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Metacognition is the capacity to introspectively monitor and control one’s own cognitive processes. Previous anatomical and functional
neuroimaging findings implicated the important role of the precuneus in metacognition processing, especially during mnemonic tasks.
However, the issue of whether this medial parietal cortex is a domain-specific region that supports mnemonic metacognition remains
controversial. Here, we focally disrupted this parietal area with repetitive transcranial magnetic stimulation in healthy human partici-
pants of both sexes, seeking to ascertain its functional necessity for metacognition in memory versus perceptual decisions. Perturbing
precuneal activity selectively impaired metacognitive efficiency of temporal-order memory judgment, but not perceptual discrimination.
Moreover, the correlation in individuals’ metacognitive efficiency between domains disappeared when the precuneus was perturbed.
Together, these findings provide evidence reinforcing the notion that the precuneal region plays an important role in mediating meta-
cognition of episodic memory retrieval.
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Introduction
Metacognition is the ability to introspectively monitor and con-
trol one’s own cognitive processes, which is important to guide

adaptive behavior, social interaction and mental health (Flavell,
1979; Nelson, 1990; Teasdale et al., 2002; Frith, 2012). Metacog-
nitive capacity has been mostly assessed by self-reporting of level
of confidence in one’s own decisions that correlate with objective
performance. The initial task is often called a “type 1 task” and the
ensuing confidence judgment task is called a “type 2 task” (Galvin
et al., 2003). A widely used approach to estimate metacognitive
efficiency without having it confounded by the primary task per-
formance and response bias is to calculate the comparison be-
tween type 1 sensitivity (d�) and type 2 sensitivity (meta-d�). This
approach can quantify meta-ability under signal detection theory
(SDT) framework (Maniscalco and Lau, 2012) or by a recently
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Significance Statement

Theories on the neural basis of metacognition have thus far been largely centered on the role of the prefrontal cortex. Here we
refined the theoretical framework through characterizing a unique precuneal involvement in mnemonic metacognition with a
noninvasive but inferentially powerful method: transcranial magnetic stimulation. By quantifying metacognitive efficiency across
two distinct domains (memory vs perception) that are matched for stimulus characteristics, we reveal an instrumental role of the
precuneus in mnemonic metacognition. This causal evidence corroborates ample clinical reports that parietal lobe lesions often
produce inaccurate self-reports of confidence in memory recollection and establish the precuneus as a nexus for the introspective
ability to evaluate the success of memory judgment in humans.
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developed hierarchical Bayesian estimation method (Fleming,
2017).

Despite a large amount of recent research showing the neural
architecture of metacognition in various cognitive domains, like
visual perception and memory (Fleming et al., 2010, 2014;
Yokoyama et al., 2010; Baird et al., 2013; McCurdy et al., 2013;
Rahnev et al., 2016), the underlying mechanisms of metacogni-
tion are incompletely understood. A central question is whether
human metacognition depends on some domain-general neural
structures, or is it supported by domain-specific components?
Although it has been reported that metacognitive behavioral in-
dices are correlated across memory versus perception domains
(McCurdy et al., 2013), their functional neural correlates might
be largely independent (Baird et al., 2013).

In contrast to the established role of the anterior prefrontal
cortex in perceptual metacognition (Fleming et al., 2014), com-
pelling evidence has converged to reveal an important role of the
precuneus in memory metacognition (Fleck et al., 2006; Fleming
et al., 2010; McCurdy et al., 2013). Functionally, it has been
shown that task-related activity in the precuneus was greater dur-
ing memory tasks compared with during perceptual decisions
(Morales et al., 2018). Anatomically, structural variation in the
precuneal region was correlated more robustly with memory
metacognitive efficiency than with visual perceptual metacogni-
tive efficiency, ascribing a critical role of the precuneus in meta-
memory (McCurdy et al., 2013).

