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increasing the maturation of miR-16 from its
precursor pre/pri-miR-16. Raphe additionally
responds to chronic fluoxetine treatment by
releasing S100B3, which in turn acts on the
noradrenergic neurons of the locus coeruleus. By
lowering miR-16 levels, S100B unlocks the ex-
pression of serotonergic functions in this nor-
adrenergic brain area. Our pharmacological and
behavioral data thus posit miR-16 as a central
effector that regulates SERT expression and
mediates the adaptive response of serotonergic
and noradrenergic neurons to fluoxetine treatment.
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Relating Introspective Accuracy to
Individual Differences in

Brain Structure

Stephen M. Fleming,**+ Rimona S. Weil,™?* Zoltan Nagy,* Raymond ]. Dolan, Geraint Rees-?

The ability to introspect about self-performance is key to human subjective experience, but the
neuroanatomical basis of this ability is unknown. Such accurate introspection requires discriminating
correct decisions from incorrect ones, a capacity that varies substantially across individuals.

We dissociated variation in introspective ability from objective performance in a simple perceptual-
decision task, allowing us to determine whether this interindividual variability was associated with a
distinct neural basis. We show that introspective ability is correlated with gray matter volume in the
anterior prefrontal cortex, a region that shows marked evolutionary development in humans. Moreover,
interindividual variation in introspective ability is also correlated with white-matter microstructure
connected with this area of the prefrontal cortex. Our findings point to a focal neuroanatomical substrate
for introspective ability, a substrate distinct from that supporting primary perception.

ur moment-to-moment judgments of the
outside world are often subject to intro-
spective interrogation. In this context,
introspective or “metacognitive’ sensitivity refers
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Fig. 1. Behavioral task. Participants com-
pleted a two-alternative forced-choice task
that required two judgments per trial: a
perceptual response followed by an es- Il
timate of relative confidence in their deci-
sion. The perceptual response indicated

to the ability to discriminate correct from in-
correct perceptual decisions (/), and its accuracy
is essential for the appropriate guidance of
decision-making and action (2, 3). For example,
low confidence that a recent decision was correct
may prompt us to reexamine the evidence or seek
a second opinion. Recently, behavioral studies
have begun to quantify metacognitive accuracy
following simple perceptual decisions and to
isolate variations in this ability: A decision may
be made poorly, yet an individual may believe

Perceptual task:
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whether the first or second temporal in-
terval contained the higher-contrast (pop-
out) Gabor patch (highlighted here with a
dashed circle that was not present in the

actual display), which could appear at any one of six locations around a central
fixation point. Pop-out Gabor contrast was continually adjusted with the use of
a staircase procedure to maintain ~71% performance. Confidence ratings were
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that his or her performance was good, or vice
versa (4-8). Whereas previous work has inves-
tigated how confidence in perceptual decisions
varies from trial to trial (9, 10), little is known
about the biological basis of metacognitive abil-
ity, defined here as how well an individual’s con-
fidence ratings discriminate correct from incorrect
decisions over time. We hypothesized that in-
dividual differences in metacognitive ability
would be reflected in the anatomy of brain re-
gions responsible for this function, in line with
similar associations between brain anatomy and
performance in other cognitive domains (//—15).

We objectively quantified variability in meta-
cognitive sensitivity between individuals and
then related these interindividual differences to
brain structure measured with magnetic reso-
nance imaging (MRI). This approach was mo-
tivated by observations that individual differences
in a range of skills—such as language (/7),
decision-making (/2), and memory (/3)—are
consistently associated with variation in healthy
brain anatomy. Our experimental design dis-
sociated a quantitative measure of metacognitive
accuracy, 4, (Which is specific to an individual),
from both objective task performance and subjec-
tive confidence (which both vary on a trial-by-trial
basis). Earlier patient studies describe candidate
brain regions in which damage is associated with
poor introspective ability: in particular, a prefrontal-
parietal network (/6—18). Theories of prefrontal

Metacognitive
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1st or 2nd? task
123 456 1 2 45 6
2s 35
s 500 ms
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made using a one-to-six scale, with participants encouraged to use the whole scale
from one = low relative confidence to six = high relative confidence. The black
square in the rightmost panel indicates the choice made in the metacognitive task.

