66 -11 4.17 5 L Posterior cingulate 31
30 42 -19 4.16 44 R Fusiform/parahippocampal 37
Predicted > actual -52 6 15 3.73 5 L Precentral 44
56 -24 -4 3.71 11 R Superior temporal 21
30 12 -19 3.68 17 R Inferior frontal 47
-11 42 -26 3.61 5 L Orbital frontal (VMPFC) 11
0 54 8 3.61 7 L Medial frontal (DMPFC) 10
4 42 -4 3.40 7 R Anterior cingulate 32
-26 12 64 3.32 5 L Middle frontal 6
Actual = predicted -41 6 26 3.87 18 L Inferior frontal (lateral PFC) 44/6
-22 -72 41 4.23 32 L Superior parietal lobule 7
-45 -66 4 4.27 44 L Inferior temporal gyrus 37
26 -72 34 3.49 28 R Precuneus 19
-22 6 49 3.18 14 L Cingulate gyrus 32

Only clusters of five or more voxels and a significance of P < 0.005 uncorrected are reported. BA, Brodmann’s area; VMPFC, ventromedial prefrontal cortex; DMPFC, dorsomedial prefrontal cortex;

PFC, prefrontal cortex; L, left; R, right.
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Figure 3 Statistical activation maps and percent
signal change. Activation maps are rendered onto
the MNI normalized canonical single-subject
brain. Line graphs represent the percent signal
change in brain activation as a function of time,
for each of the four trial types. Bar graphs
represent the mean percent signal change from
4 s to 8 s after stimulus presentation, for each of
the four trial types. Error bars indicate s.e.m.

R, “will remember” predictions; F, “will forget”
predictions; r, later remembered; f, later forgotten.
(a) Regions of interest (ROIs) defined from actual
> predicted encoding success contrast. In
bilateral medial temporal lobe (MTL), only the
main effect of actual encoding success was
significant (solid lines above dotted lines).

(b) ROIs defined from predicted > actual
encoding success contrast. Ventromedial
prefrontal cortex (VMPFC) and dorsomedial
prefrontal cortex (DMPFC) showed a significant
main effect for predicted encoding success (red
lines above blue lines) but not actual encoding
success. However, the main effect for actual
encoding success showed a trend toward
significance in DMPFC. (c) ROIs defined from
regions in which predicted encoding success
matched actual encoding success. Left lateral
PFC showed significant main effects for both
actual and predicted encoding success.
Coordinates in Table 2.

Actual > predicted

Predicted > actual

cActuaI = predicted

that would be later remembered and items
that would be later forgotten with above-
chance accuracy. Response times for correct
and incorrect JOLs differed such that correct
JOL predictions were made faster than incor-
rect JOL predictions (mean response times of
1,509 and 1,574 ms, respectively; t;5 = 2.73,
P < 0.05). Pearson’s correlation revealed a
significant correlation between participants’
o JOL accuracy (gamma score) and their recognition-memory perfor-
mance (d-prime) (r;5 = 0.52, P < 0.05).

Neural correlates of actual encoding success

To assess the neural correlates of actual encoding success, we identified
regions in which activation was significantly greater during encoding
for scenes subsequently remembered with high confidence than
for scenes subsequently forgotten (Rr and Fr trials > Rf and Ff
trials) (Fig. 2d). Activation was significantly greater for subsequently
remembered scenes than for subsequently forgotten scenes in
bilateral MTL regions including posterior parahippocampal and
fusiform gyri, but not in the hippocampus proper. In addition,
there was greater activation for remembered than for forgotten scenes
in bilateral inferior frontal gyrus (lateral PFC) corresponding to
Brodmann’s area 44/6 and in right posterior cingulate gyrus
(Table 1). There were no significant activations for the opposite
contrast (subsequently forgotten scenes compared to subsequently
remembered scenes).