The extant evidence for the function of the precuneus in meta-
cognition has been correlational. Here we used a disruptive tech-
nique that can noninvasively establish the causal role of the
precuneus in metacognition across the memory and perceptual
domains. We applied transcranial magnetic stimulation (TMS)
over either the precuneus or a control site before the type 1 tasks
to perturb the neural activity so as to ascertain whether the pre-
cuneus might be causally involved in metacognition in either or
both domains. In both tasks, on each trial the participants were
required to make a two-alternative forced-choice judgment be-
tween a pair of still frames, followed by a confidence rating of
their choice decision for that trial; the only difference between the
two tasks was the task demands. In the memory task, the partic-
ipants were asked to identify the image that was presented earlier
in a video gameplay they had encoded 24 h before; in the visual
perceptual task, the same group of participants were required to
discriminate the difference in resolution between the two images.
We kept the individual sets of pair-images identical in both tasks
per participant. To anticipate, we expected a Task � TMS inter-
action, which shall arise from a more pronounced deficit in meta-
memory efficiency following TMS to the precuneus than in
metaperceptual efficiency.

Materials and Methods
Participants
18 adults (7 female, age 19 –24 years) from the student community of the
East China Normal University participated in this study. Each of them
participated in both tasks, giving us a within-subjects comparison. All
participants had normal or corrected-to-normal vision, no reported his-
tory of neurological disease, no other contraindications for MRI or TMS,
and all gave written informed consent. They were compensated finan-
cially for their participation. No subject withdrew due to complications
from the TMS procedures, and no negative treatment responses were
observed. The study was approved by University Committee on Human
Research Protection of East China Normal University.

Overview of study
The memory task and perceptual task were each separated into two ex-
perimental sessions. Immediately before performing the main task, the

participants received 20 min of repetitive TMS that targeted at one of the
two cortical sites (within-subjects: TMS-vertex vs TMS-precuneus) in a
counterbalanced manner (Fig. 1A, Session 1 and Session 2). The session
order; numbers of trials; dimension, position and sequence of stim-
ulus presented; response time allowed for the type 1 task judgment;
and intertrial intervals were all identical in both tasks. High-
resolution structural scans were acquired for each participant to guide
the TMS procedure.

Experimental design and statistical analysis
Tasks and procedure. Each participant completed 480 trials in total in
each of the two tasks, both of which lasted �45 min (2 sessions � 4
blocks � 60 trials per block).

The memory task required participants to choose the image that hap-
pened earlier [temporal order judgment (TOJ)] in the video game they
had played 1 d before. The visual stimuli were presented using E-prime
software (Psychology Software Tools), as back-projected via a mirror
system to the participant. Each trial was presented for 5 s during which
participants performed the TOJ. They were then allowed 3 s to report
their confidence level following the memory judgment. Participants per-
formed the TOJ task using their index and middle fingers of one of their
hands via an MRI compatible five-button response keyboard (Sinorad).
The participants reported their confidence level (“Very Low”, “Low”,
“High”, or “Very High”) regarding their own judgment of the correct-
ness of TOJ with four fingers of the other hand. The left/right hand
response contingency was counterbalanced across participants. The par-
ticipants were encouraged to report their confidence level in a relative
way and make use of the whole confidence scale. Following these judg-
ments, a fixation cross with a variable duration (1– 6 s) was presented
(Fig. 1C). Regarding the memory task, we have also set out to examine the
multivoxel pattern representation of the temporal distances between
the two frames during the TOJ memory task and thus we administered
the memory task inside an MRI scanner (fMRI results reported previ-
ously). By contrast, because of cost consideration for neuroimaging here
we focused on an issue that has interested us scientifically, that is whether
TMS on the precuneus would produce differential effects on memory
versus perception meta-ability, and thus we did not scan the participants
again during the perceptual task.

The same sets of paired images were used in the perceptual task, in
which the participants were required to choose either the clearer (or
blurrier, counterbalanced across participants) image among a pair of
images on each trial. The participants made an image-resolution com-
parison judgment and then a confidence rating of their type 1 task deci-
sion (Fig. 1D) with a 17 inch CRT monitor in a dimly illuminated room.
There was a practice block before each session for the participant to get
familiar with the task demands.