17 SEPTEMBER 2010

6T0Z ‘0Z 1870190 U0 /610°Bewaduslos adualos//:dny woly papeojumod

1541



http://science.sciencemag.org/

REPORTS

1542

function have emphasized a role for anterior
(rostrolateral) prefrontal cortex (PFC) in carrying
out second-order operations on internally gen-
erated information (79, 20), a process necessary
for metacognition. We hypothesized that the local
structure of these regions (both gray-matter vol-
ume and white-matter integrity) might reflect an
individual’s metacognitive ability.

We studied 32 healthy human participants
while they made a series of visual judgements
(21). The difficulty of the visual judgement was
varied on a per-participant basis to keep per-
formance at a constant level (71%), near sensory
threshold. In addition to asking participants to
make these objective perceptual judgements, we
also asked them to provide ratings of confidence
in their decisions after each trial (Fig. 1). We then
used these ratings to determine metacognitive
ability at an individual level through the construc-
tion of type II receiver operating characteristic
(ROC) curves (Fig. 2A) (21-23). The ROC model
provided an excellent fit to our data across par-
ticipants (mean explained variance R* = 0.97 +
0.023). The area between the major diagonal and
an individual’s ROC curve is a measure of the
ability to link confidence to perceptual perform-
ance (Ape). We found considerable variation
across individuals in metacognitive ability (4o =
0.55 to 0.75), despite underlying task perform-
ance being held constant (proportion correct: 70
to 74%); furthermore, these measures were un-
correlated (Pearson’s correlation coefficient » =
—0.21, P = 0.24). To establish whether this
variability was stable, we split data from each
participant into two halves and computed the
test-retest reliability of the two sets. This analysis
revealed intraparticipant consistency in A, (=
0.69, P=0.00001) (fig. S2).

Having quantified interindividual variability
in introspection, we then asked whether this var-
iability in introspective judgements was predicted
by variability in brain structure using two distinct
measures: gray-matter volume measured from T1-
weighted anatomical images and the fractional
anisotropy (FA) of white matter measured from
diffusion tensor images. Our analysis examined the
possible relation between brain structure and four
different measures: the metacognitive ability (4;o.)
of our participants, objective performance on the
perceptual task (sensitivity, ', and criterion, c), and
the tendency to use high or low confidence re-
sponses on individual trials (B,,.) [see supporting
online material (SOM) methods section for de-
tails]. Having removed the potentially confound-
ing factors (24) of overall brain size and gender
(as regressors of no interest), we found that an in-
dividual’s metacognitive ability (4,..) was signif-
icantly correlated with gray-matter volume in the
right anterior PFC (Fig. 3A) [Brodmann area (BA)
10; peak voxel coordinates: [24, 65, 18]; tax =
4.8; P < 0.05, corrected for multiple compari-
sons]. Furthermore, gray-matter volume in this re-
gion did not correlate with task performance, as
indexed by & (Fig. 3B) (r = 0.15, P = 0.42), or
overall confidence (Bo)( 7 = —0.023, P = 0.90).
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Fig. 2. ROC calculation and behavioral performance. (A) Participants’ confidence ratings were used to
construct a type Il ROC function that quantifies the ability to discriminate between correct and incorrect
responses cumulated across levels of confidence. A, was calculated as the shaded area between the ROC
curve and the major diagonal (21). Mutually perpendicular dotted and solid lines represent the minor and
major diagonals, respectively. (B) Plot of the relation between task performance (percentage correct) and
Aroc, With participants ordered by increasing A, value.
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Fig. 3. Gray-matter volume correlated with introspective ability. (A) Projection of statistical (T) maps for
positive (hot color map: red, orange, yellow) and negative (cool color map: blue) correlations with A,
onto an inflated cortical surface (T1-weighted template, thresholded at T > 3 for display purposes).
Significant clusters (P < 0.05, corrected for multiple comparisons) where metacognitive ability correlated
with gray-matter volume (see SOM methods) were found in right anterior PFC (BA 10; positive correlation)
and the left inferior temporal gyrus (negative correlation), accompanied by contralateral homologous
clusters at P < 0.001, uncorrected. (B) Plot of gray-matter volume in the right BA 10 cluster against both
Aroc and d' (see SOM methods for full details), indicating that the correlation with metacognitive ability
was independent of task performance. a.u., arbitrary units.