Neural correlates of predicted encoding success

We assessed predicted encoding success by comparing R predictions to
F predictions across actual retrieval outcomes (Fig. 2e). This contrast
yielded significant activations (P < 0.001) in left lateral PFC, left
VMPEC corresponding to Brodmann’s area 11/47, left amygdala, right

ARTICLES

Right MTL
L 15 —Rr 212 mRr
oy = ---Rf o 1 BaRf
2 Al —F 208 mFr
& o5 N\ ---F 206 g
S S 0.4
© 0 T 0.2
5 o5 J70 2 4 6 8 10 5 0
n - (%) :
Time (s) Trial types
Right MTL
< 15 - ;: 12
5 1 ---R 208
g 0.5 \\ —Fr g 0.6
G N -Ff S04
© 0 © 0.2
5 _0.5J F 0 2 4 6 8 10 5 0
« Time (s) @ Trial types
Left VMPFC
= —Rr &
< 02 --- Rt % Sf'
5 o1 —F 9 mFr
g 5 o Ff s @ Ff
o A o
g -0112 70 2 El
2 -0.2 s )
2] Time (s) Trial types
Left DMPFC
< —Rr mRr
< B S @R
S —F 5 o0 BFr
= 0---Ff & oy & Ff
S G
= 5 04
= 5 06
@ Time (s) @ Trial types
Left lateral PFC
= < ERr
& —Rr < 8-6
[ ---Rf © 05
j=2] j=2]
: =% iy
< -—- Ff _5 R
% 2 02
5 5%
(7] (%)

Trial types

middle temporal and right inferior temporal regions, bilateral pre-
cuneus and left middle occipital regions (Table 1). The opposite
contrast, comparing F prediction trials to R predictions trials, did
not reveal any significant brain activations.

Comparing actual and predicted encoding success

To identify brain regions more specifically related to either actual
encoding success or predicted encoding success, we carried out paired
t-tests using the two contrasts discussed above. Performing a paired
t-test is analogous to performing a linear contrast comparing Fr trials
(which are associated with actual encoding success but not predicted
encoding success) to Rf trials (which are associated with predicted
encoding success but not actual encoding success).

The brain regions with greater activation for actual encoding
success than predicted encoding success included bilateral MTL
and left posterior cingulate (Table 2). The bilateral MTL regions
included parahippocampal and fusiform gyri (Fig. 3a). The
bilateral MTL regions were submitted to regions-of-interest (ROI)
analyses. Peak percent signal change for all four trial types were
entered into 2 X 2 repeated-measures ANOVA to assess the relation-
ship between actual encoding success (retrieval outcome) and
predicted encoding success (JOL predictions). The ANOVA revealed
a significant main effect for actual encoding success in both the right
and left MTL regions (right MTL, F ;5 = 25.37, P < 0.001; left MTL,
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Fj,15 = 15.58, P < 0.001). Subsequently remembered trials showed
greater activation than did subsequently forgotten trials (Fig. 3a).
However, neither the main effect for predicted encoding success nor
the interaction effect reached significance. This suggests that these MTL
regions are sensitive to actual encoding success and not to predicted
encoding success.

Conversely, several brain regions were more activated for predicted
than actual encoding success. These regions included prefrontal cor-
tices, specifically left VMPFC, left dorsomedial prefrontal cortex
(DMPEFC) corresponding to Brodmann’s area 10, right inferior frontal
gyrus, left precentral gyrus and right anterior cingulate gyrus (Table 2).
In the ROI analysis for VMPFC and DMPFC (Fig. 3b), there was a
significant main effect for prediction, such that R predictions resulted
in more activation than did F predictions (VMPFC, F ;5 = 28.54, P <
0.001; DMPFC, F) ;5 = 11.57, P < 0.001). The main effect of actual
encoding success and the interaction effect did not reach significance,
although the main effect of actual encoding success showed a trend
toward significance in DMPFC (F; ;5 = 3.71, P = 0.07). Significant
effects in VMPEC reflected increases in activation relative to baseline,
whereas effects in DMPFC reflected decreases in activation relative to
baseline'®. VMPFC seemed to have a role in predicted encoding
success, but not in actual encoding success. In contrast, DMPFC
seemed to respond to both predicted and actual encoding success.

In the above analyses, no region showed greater activation for correct
predictions than for incorrect predictions (Rr and Ff trials > Rfand Fr
trials). We performed a voxelwise analysis to search for any such
interactions, and neither this nor the reverse interaction yielded
significant activations (even at a lowered threshold of P < 0.01).