Quantification of metacognitive efficiency. Memory and perceptual per-
formance were quantified using the percentage of correct judgments and
the d� of type 1 signal detection theory (Green and Swets, 1966). We
evaluated the metacognitive ability of both tasks by meta-d�. Meta-d�
quantifies metacognitive sensitivity (the ability to discriminate between
correct and incorrect judgments) in a SDT framework. Meta-d� was
widely used as a measure of metacognitive capacity because it is expressed
in the same scale as d�, so the type 2 sensitivity (meta-d�) could be com-
pared with the type 1 sensitivity (d d�) directly (Maniscalco and Lau,
2012; Fleming and Lau, 2014). If meta-d� is equal to d�, it means that the
metacognitive sensitivity is ideal. Here, we calculated the meta-d� � d�, a
metric for estimating the metacognitive efficiency (level of metacogni-
tion given a particular level of performance or signal processing capacity
(Rounis et al., 2010). Moreover, we computed metacognitive efficiency
using a hierarchical Bayesian estimation method, which can avoid edge-
correction confounds and enhance statistical power (Fleming and Daw,
2017). Following a common practice in the literature (Fleming et al.,
2014; Faivre et al., 2018), we performed the analyses using both 4-point
confidence ratings and a synthetic two-category (high and low) ratings.
Notably, responders do use the 4-point scale rather differently (e.g., some
people may only use 1, 2, 3 more, whereas others use 2, 3, 4). The practice
of down-sampling to 2-point makes use of the median split, which helps
to reduce bias regarding how the subjects use the scale.
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Both meta-d� and d� measures assume that the variance of the internal
response takes a Gaussian distribution, and importantly, that the distri-
butions associated with the two type 1 responses respectively are of equal
variance. To ensure our results were not due to any idiosyncratic viola-
tion of the assumptions of SDT, we additionally calculated the � coeffi-
cient index, which does not make these strong assumptions (Fleming and
Lau, 2014). Rather, it evaluates how optimally each trial was assigned for
high or low confidence based on performance in the preceding cognitive
judgment, reflecting the association between the two binary variables
(Kornell et al., 2007). The coefficient was calculated by the following
equation using the number of trials classified in each case [n(case)]:

phi coefficient (�) �
n�Correct High� � n�Incorrect Low� � n�CorrectLow� � n�Incorrect High�

�n �Correct� � n �Incorrect� � n �High� � n �Low�

Data were processed with in-house software on MATLAB and statistical
inference was made using RStudio. Trials missing either one of the mea-

sures (memory: 2.9% of TOJ trials, 2.2% confidence rating; perception:
0.7% in type 1 trials) were excluded from the analysis.

Stimuli
Stimuli were extracted from an action-adventure video game (Beyond:
Two Souls), which was created by the French game developer Quantic
Dream and played in the PlayStation 4 video game console developed by
Sony Computer Entertainment. Participants played 14 chapters in total
across two sessions: 7 in experimental Session 1 and then another 7 in
Session 2. These subject-specific video were recorded and were used for
extraction of still images for the tasks.

For the memory task, we selected static images from the subject-
specific recorded videos which the participants had played the day before.
Each second in the video consisted of 29.97 static images (frames). In
each game-playing session, 240 pairs of images were extracted from the
seven chapters and were paired up for the task based on the following

Figure 1. Study design. A, Experimental overview. In experimental Sessions 1 and 2 of each task, participants received 20 min of rTMS to either one of two cortical sites before performing the main
task. The stimulation sites (within-subjects design: TMS-precuneus vs TMS-vertex) and choices of video game chapters were counterbalanced within subjects across task. B, Location of precuneus
(target site) is depicted in red and vertex (control site) in blue. The target site for precuneus stimulation (MNI x, y, z 	 6, �70, 44) was based on Kwok et al. (2012). C, In the memory task, the
participants performed a temporal order judgment task, by choosing the image that happened earlier in the video game. D, In the perceptual task, participants identified which frame of the two was
clearer (or blurrier). After the type 1 tasks, participants rated their confidence level on a 4-point scale. ITI, intertrial interval.
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criteria: (1) the two images had to be extracted from either the same
chapters or adjacent chapters (Within- vs Across-chapter condition); (2)
the temporal distance (TD) between the two images were matched be-
tween Within- and Across-chapter conditions; and (3) to maximize the
range of TD, we first selected the second longest chapter of the video and
determined the longest TD according to a power function (power 	 1.5),
at the same time ensuring the shortest TD to be longer than 30 frames.
We generated 60 progressive levels of TD among these pairs.

