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Why do experimenters give subjects short breaks in long behavioral experiments? Whereas previous studies suggest it is difficult to
maintain attention and vigilance over long periods of time, it is unclear precisely what mechanisms benefit from rest after short experi-
mental blocks. Here, we evaluate decline in both perceptual performance and metacognitive sensitivity (i.e., how well confidence ratings
track perceptual decision accuracy) over time and investigate whether characteristics of prefrontal cortical areas correlate with these
measures. Whereas a single-process signal detection model predicts that these two forms of fatigue should be strongly positively corre-
lated, a dual-process model predicts that rates of decline may dissociate. Here, we show that these measures consistently exhibited
negative or near-zero correlations, as if engaged in a trade-off relationship, suggesting that different mechanisms contribute to percep-
tual and metacognitive decisions. Despite this dissociation, the two mechanisms likely depend on common resources, which could
explain their trade-off relationship. Based on structural MRI brain images of individual human subjects, we assessed gray matter volume
in the frontal polar area, a region that has been linked to visual metacognition. Variability of frontal polar volume correlated with
individual differences in behavior, indicating the region may play a role in supplying common resources for both perceptual and
metacognitive vigilance. Additional experiments revealed that reduced metacognitive demand led to superior perceptual vigilance,
providing further support for this hypothesis. Overall, results indicate that during breaks between short blocks, it is the higher-level
perceptual decision mechanisms, rather than lower-level sensory machinery, that benefit most from rest.
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Introduction
As an observer continuously performs a perceptual task, the ob-
server’s perceptual sensitivity tends to decline over time, an effect
known as the vigilance decrement (Davies and Parasuraman,

1982; Warm, 1984; See et al., 1995). Research has suggested that
limited cognitive resources (Kahneman, 1973; Matthews et al.,
2000; Wickens, 2002) become depleted as a vigil progresses, and
so the vigilance decrement is better accounted for by resource
exhaustion than by mindlessness or task disengagement (Grier et
al., 2003; Helton et al., 2005; Helton and Warm, 2008; Warm et
al., 2008). Consistent with the resource depletion account, theReceived May 27, 2013; revised Nov. 29, 2016; accepted Dec. 9, 2016.
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Significance Statement

Perceptual task performance declines over time (the so-called vigilance decrement), but the relationship between vigilance
in perception and metacognition has not yet been explored in depth. Here, we show that patterns in perceptual and
metacognitive vigilance do not follow the pattern predicted by a previously suggested single-process model of perceptual
and metacognitive decision making. We account for these findings by showing that regions of anterior prefrontal cortex
(aPFC) previously associated with visual metacognition are also associated with perceptual vigilance. We also show that
relieving metacognitive task demand improves perceptual vigilance, suggesting that aPFC may house a limited cognitive
resource that contributes to both metacognition and perceptual vigilance. These findings advance our understanding of the
mechanisms and dynamics of perceptual metacognition.

The Journal of Neuroscience, February 1, 2017 • 37(5):1213–1224 • 1213



vigilance decrement is exacerbated by increasing task demands
such as stimulus degradation, rate of stimulus presentation, and
memory load (See et al., 1995) and is associated with depleted
ratings of energetic arousal, elevated reports of stress, and de-
clines in cerebral blood flow velocity (Warm et al., 2008).

A seemingly unrelated line of research involves the relation-
ship between perceptual sensitivity and perceptual metacogni-
tion (e.g., confidence ratings). Recent work has developed a
signal detection theory (SDT) analysis of confidence ratings (Gal-
vin et al., 2003; Maniscalco and Lau, 2012, 2014), allowing for a
bias-free measure of metacognitive sensitivity (i.e., an observer’s
ability to discriminate between her own correct and incorrect
judgments, regardless of her tendency to report high confidence).
Of particular interest is how such measures of metacognition are
related to perceptual performance. A tacit assumption of the clas-
sical SDT analysis of confidence rating data is that perceptual
decisions and confidence rating are based on the same underlying
process (Galvin et al., 2003; Macmillan and Creelman, 2005;
Maniscalco and Lau, 2012, 2014), and this view has received some
empirical support (Kepecs et al., 2008; Kiani and Shadlen, 2009;
Kepecs and Mainen, 2012). Other findings suggest that metacog-
nition is subserved by high-level prefrontal mechanisms and is
therefore partially dissociable from perceptual performance
(Fleming et al., 2010, 2014; Pleskac and Busemeyer, 2010; Rounis
et al., 2010; McCurdy et al., 2013).

