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Metamemory monitoring, or the ability to introspect on the accuracy
of one’s memories, improves considerably during childhood, but the
underlying neural changes and implications for intellectual develop-
ment are largely unknown. The present study examined whether
cortical changes in key brain areas hypothesized to support meta-
cognition contribute to the development of metamemory monitor-
ing from late childhood into early adolescence. Metamemory
monitoring was assessed among 7- to 12-y-old children (n = 145)
and adults (n = 31). Children returned for up to two additional as-
sessments at 8 to 14 y of age (n = 120) and at 9 to 15 y of age (n =
107) (n = 347 longitudinal scans). Results showed that metamemory
monitoring continues to improve from childhood into adolescence.
More pronounced cortical thinning in the anterior insula and a
greater increase in the thickness of the ventromedial prefrontal cor-
tex over the three assessment points predicted these improvements.
Thus, performance benefits are linked to the unique patterns of
regional cortical change during development. Metamemory moni-
toring at the first time point predicted intelligence at the third time
point and vice versa, suggesting parallel development of these abil-
ities and their reciprocal influence. Together, these results provide
insights into the neuroanatomical correlates supporting the devel-
opment of the capacity to self-reflect, and highlight the role of this
capacity for general intellectual development.
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The ability to introspect on memory accuracy, or metamemory
monitoring (1), is essential for guiding learning and decision

making (2). If a student does not feel confident about the ma-
terial for an upcoming examination, she may decide to revisit the
material; similarly, an eyewitness may refrain from volunteering
potentially incriminating information if he recognizes that his
memory is uncertain.
Cross-sectional studies have demonstrated improvements in

metamemory monitoring during the elementary school years, with
older children’s confidence judgments showing greater discrimi-
nation between accurate and inaccurate memories than younger
children’s (3–6). However, it remains an open question as to
whether this development extends into adolescence when affective
processes might alter or influence behavioral regulation (7). The
structural brain changes that support metamemory development
are also largely uncharted. This limitation is significant in the lit-
erature because understanding how metamemory develops into
adolescence and how it is related to brain development can help
elucidate factors that foster or limit learning and decision making
at a time when children become increasingly independent learners
and problem solvers.
Research in adults can help formulate predictions about the

brain regions that support the development of metamemory
monitoring. In adults, individual differences in metacognitive
monitoring have been associated with structural differences in the
anterior prefrontal cortex (APFC) (8, 9), ventromedial prefrontal

cortex (vmPFC) (10), dorsal anterior cingulate cortex (dACC) (11),
or anterior insula (12), among other areas. Although the exact role
of these areas is unclear, one recent proposal (13) is that prefrontal
regions interact with interoceptive cortices, including insular and
cingulate cortex, in support of metacognition. By this account, the
insula and dACC provide inputs about ongoing cognitive perfor-
mance (e.g., error signals, uncertainty signals) that are integrated
with current goals and beliefs in the prefrontal cortex (PFC), re-
sulting in introspective reports and subsequent decisions.
We examined a cohort of 145 children between 7 and 15 y of

age who underwent structural magnetic resonance imaging (MRI)
on up to three measurement occasions (Fig. 1A; 347 longitudinal
scans). A sample of 31 adults was assessed for cross-sectional
comparisons. Participants completed a memory task with an at-
tentional manipulation during encoding, which resulted in differ-
ent levels of difficulty and memory accuracy. Participants viewed a
series of scenes under one of three conditions varying in attention
demands (Fig. 1B). During retrieval, participants viewed novel
scenes or studied scenes from the different conditions and indi-
cated their confidence about their scene recognition judgments
(Fig. 1B). Differences in confidence distributions for correct and
incorrect responses may differ as a function of levels of memory ac-
curacy across development. Thus, we accounted for these differences
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in memory accuracy in our investigation of age differences and
change in metamemory during the transition from childhood
to adolescence.
We investigated how structural changes in the anterior insula,