For the perceptual task, the same sets of subject-specific stimuli from
the memory task were used. On each trial, the resolution of one of the
images was reduced using Python Imaging Library through resizing the
image to change the pixel dimension. For instance, setting an image to
three-tenths of the original size changed the pixel dimension to three-
tenths, then the image was resized to its primary size so that the pixels per
inch (PPI) decreased proportionately. The higher the PPI, the smaller the
difference between the image resolution of the resized one and the orig-
inal was, which also meant this pair would be harder to discriminate than
another pair with a lower PPI value. Based on participants performance
in the memory task, we predetermined five difficulty levels for the per-
ceptual task (n 	 1�5; 1 being the hardest). The image resolution was
adjusted online using an n-down/1-up adaptive staircase procedure,
aiming to equate individual performance with his or her performance in
the memory task.

Anatomical MRI images
A 3-tesla Siemens Trio magnetic resonance imaging scanner (Siemens
Medical Solutions) was used to acquire high-resolution T1-weighted im-
ages for each participant (192 sagittal slices, TR 	 2530 ms, TE 	 2.34
ms, TI 	 1100 ms, flip angle 	 7°, FOV 	 256 � 256 mm, 0.9 mm
thickness, voxel size 	 1 � 1 � 1 mm) to stereotaxically guide the
transcranial stimulation.

Repetitive TMS: procedure, protocol, and sites
TMS is a method of noninvasive cortical stimulation that can modulate
cognitive functions. Previous studies have demonstrated that repetitive
stimulation with TMS over the precuneus (Kraft et al., 2015) or lateral
parietal cortices (Wang et al., 2014; Nilakantan et al., 2017) produce
robust effects on memory related ability, showing the efficacy of repeti-
tive TMS (rTMS) targeted at relatively deep regions.

rTMS was applied using a Magstim Rapid 2 magnetic stimulator con-
nected to a 70 mm double air film coil. The structural T1-weighted
magnetic resonance images obtained from each subject were used in
Brainsight2.0, a computerized frameless stereotaxic system (Rogue Re-
search), to localize the target brain regions. Target stimulation regions
for rTMS were selected in the system by transformation of the Montreal
Neurological Institute (MNI) stereotaxic coordinates to participant’s
normalized brain. The sites stimulated were located in the precuneus at
the MNI coordinate x 	 6, y 	 �70, z 	 44 (Kwok et al., 2012), and in a
control area on the vertex, which was identified at the point of the same
distance to the left and the right pre-auricular, and of the same distance to
the nasion and the inion (Fig. 1B). For combining each subject’s head
with the MRI images, location information of each subject’s head was
obtained individually by touching four fiducial points, which are the tip
of the nose, the nasion, and the intertragal notch of each ear using an
infrared pointer. The real-time locations of reflective markers which
were attached to the coil and the subject were monitored by an infrared
camera using a Polaris Optical Tracking System (Northern Digital).

In each session, TMS was delivered to either the precuneus or vertex
before the main task. TMS was applied at 1 Hz frequency for a continu-
ous duration of 20 min (1200 pulses in total) at 110% of active motor
threshold (MT), which was defined as the lowest TMS intensity delivered
over the motor cortex necessary to elicit visible twitches of the right index
finger in at least 5 of 10 consecutive pulses (Rossini et al., 2015). The MT
was measured at the beginning of experiment Session 1 in both the mem-
ory and perceptual tasks. The order of stimulation sites was counterbal-
anced within subjects across tasks. During stimulation, participants wore
earplugs to attenuate the sound of the stimulating coil discharge. The coil
was held to the scalp of the participant with a custom coil holder and the
subject’s head was propped a comfortable position. Coil orientation was

parallel to the midline with the handle pointing downward. Immediately
after the 20 min of rTMS, subjects performed four blocks of memory task
in the MRI scanner (mean delay from rTMS to beginning of test: TMS-
precuneus 	 15.29 min, TMS-vertex 	 20.76 min), or performed a visual
perceptual task in a psychophysics room (mean delay from rTMS to
beginning of test: TMS-precuneus 	 6.7 min, TMS-vertex 	 6.3 min).
This particular stimulation magnitude and protocols of rTMS (low-
frequency stimulation of 1 Hz) is known to induce efficacious intracor-
tical inhibitory effects for over 60 min (Iyer et al., 2003; Rossi et al., 2009;
Thut and Pascual-Leone, 2010). Given that both of our tasks lasted 45
min, the TMS effects should have been long-lasting enough for the tasks.
Although these inhibitory effects are also known to level off within hours
by the end of the stimulation, for safety reason and to avoid carryover
effects of rTMS across sessions, experimental Sessions 1 and 2 were con-
ducted on 2 separate days for both tasks (memory: mean interval 	 8 d;
perceptual: mean interval 	 3.9 d).