We used a masking procedure to identify brain regions associated
with both actual and predicted encoding success. Both the actual and
predicted encoding success contrasts showed significant activations in
left lateral PFC, left superior parietal lobule, bilateral inferior temporal
gyrus and bilateral precuneus (Table 2), suggesting that these regions
may mediate both actual and predicted encoding success. In the ROI
analysis of left lateral PFC (Fig. 3c), there were significant main
effects for both actual and predicted encoding success (F 15 = 27.22,
P < 0.001; and F; ;5 = 13.38, P < 0.001, respectively; the interaction

from the left lateral PFC region was representative of the other
significant clusters.

l, .I was not significant, F; ;5 = 0.109, P = 0.75). The pattern of activation

Individual differences in JOL accuracy

In addition to identifying separable networks for actual and predicted
encoding success, we were also interested in assessing which brain
regions support the ability to make accurate predictions. The contrast
between correct and incorrect predictions did not yield any significant
clusters. Therefore, to investigate whether differences in brain activa-
tions might reflect individual differences in JOL accuracy, we submitted
the four ROIs identified in the previous analyses to correlational
analyses: MTL regions identified in the actual > predicted encoding
success analysis, VMPFC and DMPFC regions identified in the
predicted > actual encoding success analysis and the left lateral PFC
region identified in the predicted = actual encoding success analysis. Of
the four ROIs, only VMPFC activation was significantly correlated with
variation in JOL accuracy (Fig. 4). Specifically, gamma scores were
positively correlated with VMPFC activation on trials given accurate
predictions (Fig. 4a; Rr trials, r15 = 0.58, P < 0.01; Ff trials, rj5 = 0.43,
P < 0.05). However, gamma scores were not correlated with activation
on trials given inaccurate predictions (Rf and Fr trials) (Fig. 4b). Thus,
individuals who made more accurate JOL predictions showed greater
VMPEC activations. Additional correlation analyses between brain
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Figure 4 Ventromedial prefrontal cortex (VMPFC) and individual differences
in JOL accuracy. The scatter diagrams are plots of individual gamma scores
of JOL accuracy as a function of percent signal change in VMPFC, for each
of the four trial types. R, “will remember” predictions; F, “will forget”
predictions; r, later remembered; f, later forgotten. *P < 0.05.

activations and recognition-memory performance, as indexed by
d-prime, did not reach significance for any of the four ROIs.

DISCUSSION

The present study investigated the neural basis of judgments of learning
(JOLs) by asking participants to study scenes and predict whether or
not each scene would be later remembered. The goals of this study were
to examine the brain regions supporting the predictions of encoding
success (participants’ judgments that they had successfully learned a
scene) and compare those regions to brain regions supporting actual
encoding success (whether participants actually remembered that scene
when tested). We identified four patterns of brain-behavior relation-
ships in brain regions known to be important for memory, thought
and introspection.

First, actual encoding success engaged MTL regions (that is, activa-
tions were greater during the encoding of subsequently remembered
scenes than that of subsequently forgotten scenes). MTL activations
were unrelated to the predicted encoding success. This suggests that the
MTL processes engaged during encoding reflect memory but not JOL
processes. Second, predicted encoding success (that is, greater activa-
tion for the scenes that subjects predicted they would remember than
for the scenes subjects predicted they would forget) engaged a network
of PFC regions including medial regions such as VMPFC and DMPEC.
This suggests that medial PFC processes engaged during encoding may
support JOL processes. Third, JOL accuracy—the strength of the
relation between predicted and actual encoding success—may involve
processes mediated by VMPFC: participants who made more accurate
JOL predictions showed greater VMPFC activations than participants
who made less accurate predictions. Fourth, both actual and predicted
encoding success engaged left lateral PFC. Thus, there were both
dissociations and associations between the neural systems that seemed
to be engaged by objective memory encoding and subjective appraisals
of that encoding.