dACC, vmPFC, and APFC contribute to the development of
metamemory monitoring in late childhood and adolescence.
Research has shown that development in the insular cortex fol-
lows a roughly linear trajectory, with cortical thinning starting
earlier during childhood (14), whereas lateral and medial PFC
development is characterized by an initial increase in thickness
until around 9 y of age, followed by subsequent thinning (15).
Thus, one may predict that earlier maturing insular regions in-
volved in error or performance monitoring may contribute to
metamemory monitoring earlier in development than later ma-
turing PFC regions, which support more elaborate control op-
erations. This prediction is consistent with the idea that PFC
areas may show only weak relations with metamemory change at
younger ages, reflecting the later onset of cortical thinning.
Alternatively, developmental improvements in metamemory

monitoring may emerge as a function of the specific trajectories of
regional cortical change. If so, thinning in insular regions and
thickening in medial and lateral PFC regions (in which gray matter
thickness continues to increase during childhood) should contribute
to metamemory development. This alternative prediction is consis-
tent with the idea that optimal development emerges from the con-
tribution of all relevant regions across development, albeit in ways
that are constrained by their specific pattern of cortical change (16).
The present study also offered the opportunity to garner evidence

for the relevance of metamemory monitoring for cognitive devel-
opment beyond memory accuracy (1). If the capacity to introspect
on memory accuracy is relevant for learning, it might be more
broadly important for intellectual development. To date, no study
has addressed this question. To fill this gap, we examined the cross-
sectional and longitudinal relations between metamemory moni-
toring and intelligence (IQ) in late childhood and adolescence.

Results
Age Differences and Change in Recognition Accuracy over Time. Lon-
gitudinal analyses were conducted using multilevel models and in-
cluded data from children at all available time points (Materials and
Methods). Longitudinal improvements in recognition accuracy were
investigated using a model that included the intercept centered
at 9.6 y along with linear and quadratic change over time. Cross-

sectional age differences in recognition accuracy at the first time
point (T1) are reported elsewhere (17). Longitudinally, we found
significant linear (b = 0.061, P < 0.05) and quadratic (b = −0.014,
P < 0.05) effects of time, demonstrating that recognition accuracy
improved over time, but changes were greater earlier compared
with later in time (Fig. S1).
Furthermore, we assessed whether the manipulation of task

difficulty resulted in the expected differences in recognition ac-
curacy. Across all children and time points, accuracy in the attend
condition was higher than in the ignore condition [b = 0.124, P <
0.05, Bonferroni-corrected P (PBonf) < 0.05], which, in turn, was
higher than in the passive condition (b = 0.050, P < 0.05, PBonf <
0.05) (Fig. S1). Longitudinal improvements in the attend condi-
tion were larger relative to the passive condition at a trend level
(b = 0.020, P < 0.05, PBonf = 0.09), but not relative to the ignore
condition (P > 0.54). The passive and ignore conditions did not
differ from each other, (P > 0.13). No remaining interactions were
significant at the P < 0.05 level (all Ps > 0.08). Overall, recognition
accuracy improved across conditions over time, with the largest
improvements in the attend condition.

Age Differences and Change in Metamemory Monitoring over Time.
For an initial assessment of age differences in metamemory moni-
toring at T1, we first compared average confidence for correct and
incorrect responses across children and adults (Fig. 2A). Effective
metamemory monitoring is reflected in higher confidence judgments
for correct than incorrect responses (2). Age differences in confidence
judgments at T1 were examined via an age group (younger children
vs. older children vs. adults) × condition (attend vs. ignore vs.
passive) × recognition accuracy (correct vs. incorrect) mixed ANOVA.
We found a significant age group × accuracy interaction