Results
We aimed to verify the causal role of the precuneus in subserving
the metacognition of memory and perception processes. The fol-
lowing results cover the effects of TMS on type 1 and type 2 task
performances. The mean percentages correct were 67.41% (SD 	
7.22%) and 75.77% (SD 	 4.75%) for the memory and percep-
tion tasks, respectively. We then examined whether the type 1
task performance and mean confidence ratings might be affected
by TMS. As expected, task performance and mean confidence
ratings were not different between the two TMS conditions in
neither memory (paired t test, accuracy, t(17) 	 0.349, p 	 0.640;
RT, t(17) 	 1.997, p 	 0.090; confidence rating, t(17) 	 0.069, p 	
0.780) nor perceptual part (paired t test, accuracy, t(17) 	 1.091,
p 	 0.480; RT, t(17) 	 0.842, p 	 0.490; confidence rating, t(17) 	
0.461, p 	 0.560; Fig. 2A–C). Despite the differences in first-order
task performance, we see that these first-order performances
were not diminished or changed substantively by TMS (precu-
neus vs vertex) in either condition. This lack of effect is not trivial,
because even though the first-order performances were not ex-
actly the same, they were near threshold (71%) in both cases,
meaning there should have been some sensitivity in detecting an
effect should TMS be detrimental to first-order performance in
either the memory or perception conditions. We also reported
the level of difficulty provided in each condition. We quantified
the memory task difficulty by temporal distances between the
pairs of images, and the perceptual task difficulty using the dif-
ference in resolution (ratio) between the pairs of images. There
were no significant differences in the mean level of task difficulty
provided between the two TMS sites in either the memory task
(paired t test, t(17) 	 �0.798, p 	 0.436; Fig. 2D) or the perceptual
task (paired t test, t(17) 	 �1.305, p 	 0.209; Fig. 2E).

We then used a robust metacognitive index (meta-d� � d�) to
investigate whether TMS on the precuneus might affect metacog-
nitive performance on the tasks. We performed a 2 (Task:
memory/perception) � 2 (TMS: precuneus/vertex) repeated-
measures ANOVA for metacognitive efficiency, quantified as
meta-d� � d�, from the SDT-based model and the hierarchical
model separately. In the SDT-based model, we found an interac-
tion effect between Task and TMS site (F(1,17) 	 7.25, p 	 0.015;
Fig. 3A). The interaction was driven by lower metacognitive effi-
ciency following TMS to precuneus relative to TMS to vertex in
the memory task (paired t test, t(17) 	 �2.155, p 	 0.046),
whereas no difference in metacognitive efficiency was found in
the perceptual task (paired t test, t(17) 	 1.378, p 	 0.186). Meta-
cognitive efficiency using the hierarchical model revealed the
same pattern of results (Task � TMS interaction: F(1,17) 	 7.312,
p 	 0.015; memory: paired t test, t(17) 	 �2.119, p 	 0.049;
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perception: paired t test, t(17) 	 1.334, p 	 0.200; Figure 3B). We
also performed the same sets of analyses using 4 confidence levels.
This set of results similarly revealed a Task � TMS interaction
with the SDT-based model (F(1,17) 	 4.506, p 	 0.049) and with
the hierarchical model (F(1,17) 	 4.051, p 	 0.060). The results are
essentially identical with using four confidence levels versus two
confidence levels. In addition, the same significant Task � TMS
interaction was also replicated with another widely used index,
log(meta-d�/d�) with the SDT-based model (F(1,17) 	 5.330, p 	
0.034; Fig. 3C) and with the hierarchical model (F(1,17) 	 5.798,
p 	 0.028; Fig. 3D).