MTL and actual encoding success

MTL regions seemed to support actual encoding success, but not the
subjective evaluation of encoding success. There is substantial evidence
that the hippocampus and surrounding cortices are crucial for declara-
tive memory formation'>!®. Individuals such as H.M. who have
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extensive MTL injury show a severe anterograde amnesia that
includes an apparent inability to successfully encode new experiences'?.
In normal adults, neuroimaging studies have frequently shown MTL
activation during episodic encoding tasks, with greater activation for
items successfully than for those unsuccessfully encoded!2. For com-
plex scenes, MTL activations associated with successful encoding have
sometimes included the hippocampus!®, but have typically been most
robust in the parahippocampal and fusiform gyri®>'4. This may reflect
parahippocampal specialization for visual-spatial memory?’. Thus, the
current finding—that activations in the parahippocampal and anterior
fusiform cortices are associated with successful scene encoding—is
consistent with prior imaging findings.

Unexpected and new, however, is the discovery that MTL regions
seemed not to be involved in predicting encoding success (that is, there
was no difference in activation for items that had a “will be remem-
bered” prediction compared to items that had a “will be forgotten”
prediction). The current imaging study examined the neural correlates
of subjective metamemory judgments during encoding, but a number
of studies have found MTL activation associated with subjective
judgments during retrieval. In one study, hippocampal activation was
found for stimuli that were consciously remembered, relative to stimuli
that were accurately judged as having been studied but seemed merely
familiar?!. In another study, hippocampal activation at retrieval
occurred equally for items thought to have been studied whether
they were actually studied or not, whereas parahippocampal activations
did differentiate between whether items were actually studied or not?2.
The present findings, however, suggest that MTL regions, despite their
essential involvement in actual encoding, may not be involved in the
subjective evaluation of encoding success. MTL, and especially hippo-
campal, activations associated with the subjective evaluations of
retrieval may reflect a different role for MTL structures at encoding
versus retrieval. Alternatively, other regions associated with retrieval
evaluation, such as prefrontal?»?* or parietal cortices?>, may actually
mediate subjective evaluation at retrieval.

Medial PFC and predicted encoding success
Several regions in PFC, such as VMPFC and DMPFC, were engaged

processes about the mental states associated with successful or unsuc-
cessful memory formation, and it has been proposed that medial
PEC supports the ability to represent mental states of the self and
others?®. Accordingly, neuroimaging studies have found medial PFC
activations when people process information about themselves relative
to other people?”?8, Thus, the medial PFC activations in the present
study that were associated with predictions of encoding success may
reflect processes involved in the introspective evaluation of internal
mental states.

In addition to differentiating between JOL predictions, activations in
DMPEFC showed a trend toward a significant main effect for actual
encoding success. The ROT analyses revealed that DMPFC activations
decreased compared to baseline, consistent with other studies that find
deactivations in medial PFC'8. Greater deactivations were associated
with subsequently remembered items than with subsequently forgotten
items. This is consistent with the interpretation that deactivations for
items later remembered reflect the successful disengagement of
ongoing baseline mental processes that are task irrelevant and the
allocation of neurocognitive resources to the task at hand®. For
predicted encoding success, items given “will forget” predictions
showed greater deactivation than did items given “will remember”
predictions, perhaps reflecting participants’ reallocation of resources in
attempts to remember items they deemed harder to remember.

l. .I during the prediction of encoding success. JOLs involve introspective
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VMPFC and JOL accuracy

Only VMPEC activation correlated with individual differences in JOL
accuracy. Ever since the case of Phineas Gage, who sustained bilateral
VMPFC damage®’, the VMPFC has been thought to play an important
role in judgment and decision-making by integrating somatic markers
or emotions with goals and expectations®'. VMPFC is also involved in
determining whether information is contextually appropriate, the
noetic feeling of ‘rightness’2. For judgments about memory, VMPFC
may support accurate JOL predictions by forming an internal model of
what constitutes successful learning and comparing information avail-
able from the current state of learning to this internal model®3.