[F(2,169) = 11.32, P < 0.05, partial η2 (ηp
2) = 0.12], such that

confidence was higher when participants responded correctly than
incorrectly on the recognition test. This difference was signifi-
cantly greater in adults relative to both younger (P < 0.05, PBonf <
0.05) and older (P < 0.05, PBonf < 0.05) children. Older and
younger children did not differ from each other (P = 0.10, PBonf =
0.30). These age differences in the ability to introspect on memory
accuracy were driven by lower confidence for incorrect responses
in adults compared with both younger and older children [F(2,169) =
5.90, P < 0.05, ηp

2 = 0.07]. In contrast, there were no age differences
in confidence for correct responses [F(2,169) = 0.34, P = 0.71, ηp

2 =
0.00]. Critically, this age group × accuracy interaction in confidence
judgments remained significant when recognition accuracy was in-
cluded as a covariate [F(2,168) = 9.78, P < 0.05, ηp

2 = 0.10], sug-
gesting that age differences in metamemory were unlikely to be
driven by age differences in memory accuracy.
Condition (attend vs. ignore vs. passive) was included as a

factor in the ANOVA to assess whether the attentional manip-
ulation at encoding contributed to age differences in meta-
memory monitoring at T1. We observed a significant condition ×
accuracy interaction, [F(2,338) = 9.96, P < 0.05, ηp

2 = 0.06].
Confidence for correct responses was higher in the attend than
ignore condition (P < 0.05, PBonf < 0.05), which, in turn, was
higher than in the passive condition (P < 0.05, PBonf < 0.05).
Confidence for incorrect responses did not differ across condi-
tions (P > 0.47). This pattern of condition effects was observed in
all age groups and did not differ across age groups (P = 0.37). No
remaining interactions were significant (Ps > 0.24).
Together, although confidence for correct responses was mod-

ulated by condition, in line with more mnemonic evidence available
in the attend condition, these effects did not depend on age group.
Thus, for all subsequent analyses, we collapsed across conditions
and examined the development of metamemory monitoring across
the entire task to increase the reliability of our index of meta-
memory monitoring (9).
To examine longitudinal changes in metamemory monitoring,

we calculated metamemory resolution as the area under the type
2 receiver operating characteristic curve (AUCROC2) collapsed
across conditions. This measure captures how well participants
can discriminate between correct and incorrect responses, and it is

Fig. 1. Sample description and experimental design. (A) Each unique par-
ticipant is represented in a different row with the participant’s corresponding
scans (represented by a circle) connected by a line. (B) During encoding, par-
ticipants saw outdoor scenes divided into active or passive blocks. Active blocks
required participants to modulate their attention: Participants were instructed
to attend to scenes when they were presented on a green background and to
ignore (but still view) them when they were presented on a red background.
After each active block, participants were presented with a probe that was
either one of the attend scenes or a novel scene, and were asked to indicate
whether it had been presented in the previous block. During passive blocks,
participants were instructed to view scenes presented on a blue background
passively and to indicate the direction of an arrow presented as a probe.
During retrieval, participants viewed studied scenes from all attention condi-
tions (i.e., attend, ignore, passive; attend scenes used as active probes were
excluded) and novel scenes, and indicated whether the scenes had been seen
previously during encoding or if they were new (i.e., never seen before). After
each recognition response, participants indicated their confidence in their
decision on a three-point scale anchored by different faces.
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not affected by metacognitive bias, or an individual’s tendency to
report high confidence (18). Longitudinal improvements in met-
amemory resolution were investigated using a model with an
intercept centered at 9.6 y and linear change over time. Meta-
memory resolution was higher in older than younger children at
the initial assessment [b = 0.010, P < 0.05; a cross-sectional
comparison with adults at T1 is provided in Fig. 2B]. The linear
effect of time was also significant (b = 0.014, P < 0.05), demon-
strating a time-related increase in metamemory resolution (Fig. 2
C and D). Time-related improvements in metamemory resolution
persisted (b = 0.012, P < 0.05) when recognition accuracy was
included in the model, indicating that longitudinal increases in
metamemory monitoring are unlikely to reflect merely improve-
ments in recognition accuracy. These results were replicated with
an alternative measure of metamemory sensitivity, meta d’, which
is based on signal detection theory (19) (SI Results and Fig. S2).