To add credibility to these results, we replicated these findings
with the Phi coefficient (ANOVA, F(1,17) 	 13.81, p 	 0.002; Fig.
3E), confirming that our results were not biased by any idiosyn-
cratic violations of the assumptions of SDT. These findings of
lower metacognitive efficiency in the memory task following
TMS to the precuneus compared with the vertex confirm our
prediction that the precuneus causally mediates memory meta-
cognition, but not perceptual metacognition. To better charac-
terize the effect of TMS on metacognitive efficiency, we
performed sign tests to verify the extent of changes between TMS
to precuneus and vertex. Metacognitive efficiency was reduced by
TMS to the precuneus in the majority of participants in the mem-
ory task (13/18 reduced, p 	 0.035, sign test), but not in the
perceptual task (10/18 reduced, p 	 0.290, sign test).

These meta-indices are in principle based on how people rate
their confidence, which refer to how meaningful a person’s con-
fidence rating is in distinguishing between correct and incorrect
responses. We accordingly ran a three-way repeated-measures
ANOVA (Task: Memory/Perception � TMS: precuneus/ver-
tex � Confidence: Low/High) on the type 1 task percentage cor-
rect and obtained a significant three-way interaction (F(1,17) 	
10.652, p 	 0.005). The TMS effect was disproportionally stron-
ger in the memory task, as evident in a TMS � Confidence inter-
action (F(1,17) 	 4.487, p 	 0.049; Fig. 3F), than in the perceptual
task (F(1,17) 	 1.24, p 	 0.281; Fig. 3G). Such effects in the mem-
ory task were driven by higher accuracy following TMS-
precuneus than TMS-vertex in the low confidence rating
condition (paired t test, t(17) 	 2.354, p 	 0.031), but not in the
high confidence rating condition (paired t test, t(17) 	 �0.4, p 	
0.694). This finding indicates that TMS targeted at the precuneus
affects the efficacy of confidence ratings such that low confidence
responses are more accurate on type 1 memory task following
TMS to the precuneus versus the vertex, and this is not seen in the
perceptual task or for high confidence trials.

To further probe whether the TMS effect on memory meta-
cognition would be reflected by within-subjects changes in the
between-tasks covariations, we calculated the between-tasks
(Memory/Perception) correlations for all individuals’ type 1 task
sensitivity (d�) and metacognitive efficiency respectively. We

Figure 2. Basic task performance and task difficulty. Type 1 task performance and mean confidence ratings were not affected by TMS in either of the tasks: (A) accuracy, (B) reaction time, and (C)
mean level of confidence ratings. D, Memory task difficulty provided for each participant: mean level of temporal distance between pair of images. E, Perceptual task difficulty provided for each
participant: mean level of difference in resolution (ratio) between pair of images. Error bars denote the SEM over participants.
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found that participants’ type 1 sensitivity (d�) between the per-
ceptual and memory tasks are positively correlated, and that the
magnitude of the correlation was not affected by TMS (TMS-
vertex: r 	 0.90, p 
 0.001; TMS-precuneus: r 	 0.82, p 
 0.001;
comparison between correlations: z 	 �0.86, p 	 0.390; Fig. 4A).
This again indicates that TMS had no effect on the basic task
performance, in line with the pattern shown in Figure 2. In con-
trast, whereas the metacognitive efficiency for the two tasks were
significantly correlated in the control (TMS-vertex) condition,

much like what was reported previously (McCurdy et al., 2013),
such correlational pattern was notably eliminated under TMS-
precuneus treatment, and the correlation coefficient was signifi-
cantly lower than that of the TMS-vertex condition (TMS-vertex:
r 	 0.72, p 
 0.001; TMS-precuneus: r 	 �0.13, p 	 0.63; com-
parison between correlations: z 	 �3.38, p 
 0.001; Fig. 4B).
Together, these results reveal that TMS to the precuneus affects
the metacognitive performance specifically for the memory
domain.