Gray-matter volume in a homologous region in
the left anterior PFC was also correlated with
Aroc but did not survive correction for multiple
comparisons across the brain volume. Details
of this and other clusters that did not survive a
whole-brain correction are listed in table S2.
Thus, variability in introspective judgements of
performance on a simple visual-detection task
was predicted by variability in the anatomical
structure of the anterior PFC (BA 10), indepen-
dently of both objective performance and level
of confidence. Finally, whereas our primary ques-
tion addressed positive dependence of gray matter
on A, we also found that the left inferior tem-

poral gyrus showed a negative correlation with
metacognitive sensitivity (Fig. 3A) (coordinates:
[-56, =30, —26]; tmax = 4.66; P < 0.05, corrected
for multiple comparisons), accompanied by a sim-
ilar region on the right that did not survive cor-
rection for multiple comparisons (see table S2 for
full details and coordinates).

After we established that gray-matter volume
was predictive of A,,., we next analyzed white-
matter microstructure. If the structure of the an-
terior PFC is functionally related to metacognitive
performance, we hypothesized that white-matter
tracts connected with this region would also
show a similar microstructural correlation with
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Fig. 4. White-matter
microstructure correlated
with introspective ability.
(A) Statistical (T) map of
voxelwise correlations be-
tween FA and A, thresh-
olded at T > 3 for display
purposes and overlaid on
sagittal (left) and axial
(right) slices of the aver-
age FA image across par-
ticipants, at the x and z

coordinates indicated. A o E * o .
region within the genu of s 3 110 "“ e >

i ey > —4r—o .
the anterior corpus cgllosum é T 5 < RALR 2 Vot ¢ o
showed a correlation be- c 0w 90 .
tween FA and metacog- za . .
nitive ability that was w é 70 : | : :
statistically significant
after correcting for mul- 0.55 A 0.7 07 0.9 g 1.1

tiple comparisons (P <
0.05). (B) Plot of FA in

roc

the anterior corpus callosum cluster against both A, and d’, indicating that the correlation with
metacognitive ability was independent of task performance.

expression of this behavioral trait. In a whole-
brain analysis of white-matter microstructure
(21), we found that FA (a measure of white-
matter integrity) in the genu of the corpus
callosum was positively dependent on A, (Fig.
4) (P <0.05, corrected for multiple comparisons).
This specific subdivision of the corpus callosum
contains white-matter fibers connected with the
anterior and orbital PFCs in humans (25), con-
sistent with metacognitive ability being depen-
dent not only on anterior prefrontal gray matter
but also on reciprocal projections to and from this
area. Neither objective performance (stimulus con-
trast or d') nor overall confidence (B,.) correlated
with gray-matter volume or white-matter FA
elsewhere in the brain (P > 0.05, corrected for
multiple comparisons; see tables S2 and S3 for
uncorrected correlations). We note that an absence
of structural correlations with these parameters
may have been due to our design deliberately
minimizing variability in both ' and B, to isolate
the neural correlates of introspective ability (Ap)-

One concern is that the structural covariation
that we observed may have been potentially con-
founded by differences in perceptual ability.
Good perceptual ability may be reflected in the
staircase procedure converging on consistently
low values for stimulus contrast for a given in-
dividual. Therefore, we carried out control analy-
ses (table S4) (21) to rule out this alternative
explanation. These results demonstrated signifi-
cant correlations of gray matter and FA with A,
in the anterior PFC when controlling for changes
in task parameters and an absence of correlations
with task parameters themselves. Thus, the structure-
behavior correlations we observed here are unlikely
to be due to low-level differences in performance,
but instead relate to underlying differences in in-
dividual metacognitive ability.