Age Differences and Change in Cortical Thickness over Time. Cortical
thickness was extracted from anatomical regions of a priori in-
terest (ROIs) in several frontal subregions, including the left and
right anterior insula, vmPFC, APFC, and dACC, which have
been implicated in metacognition in adults (a detailed ROI
definition is provided in Materials and Methods). First, we exam-
ined cross-sectional age differences in cortical thickness among
younger children, older children, and adults at T1 (Fig. 3). Reli-
able age differences were found in all ROIs (PsBonf < 0.05), such
that in all ROIs, thickness was lower in adults compared with both
younger and older children (PsBonf < 0.05), who did not differ from
each other (PsBonf > 0.05). These results suggest protracted
cortical development of the regions supporting metamemory
monitoring.
Next, we examined longitudinal change in cortical thickness

among children using a model that included the intercept cen-
tered at 9.6 y and linear change over time. Parameter estimates
and statistical tests for each ROI are presented in Fig. 3 and
Table 1 (individual data points are presented in Fig. S3). In the
left hemisphere, the main effect of T1 age was significant in the
insula and at a trend level in the vmPFC after correction for
multiple comparisons. In both areas, older children displayed
lower cortical thickness than younger children at the initial as-
sessment. The linear effect of time was significant in the insula,
but not in the APFC, vmPFC, or dACC (Fig. 3). Follow-up
analyses comparing change across left ROIs confirmed that cor-
tical thinning in the anterior insula was significantly greater than
change in the dACC (P < 0.05, PBonf < 0.05); vmPFC (P < 0.05,
PBonf < 0.05); and, at a trend level, APFC (P < 0.05, PBonf = 0.09).
In the right hemisphere, the linear effect of time was signifi-

cant in the insula and vmPFC, but not in the dACC and APFC
(Fig. 3 and Table 1). Whereas the insula demonstrated reliable

Fig. 2. Confidence judgments and metamemory monitoring. (A) Average
confidence for each condition and age group at T1. Errors bars: ±1 SEM.
(B) At T1, there were reliable age differences in metamemory monitoring
(i.e., AUCROC2) among all three groups [F(2,173) = 10.8, P < 0.05], which
persisted after accounting for memory accuracy. Errors bars: ±1 SEM.
(C) Predicted change in metamemory monitoring (i.e., AUCROC2) over time.
Error bars: maximum and minimum values. (D) Individual trajectories of
metamemory monitoring (i.e., AUCROC2) in children. Lines represent unique
participants with their corresponding data points represented by a circle.

Fig. 3. Cross-sectional age differences and longitudinal change in cortical
thickness in bilateral anterior insula (A), vmPFC (B), APFC (C), and dACC (D).
(Top) Age differences in cortical thickness among groups at T1 for each ROI.
Errors bars: ±1 SEM. (Bottom) Predicted cortical change (in millimeters) in
children over time. Confidence bands indicate maximum and minimum
values. *P < 0.05. L, left; R, right.
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thinning over time, the effect of time was positive in the vmPFC,
suggesting that cortical thickness in this area increased over time
within individuals. In addition, a trend toward thinning was ob-
served in the APFC (P = 0.05, before correction for multiple
comparisons). A direct comparison of the right ROIs confirmed
reliable differences in the developmental trajectory between the
insula and vmPFC (P < 0.05, PBonf < 0.05) and between the vmPFC
and APFC (P < 0.05, PBonf < 0.05), but not between the vmPFC
and dACC (P = 0.07, PBonf = 0.21). The quadratic effect of time and
the higher order interactions were not reliable in any ROI in the left
or right hemisphere.
Together, these longitudinal analyses demonstrate distinct

developmental trajectories across cortical areas, with thinning in
the insula, thickening in the vmPFC, and no reliable change in
the dACC or APFC over the studied time period.