Figure 3. Differential effects of TMS on metacognitive performance. A, Metacognitive efficiency in SDT-based model (meta-d� � d�) under TMS-precuneus was lower than metacognitive
efficiency under TMS-vertex in memory task but not in perceptual task. B, Metacognitive efficiency in hierarchical model under TMS-precuneus was lower than metacognitive efficiency under
TMS-vertex in memory task but not in perceptual task. C, TMS � Task interaction in logarithm of meta-d�/ d� computed with the SDT model. D, TMS � Task interaction in logarithm of meta-d�/
d� computed with the hierarchical model. E, TMS � Task interaction in � coefficient (the correlation between accuracy and confidence over trials). F, TMS � Confidence ratings interaction in
memory task. The type 1 accuracy for low confidence ratings under TMS-precuneus is significantly higher than that under TMS-vertex; no such effect for high confidence ratings. G, No significant
effect of TMS in perceptual task.R indicates significant interaction p 
 0.05, *p 
 0.05. Error bars represent SEM over participants.
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Discussion
We used an inferentially powerful technique to investigate the
critical role of the precuneus in metacognitive ability in two dis-
tinct domains: memory and perception. We demonstrated that
magnetic field stimulation targeted at the precuneus impairs
metacognitive efficiency in a long-term memory task without
eliciting amnesia. The TMS’s task-specific effect on the memory
task implies that part of the neurobiological prerequisite for
metamemory ability, especially those in relation to episodic rec-
ollection/TOJ, might be housed in the precuneus.

The precuneus is known to be implicated in memory meta-
cognition, as suggested by correlative evidence coming from an-
atomical connectivity and related functional activity analyses.
For instance, a previous study identified a link between memory
metacognitive efficiency and the precuneal gray matter density in
healthy individuals (McCurdy et al., 2013), whereas a similar
relationship was found between mnemonic metacognitive effi-
ciency and resting-state functional connectivity between the pre-
cuneus and medial aPFC (Baird et al., 2013). Considering that no
prior study has executed controlled, targeted perturbation on this
medial parietal region, we thus set out to examine its functional
necessity for mnemonic metacognition by disrupting the precu-
neal function with TMS.

Here, consistently across several metacognition metrics, our
TMS-induced focal disruption causally imposed a significant and
selective effect on metacognitive ability in memory, without al-
tering the perceptual metacognitive performance in the same
manner. This suggests the medial parietal cortex might contrib-
ute to memory metacognition, in keeping with the established
role of the medial parietal cortex in monitoring memory meta-
cognition (Simons et al., 2010; Baird et al., 2013; McCurdy et al.,
2013; Morales et al., 2018). However, a recent study identified
respective domain-specific and domain-general functional sig-
nals engaged by metacognitive judgments in perceptual and
memory tasks using multivariate pattern analysis (Morales et al.,
2018). They found that the domain-specific pattern for metacog-
nition was encoded in the prefrontal cortex whereas the domain-
general pattern was distributed in a widespread network in the
frontal and posterior midline, including the precuneus. This sug-
gests the precuneus might be dually involved in both memory
and perceptual metacognition due to the close relationship
shared between the precuneus and perceptual metacognition
(McCurdy et al., 2013; Morales et al., 2018). In light of yet another

recent report showing that the precuneus contains neural corre-
lates of ERP P3 component during retrospection of task difficulty
upon visual perception (Desender et al., 2016), it remains possi-
ble that the precuneus is dually involved in the two different
domains (McCurdy et al., 2013; Morales et al., 2018) but contrib-
utes disproportionally stronger to memory metacognition than
otherwise. Desender et al. (2016) interpreted the functional role
of the precuneus as to focus attention to the target of metacogni-
tion. But given the very limited spatial precision of EEG, and the
fact that the metacognitive judgments in their detection para-
digm were about the experience of task difficulty, rather than by a
2AFC paradigm tapping into the true introspection of task per-
formance scaled by confidence ratings (Fleming et al., 2010; Mc-
Curdy et al., 2013; Morales et al., 2018), a direct comparison with
our current findings warrants caution. It is noteworthy that in
McCurdy et al. (2013), the most probable model from their data
indicates that the precuneus is functionally responsible for only
memory but not perceptual metacognition. Here, TMS targeted
at the precuneus selectively impairs metacognitive efficiency for
memory, but not for perception. Our present study thus causally
corroborated the previous model driven by a different method
and strengthened domain-specificity of the precuneus in mem-
ory metacognition.