How might these regions contribute to meta-
cognition? Anterior subdivisions of the PFC have

www.sciencemag.org SCIENCE VOL 329

been implicated in high-level control of cognition
(19, 20, 26, 27) and are well placed to integrate
supramodal perceptual information with decision
output (28), a process thought to be key for
metacognitive sensitivity (/). Dorsolateral pre-
frontal activity increases under conditions in
which subjective reports match objective percep-
tual performance (29), suggesting a computa-
tional role in linking performance to confidence.
Consistent with prefrontal gray-matter volume
playing a causal role in metacognition, patients
with lesions to the anterior PFC show deficits in
subjective reports as compared with controls,
after factoring out differences in objective per-
formance (/6). Furthermore, impairing dorso-
lateral PFC function with theta-burst transcranial
magnetic stimulation compromises the metacog-
nitive sensitivity of subjective reports of aware-
ness but leaves underlying task performance intact
(30). Together with the present work, these find-
ings suggest a central role for anterior and dor-
solateral PFC in metacognitive sensitivity. Our
present findings may reflect innate differences in
anatomy or, alternatively, may reflect the effects
of experience and learning, as has been found in
the sensorimotor domain (74, 15). This raises the
tantalizing possibility of being able to “train” meta-
cognitive ability by harnessing underlying neural
plasticity in the regions that we identify here (37).

Our main finding is a delineation of a notice-
ably focal anatomical substrate that predicts in-
terindividual variability in metacognitive ability.
As with any correlational method, we cannot es-
tablish whether the covariation we observed be-
tween brain structure and metacognition reflects a
causal relation. However, given a wealth of evi-
dence for changes in gray-matter volume within
and between individuals associated with a range of
skills, we propose that underlying differences in
metacognitive ability are similarly dependent on
large-scale brain anatomy. Our data provide an ini-

REPORTS

tial window to the biological basis of the ability to
link objective performance to subjective confidence.
The demonstration that this ability may be depen-
dent on local and phylogenetically recent prefrontal
anatomy is consistent with a conjecture that meta-
cognitive function has been selected for during
evolution (32), facilitating computations that allow
us to introspect about self-performance.
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E R RAT U M Post date 11 May 2012

Reports: “Relating introspective accuracy to individual differences in brain structure” by
S. M. Fleming et al. (17 September 2010, p. 1541). The authors have detected a minor pro-
gramming error in their original analysis of brain structure. Thus, spatial coordinates for a
subset of results should be corrected by +2 mm (see the table below for the correct coordi-
nates). No other aspects of their results or interpretations are affected.

Contrast Region Peak voxel Corrected peak
reported in paper  voxel (MNI)
(MNI)
GM-positive A,,,  Right BA10 24,65,18 26,66, 16
GM-positive A, Precuneus 6,-57,18 8,-57,19
WM-positive A,,,  Anterior corpus 2,26,-2 2,27,-2
callosum

MNI, Montreal Neurological Institute; GM , grey matter volume; WM, white matter (fractional
anisotropy); A,,., a quantitative measure of metacognitive accuracy.
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DOI: 10.1126/science.1191883

Naval Gazing

Simple perceptual tasks, such as detecting the contrast between light and dark bars in a grating, have been a
mainstay of psychophysical research for decades. This kind of task makes it possible to obtain both an objective measure
of how accurate subjects are and a subjective measure of how confident they are in their judgments. Fleming et al. (p.
1541; see the Perspective by Lau and Maniscalco) have taken this approach one step further by constructing a
measure of how accurate subjects are in their confidence judgments. This capacity for introspection, which can be
regarded as one facet of metacognition (thinking about thinking), is shown to vary across individuals and to correlate
positively with the gray matter volume of the frontopolar cortex (the frontmost region of the brain) and also with white
matter in the tracts of the corpus callosum that connect these regions in the left and right hemispheres.
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