Cortical Changes Predict Metamemory Monitoring Improvement over
Time. Having provided evidence for cortical development over
time in children, we examined whether these cortical changes
predicted change in metamemory monitoring. To this end, we
examined whether initial thickness and change in thickness in
our ROIs over time predicted improvements in metamemory
resolution, measured as the AUCROC2. In the left hemisphere,
children with more pronounced insula thinning over time (b =
−0.160, P < 0.05; Fig. 4A), as well as those children who showed
more pronounced increase in vmPFC thickness over time (b =
0.158, P < 0.05; Fig. 4B), exhibited a higher rate of metamemory
monitoring improvement over time. Change in the APFC (b =
0.023, P = 0.63) or dACC (b = 0.017, P = 0.68) did not predict
change in metamemory resolution over time. Additional control
analyses demonstrated that the rate of increase in metamemory
resolution was still related to change in the left vmPFC (b = 0.13,
P = 0.02) and left anterior insula (b = −0.14, P = 0.01) after
controlling for recognition accuracy (SI Results).
In the right hemisphere, greater insular thinning over time

emerged as a predictor of overall metamemory resolution at a
trend level (b = −0.090, P = 0.05) and was not related to the rate
of metamemory change over time. A model collapsing across
hemispheres revealed similar results as those results observed in
the left hemisphere (SI Results).
Together, these results demonstrate that cortical development

in frontal subregions contributes to improvements in children’s
ability to introspect on their memory accuracy. However, the way
in which different cortical regions contribute to metamemory
monitoring depends on their unique pattern of cortical change.
Our results suggest that the rate of increase in monitoring ability
in the transition to adolescence is related to insular thinning and
an increase in vmPFC thickness over time.

Relation of Metamemory Monitoring to Intellectual Ability. Meta-
memory monitoring ability is thought to support the regula-
tion of learning (1). Thus, we asked whether metamemory

development was related to change in IQ, which is related to the
general capacity to learn (20). IQ measures were available only
at two time points: T1 and T3. Thus, path modeling (Fig. S4) was
used to examine the concurrent relations among metamemory
resolution (indexed by AUCROC2), recognition accuracy, and
IQ, as well as their longitudinal relations. The model showed a
good fit [χ2(6) = 3.46, comparative fit index (CFI) = 1.00, rms
error of approximation (RMSEA) = 0.00, 90% confidence in-
terval = 0.00–0.09]. There were trend-level relations between IQ
and metamemory resolution at T1 (r = 0.19, P = 0.05) and at T3
(r = 0.17, P = 0.07). Critically, IQ at T1 predicted metamemory
resolution at T3 (β = 0.24, P < 0.05), and metamemory resolution at
T1 predicted IQ at T3 (β = 0.26, P < 0.05). Thus, metamemory
resolution and IQ were not only related concurrently but also
demonstrated reciprocal influences on each other over time, of similar
magnitude in both directions. These relations between meta-
memory monitoring and intellectual ability are unlikely to reflect
a common relation to memory ability, because both the cross-
sectional and longitudinal relations between the two measures
were present with memory accuracy included in the model (Fig. S4).

Discussion
Developmental scientists have long been interested in the de-
velopment of metacognition (2), including introspection and
control of ongoing information processing (21). We provide
longitudinal evidence that children’s ability to calibrate their
subjective confidence to their objective memory accuracy con-
tinues to improve into adolescence, and that these changes do
not simply reflect improvements in overall accuracy. Our findings
align well with the extensive literature on continued development
of executive functioning and decision making into adolescence (7,
22). Given that the ability to introspect on memory accuracy forms
the basis for making effective decisions and for regulating behavior
(1, 23), future research should examine the extent to which ado-
lescents can effectively harness their metamemory judgments to
control learning and memory retrieval actively, and whether these
findings extend to socially relevant contexts, which can influence
adolescents’ risk taking and decision making (24). Critically, we
provide a demonstration of the cortical changes supporting meta-
memory improvements during development and their relation to
intellectual development.
The results of the present study shed light onto the neural

mechanisms supporting the development of metamemory
monitoring. Changes in the anterior insula and vmPFC pre-
dicted improvements in metamemory over time. These brain
regions have been implicated in metacognition by structural
and functional neuroimaging studies of young (25, 26) and