Cognitive theories have proposed that accurate JOLs result from
monitoring information that is predictive of later remembering, such
as encoding strategy, list position, word-pair relatedness or length of
study time**. However, people can also use information that is not
predictive of future remembering when forming their JOLs. This can
lead to a false sense of successful encoding and thereby lead to
inaccurate predictions. For instance, speed of encoding is a salient
cue that increases people’s confidence that an item will be later
remembered (JOL magnitude), but the speed of encoding does not
predict differences in future memory retrieval>>*¢, One possible role of
the VMPEFC is to flexibly evaluate reliable indicators of encoding
success to form accurate JOLs. Future research is needed to determine
whether individual differences in JOL accuracy reflect transient changes
during task performance (such as effort, alertness or JOL strategy)>” or
stable differences in metamemory abilities>*.

The VMPEC has also been shown to support other metamemory
judgments, such as the FOK judgments made at retrieval. Among
individuals with PFC damage, those with the most inaccurate
FOKs had damage to VMPFC!. In an fMRI study with normal
adults, greater FOK accuracy was associated with greater VMPFC
activation®®. The VMPEC is also implicated in predictions about
outcomes other than memory performance. For instance, individuals
with orbitofrontal lesions are unable to weigh advice and make
predictions about economic outcome®. These convergent lesion and
imaging findings support the interpretation that the quality of the
internal monitoring of memory success or failure depends upon
processes mediated by VMPFC.

Lateral PFC, and actual and predicted encoding success

Whereas MTL and VMPFC were differentially involved in either actual
or predicted encoding success, lateral PFC activation occurred for both
actual and predicted encoding success. In broad terms, this is consistent
with evidence that lateral PFC contributes to successful memory
encoding®!4, perhaps through semantic elaboration and organizational
strategies that enhance successful encoding®’. It might, however, have
been expected that a brain region activated by both actual and
predicted encoding success would also support the accuracy of JOL
predictions. Our results identified several brain regions, such as lateral
PFC, that tracked both actual and predicted encoding success; however,
none of these regions correlated with JOL accuracy.

The finding that lateral PFC tracked predicted encoding success is
consistent with results from other studies comparing objective and
subjective memory processes’>244142, In studies of subjective judg-
ments made during retrieval, lateral PFC activations varied with the
strength of FOK judgments (analogous to the “will remember” versus
“will forget” JOL judgments), but not with FOK accuracy across
participants®>?4, During FOKs, participants are bringing online the
information associated with the target item*’. Graded activations in
lateral PFC may be associated with the amount of partial retrieval of the
target item brought into working memory?%. Lateral PFC may have a
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similar role in JOLs, such that the degree of activation reflects how
powerfully the information to be learned is held in working memory
and contributes to the subjective experience of how successfully an item
is learned. Lateral PFC activations may also reflect an increased
encoding effort associated with “will remember” predictions; this is
consistent with evidence that the magnitude of lateral PFC activation
during encoding varies with both encoding effort and subsequent
retrieval outcome, whereas MTL activations vary only with subsequent
retrieval outcome®2.

A fundamental issue in human memory research is the relationship
between objective (veridical) and subjective (experiential) dimensions
of memory. The relationship between objective and subjective memory
processes can be studied during learning (memory encoding at study)
or retrieval (recall or recognition at test). A number of functional
neuroimaging studies have examined the relationship between objec-
tive and subjective memory processes at retrievall®2>243841 The
present study reports initial evidence about the neural substrates of
subjective memory during learning. Such subjective or metamemory
processes during learning are of particular interest, because these
processes can actually enhance the effectiveness of learning by guiding
the allocation of resources at a time when information remains
available for learning. Indeed, in the present study, greater accuracy
in JOLs (including greater accuracy in predicting both future remem-
bering and future forgetting) was correlated with greater accuracy in
recognition memory and greater VMPFC activation. Thus, these
processes, and the neural circuits that mediate them, constitute a
critical component of the way in which knowing how to learn
empowers learning itself.

METHODS

Participants. Six female and 14 male native English speakers between the ages
of 19 and 25 (mean + s.d.= 21 + 2) participated in the study. Participants were
right-handed, with normal or corrected vision, and were without any neuro-
logical or psychiatric conditions or structural brain abnormalities. We dis-
carded data from four participants because they made excessive head
movements during data acquisition. We obtained informed consent from all
participants according to the requirements of the Panel on Human Participants
in Medical Research at Stanford University.