Our work carries implications for extending metacognitive
principles beyond the realm of working memory to that of epi-
sodic memory. The present finding is compatible with other hu-
man lesion and neuroimaging studies implicating the role of the
parietal cortex in memory retrieval. For example, a lesion study
showed that a patient with parietal cortex damage reported feel-
ing less confident and experienced a lack of richness in the mem-
ories she retrieved (Davidson et al., 2008). This is consistent with
other reports showing that lesions to the parietal cortex signifi-
cantly diminish retrospective confidence ratings, despite perfor-
mance remaining intact in a source recollection task (Simons et
al., 2010). Furthermore, in a functional neuroimaging study de-
signed to tease apart different components of memory retrieval,
activation in the precuneus was found to be associated with viv-
idness judgments during episodic memory retrieval (Richter et
al., 2016), consistent with the evidence that the precuneus serves
to represent personally relevant content accompanied by vivid
recollection (Sreekumar et al., 2017) and detailed abstraction of
temporal information required to support recollective TOJ (Ye et
al., 2018). Given that vivid reminiscence is a defining feature of

Figure 4. Correlation between memory and perceptual task performance and metacognitive indices. A, TMS had no effect on the participants’ type 1 sensitivity (d�). The positive correlation
between d� on the perceptual and memory tasks was not affected by TMS. B, In the TMS-vertex condition, the metacognitive efficiencies across the group were significantly correlated between
memory and perceptual tasks. However, following TMS-precuneus, such between-tasks metacognitive efficiencies were no longer correlated.
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successful recollection of episodic events, the involvement of the
precuneus during memory retrieval tasks might actually lie in its
role in subserving the subjective experience of remembering. This
argument aligns with the recent finding that EEG activity in the
precuneus is linked with conscious dreaming experience (i.e.,
subjects remembered the content of dreaming experience after
being awakened from a dream; Siclari et al., 2017), in line with its
role in mental imagery during retrieval (Fletcher et al., 1995).
This behavioral and neural evidence convergently implicate the
medial parietal cortex in the assessment of recollection during
retrieval in support of its role in meta-memory. In line with the
contribution to recollection of past episodes, our data corrobo-
rated the existing evidence for the participation of the precuneus
in higher-order conscious processes during episodic memory re-
trieval. In a complementary manner, lesions to the anterior PFC
are found to impair perceptual metacognitive ability while spar-
ing the metacognitive efficiency for memory, indicating a
domain-specific deficit in metacognition by anterior PFC lesions
(Fleming et al., 2014). These results conjointly lay the ground-
work for a double dissociation in neural areas between memory
and perceptual metacognition.

Individual metacognitive efficiency scores were found to be
positively correlated across memory and perceptual domains un-
der the control condition in some studies (McCurdy et al., 2013;
Ruby et al., 2017; Samaha and Postle, 2017), but not in others
(Baird et al., 2013; Vo et al., 2014; Fitzgerald et al., 2017; Sadeghi
et al., 2017; Morales et al., 2018). It is plausible that such discord
in correlation between metacognitive scores across domains is
partly driven by the different types of judgments required (Ruby
et al., 2017). A caveat is that the comparison did not take the
stimulus characteristics across different tasks into account. In-
deed, most studies of metacognition used different categories of
materials for the respective tasks, like a word-list memory task
versus a dots-contained perceptual task (Baird et al., 2013; Mc-
Curdy et al., 2013; Fleming et al., 2014; Sadeghi et al., 2017).
Following two recent studies (Ruby et al., 2017; Morales et al.,
2018), here we also used stimuli belonging to the same category,
and in fact same images, for the memory and perceptual tasks,
which would eliminate any confounds attributable to stimulus or
featural characteristics.

To conclude, our findings reinforce the notion that precuneal
region plays a critical role in mediating metacognition in episodic
memory retrieval. To our knowledge, our study is the first one to
causally verify the domain-specificity hypothesis of the precu-
neus in mnemonic metacognition in the human. Together with
the contribution of the anterior prefrontal cortex to perceptual
metacognition, a challenge for future work is to understand how
these different kinds of metacognition can be integrated into a
unified framework.
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