Table 1. Longitudinal change in cortical thickness across ROIs
in children

ROI Intercept (SE) Age T1, y (SE) Time since T1, y (SE)

L APFC 2.45† (0.01) −0.004 (0.01) −0.005 (0.01)
R APFC 2.34† (0.02) −0.012 (0.01) −0.011 (0.006)
L vmPFC 2.81† (0.01) −0.020* (0.01) 0.004 (0.005)
R vmPFC 2.66† (0.01) −0.019* (0.01) 0.016† (0.01)
L insula 3.42† (0.01) −0.026† (0.01) −0.019† (0.004)
R insula 3.39† (0.01) −0.013 (0.01) −0.023† (0.004)
L dACC 2.85† (0.02) −0.011 (0.01) 0.005 (0.006)
R dACC 2.80† (0.01) −0.010 (0.01) 0.007 (0.006)

Gender effects were reliable only in the left dACC, with lower thickness
in males relative to females (b = −0.06, SE = 0.02). L, left; R, right.
*P < 0.05, uncorrected.
†P < 0.05, corrected (in bold).

Fig. 4. Results of models testing the relation between cortical thickness
change and metamemory monitoring improvement. Plots show interaction
effects as predicted metamemory monitoring (y axis) over time (x axis) for
three fixed values (lines) of change in cortical thickness in the left anterior
insula (A) and left vmPFC (B). Fixed values of cortical thickness change were
chosen to demonstrate maximal increase in thickness (blue), no change in
thickness (black), and maximal decrease in thickness (red) in the anterior
insula and vmPFC to visualize the interactions between time and cortical
change. Error bars indicate maximum and minimum values.
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older (27) adults. Additionally, there is evidence that vmPFC
damage is associated with deficits in metamemory monitoring
and control (10).
The present study linked patterns of cortical change and be-

havioral improvement in metamemory during childhood and
adolescence. The anterior insula and vmPFC showed distinct
patterns of cortical change; whereas thickness in the insula de-
creased, thickness in the vmPFC increased over time. Insular
thinning is largely consistent with the literature (14, 15), and the
thickening pattern in the vmPFC is consistent with previous re-
search examining children between 5 and 11 y of age (28). The
longitudinal finding among children paired with the cross-
sectional results demonstrating a thinner vmPFC in adults sug-
gests a more prolonged developmental period of increase in
vmPFC thickness.
Consistent with these divergent patterns of change in the two

regions, thinning in the anterior insula and thickening in the
vmPFC over time predicted the rate of improvement in meta-
memory monitoring. Thus, the contributions of these regions to
metamemory development reflect the unique direction of de-
velopmental cortical change in each region. These results offer
initial insights into the dynamic nature of the cortical mecha-
nisms supporting metamemory. Future research is needed to test
a critical prediction emerging from the current findings, namely,
that the direction of the relation between vmPFC thickness and
metamemory monitoring is reversed later in adolescence when
the vmPFC starts thinning.
The anterior insula and cingulate are engaged in performance

and error monitoring processes, and provide inputs for the
monitoring and control of cognitive processing by frontal and
parietal regions (13, 29). This account is consistent with the
anatomy of the anterior insula: It is highly interconnected to
multiple brain regions and has a high concentration of von
Economo neurons, which may enable fast communication among
regions (30). Consequently, the anterior insula has been impli-
cated in various processes, including changes in bodily states,
emotional and self-awareness, as well as cognition and decision
making (30, 31).
It is tempting to hypothesize that the earlier starting thin-