@Sti}nulus materials. Materials consisted of 700 pictures of indoor and outdoor

scenes. Pictures were randomly distributed into ten lists of 70 pictures. Five lists
with a total of 350 scenes were presented during study, and the remaining five
lists were presented as foils during the recognition-memory test. Lists were
counterbalanced across participants such that all lists were presented as old and
new items.

Task procedure. In a rapid event-related design, we scanned participants
while they studied 350 scenes randomly intermixed with 350 fixations
(Fig. 1). Participants were explicitly instructed to memorize the scenes for an
upcoming memory test. Scenes were presented for 3 s with an inter-stimulus
interval of 1 s. For each scene, participants made JOL predictions about the
likelihood of remembering the scene during the memory test. The instructions
(“Will you remember this at test?”) appeared on the bottom of the screen,
prompting participants to make “will remember” or “will forget” JOLs.
Participants were instructed to press a button with their right index finger to
indicate a “will remember” prediction and with their middle finger to indicate
a “will forget” prediction.

After scanning, participants were given a recognition test consisting of 350
old and 350 new pictures. For each trial, participants made two judgments: (i)
whether the item was old or new and (ii) whether their judgment was made
with high or low confidence. In this self-paced recognition test, each trial lasted
a maximum of 8 s.

Imaging procedure. Magnetic resonance imaging was performed using a
3-T GE Signa scanner. Before functional imaging, a spin-echo T1-weighted

anatomical image was acquired (30 coronal slices; slice thickness = 6 mm;
TE = 30 ms; TR = 2,000 ms; field of view = 24 x 24 cm?). A shim procedure
was used to improve By magnetic field homogeneity. Functional images were
then obtained in the same slice location as the anatomical images using a T2*-
sensitive two-dimensional gradient-echo spiral-in/out sequence. Scenes were
presented over five scanning sessions lasting approximately 9 min each. Bite
bars made out of dental compress were used to restrict head movement.

Imaging analyses. Imaging data were preprocessed and analyzed using
SPM99. We corrected for differences in the acquisition time of the functional
images and then performed a motion correction using sinc interpolation.
The T2* anatomical image was co-registered to the mean functional image
that was created during motion correction. The anatomical image was
then segmented into gray matter, white matter and cerebral spinal fluid.
Anatomical and functional images were spatially normalized based on para-
meters determined by normalizing the segmented gray matter image to a gray
matter template from the MNI series using a 12-parameter affine transforma-
tion. Finally, images were resampled into 3.75 x 6 X 3.75 mm voxels and
spatially smoothed with an isotropic Gaussian kernel of 7 mm full-width at half
maximum (FWHM).

Statistical models were constructed for individual participants using a
general linear model. Regressor functions were constructed for each of
the four trial types (Rr, Rf, Fr and Ff). Trials were modeled as events
assuming a canonical hemodynamic response function. Subject-specific
effects were estimated using a fixed-effects model. Linear contrasts were
computed to generate subject-specific SPM(f) contrasts representing
statistical differences in brain activation between conditions. Contrasts con-
structed at the single participant level were then input into a second-level group
analysis using a random-effects model. Group contrasts were constructed
by using a one-sample -test. All reported clusters survived a P-threshold of
0.001 (uncorrected for multiple comparisons) and consisted of five or more
significant voxels.

To identify voxels that differed between group-level contrasts for actual and
predicted encoding success, we conducted one-tailed paired #-tests of the
contrasts. Reported clusters for the paired t-test survived a P-threshold of
0.005 and consisted of five or more significant voxels. In addition, the contrast
for actual encoding success was masked by the contrast for predicted encoding
success to identify voxels that were significant in both contrasts.

ROI analyses were employed to characterize the statistical effects of each of
the four trial types. ROIs were functionally defined and included all significant
voxels in the cluster. Data were extracted by selective averaging with respect to
peristimulus time out to 10 s after stimulus onset. ROI data are expressed as
percent signal change calculated by taking the average signal from 4 s to 8 s
after stimulus onset. These data were then subjected to a repeated-measures
ANOVA and Pearson’s r correlations.

Note: Supplementary information is available on the Nature Neuroscience website.
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