ning process in the anterior insula may be functionally im-
portant in providing the initial building blocks of the capacity
to self-reflect: Performance or error monitoring processes
supported by the insula may constitute an important stepping
stone for development of the ability to introspect on memory
accuracy and uncertainty. Indeed, in a functional MRI study,
we showed that insular activity during failure to retrieve epi-
sodic detail on a source memory task, regardless of whether
children were aware that they were failing, predicted longitu-
dinal increases in APFC activity associated with decisions to
report memory uncertainty (32). No direct evidence exists,
however, supporting the necessity of this earlier mechanism for
the development of effective metacognitive ability, and future
research should establish whether it is indeed a necessary
precursor.
Our results corroborate previous research implicating the

vmPFC in metamemory and metacognition more generally (10,
33). The specific computational function in this region has been
linked to the assignment of value to different choice options, in-
tegrating choice value with confidence (33), an initial “feeling of
rightness” assessment in memory (34), or reward-based choices.
Whether and how these different operations are already in place
in childhood should be examined in future research. Our result
that vmPFC change predicted metamemory improvement is con-
sistent with neuroimaging studies showing age differences in me-
dial PFC activity among adolescents (7) in tasks requiring other
forms of self-reflection.
We note that the relation between change in vmPFC thickness

and metacognitive improvement persisted when memory accu-
racy was accounted for, either at the individual level using meta
d′/d′ (SI Results) or as part of the modeling of longitudinal
change with the inclusion of memory accuracy in the model. In

contrast, the relation between insular thinning and metamemory
was reliable only when recognition accuracy was accounted for in
the longitudinal model. The attenuated relation when using meta
d′/d′ (SI Results) suggests that the developmental effects of the
anterior insula may not be specific to metacognitive processes,
consistent with the idea that this region contributes to error and
uncertainty monitoring processes that are used as inputs by
various higher order systems (29).
In the current study, we did not find reliable relations between

APFC and dACC thickness and metamemory monitoring.
However, we observed limited cortical change in these regions,
which may preclude our ability to detect brain–behavior rela-
tions. Of note, a few studies in adults found that the APFC was
related to the monitoring of perceptual, but not memory, deci-
sions (e.g., ref. 9). An important question for future research is
how cortical changes in frontal subregions contribute to meta-
cognitive development in other domains. Areas in the posterior
parietal lobes have also been implicated in metacognition (9, 26)
and could be investigated in the future. Additional exploratory
ROI and whole-brain analyses indicated that these regions were
not related to metamemory improvement in the present study
(SI Results).
It should be noted that one important difference between

previous research and our study is that the former has primarily
used object pictures (in younger children) or words (mostly in
older children) to investigate metacognitive monitoring. Our use
of outdoor scenes likely limited the use of elaborative strategies
during encoding, which may magnify age differences. The im-
provements reported with these stimuli suggest that increases in
metamemory monitoring occur regardless of elaborative encoding
strategies.
The development of the capacity to introspect on memory

accuracy was closely related to change in overall cognitive
ability. IQ at T1 predicted future monitoring ability at T3, and
monitoring at T1 predicted future IQ at T3; together, these
results suggest that metamemory monitoring and IQ might
mutually influence each other during development. This finding
is consistent with the traditional notion that metacognition is
one of the key predictors of cognitive development (2). Despite
its intuitive appeal, this notion had not been subjected to em-
pirical testing with longitudinal designs. Our results provide
evidence for these reciprocal relations in the transition from
childhood into adolescence. We note that a recent cross-
sectional study that examined monitoring of perceptual deci-
sions did not find any relations to IQ in 11- to 17-y-olds (35).
Although there are notable differences between the two stud-
ies, including participants’ age range, stimuli, and experimental
procedures, these different results raise an intriguing question
concerning the generality versus domain specificity of the re-
lation between metacognitive monitoring and IQ. Discrep-
ancies in the associations between cortical structure and
behavior discussed earlier also point to possible differences
between monitoring of memory and perception. It is possible
that relations with IQ are restricted to, or stronger in, domains
in which introspection is directed to higher order cognitive
functions like memory. This possibility should be examined in
future research.
In conclusion, the present study represents a first step toward

understanding the neural mechanisms supporting metamemory
development, which is important for learning and decision
making. Our results demonstrate that metamemory monitoring
continues to develop beyond middle childhood, supported by
structural changes in the anterior insula and the ventromedial
PFC, and that its development is reciprocally related to changes
in general intellectual ability. A better understanding of the neu-
rocognitive mechanisms supporting metamemory, and meta-
cognition in general, may be particularly critical in the context
of education, where finding effective ways to foster metacognitive
monitoring and its utilization for metacognitive control may fa-
cilitate instruction and improve self-regulated learning and
problem solving.
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Materials and Methods
Participants.At T1, 145 children provided behavioral data [M(SD)= 9.57(1.09) y,
74 females] and 141 provided structural MRI data. T1 also included behav-
ioral and structural MRI data from 31 adults [M(SD) = 19.46(1.61) y, 18 fe-
males]. T2 occurred ∼1.4 y later and included 120 children with behavioral
data [M(SD) = 10.88(1.22) y, 57 females] and 117 children with structural
MRI data. T3 occurred ∼1.3 y later and included 107 children with behavioral
data [M(SD) = 12.22(1.3) y, 48 females] and 89 with structural MRI data (SI
Materials and Methods). The study was approved by the Institutional Review
Board of the University of California, Davis. Informed consent was obtained
from all participants and their parents.

Recognition Memory Task. Participants were each presented with 24 blocks of
four outdoor scenes that were assigned to either an active encoding condition
(16 blocks) or a passive encoding condition (eight blocks) (Fig. 1B). Each scenewas
presented for 3 s, and the order of passive and active blocks was counter-
balanced across participants. Probes were included after each block to ensure
that participants followed instructions and viewed the stimuli. After encoding,
participants were given a self-paced recognition test involving studied scenes
from all blocks (n = 48) or novel scenes (n = 32). After each old/new recognition
decision, participants provided confidence ratings on a three-point scale.

MRI Acquisition and Analysis. A high-resolution, whole-brain, magnetization-
prepared rapid gradient-echo scan was acquired (SI Materials and Methods),
and reconstruction was performed using Freesurfer 5.3 following standard
procedures (36). Cortical thickness was extracted from the following ROIs
based on the Destrieux atlas (37): vmPFC, defined as the orbital gyrus, orbital
sulcus, and gyrus rectus; insula, defined as the anterior insula sulcus and
short insular gyrus; APFC, defined as the middle frontal sulcus containing a
majority of the coordinates reported in association with metacognitive

ability in adults (9, 18); and dACC, corresponding to the middle anterior
cingulate gyrus and sulcus.

Statistical Analyses. Cross-sectional analyses at T1 compared children,
median-split into younger children (7.41–9.59 y, n = 72) and older children
(9.61–12.04 y, n = 73) and adults. Recognition accuracy was calculated as
the difference between hit and false alarm rates (38). Metamemory res-
olution was calculated as the area under the AUCROC2 collapsed across all
conditions. This measure captures how well observers can discriminate
between correct and incorrect responses in their confidence judgments
and is estimated by plotting varying levels of cumulative confidence pairs
for of correct vs. incorrect responses and calculating the area under the
AUCROC2 (18). Longitudinal analyses were conducted using multilevel
models implemented in lme4 (39) (a model description is provided in SI
Materials and Methods). First, we examined longitudinal change in rec-
ognition accuracy, AUCROC2, and cortical thickness by testing for linear
and, if necessary (SI Materials and Methods), quadratic effects of time in
children. Second, we examined the relation between cortical change
across ROIs and change in the AUCROC2 over time. To ensure that our
results were not dependent on the precise measure of metamemory, we
also calculated meta d′ as a model-based measure of metamemory mon-
itoring (19) (SI Results).
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