In the current work, we bring these two lines of research together
by investigating the joint behavior of SDT measures of perceptual
and metacognitive sensitivity over time, to mediate between two
potential hypotheses regarding the source of perceptual and meta-
cognitive abilities. If a single process generates perceptual and meta-
cognitive decisions, we should expect declines in perceptual
sensitivity to be associated with declines in metacognitive sensitivity
(Maniscalco and Lau, 2012, 2014). Conversely, if distinct processes
generate perceptual and metacognitive decisions, we might expect
vigilance decrements in perception and metacognition to be disso-
ciable. Importantly, according to SDT, for an ideal observer, percep-
tual performance should be related to metacognitive performance
such that d� � meta-d� (Maniscalco and Lau, 2012, 2014). However,
deviations from this expectation caused by sampling error and sub-
optimal metacognitive performance are to be expected, so a compar-
ison between real data and an SDT model assuming no differences
between these two measures may result in spurious findings attrib-
utable to an overly conservative null hypothesis. Thus, to arbitrate
between our two hypotheses, rather than comparing changes in
meta-d� and d� to an SDT model assuming a perfect correlation
between the two measures, we conducted Monte Carlo simulations
based on actual data to generate the noisy changes in each measure
we should expect to see if SDT were true, and we compared our
empirical results to these expectations.

To anticipate, we find a robust effect whereby changes in per-
ceptual and metacognitive sensitivity over time are weakly or
negatively correlated, contrary to the strong positive correlation
predicted by a single-process view of perception and metacogni-
tion. Voxel-based morphometry analysis suggests that this find-
ing is mediated by a common cognitive resource housed in
anterior prefrontal cortex (aPFC), a region previously associated
with visual metacognitive sensitivity (Fleming et al., 2010; Mc-
Curdy et al., 2013). Consistent with this account, we find that
alleviating metacognitive task demands reduces the perceptual
vigilance decrement. Thus, perception and metacognition appear
to be distinct processes that can differentially access limited cog-
nitive resources.

Materials and Methods
Experiment 1: evaluating the characteristics of decline in
perceptual and metacognitive abilities
Data from this experiment were originally reported by Maniscalco and
Lau (2012).

Participants. Thirty Columbia University students (including both
males and females) participated in the experiment. Participants gave
informed consent and were paid $10 for approximately 1 h of participa-
tion. The research was approved by Columbia University’s Committee
for the Protection of Human Subjects. Four participants were omitted
from data analysis. One exhibited perfect task performance. The other
three used an extreme confidence rating (lowest/highest rating) �89% of
the time, an extreme bias in reporting confidence that renders meaning-
ful analysis of metacognitive sensitivity difficult.

Materials and procedure. Participants were seated in a dimmed room
60 cm away from a computer monitor. Stimuli were generated using
Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) in MATLAB
(MathWorks) and were shown on an iMac monitor (LCD, 24 inch mon-
itor size, 1920 � 1200 pixel resolution, 60 Hz refresh rate).

On every trial, two stimuli were presented simultaneously, one 4° to
the left of fixation and one 4° to the right (Fig. 1A). Stimuli were pre-
sented on a gray background for 33 ms. Each stimulus was a circle (3°
diameter) consisting of randomly generated visual noise. The target stim-
ulus contained a randomly oriented sinusoidal grating (2 cycles/°) em-
bedded in the visual noise. After stimulus presentation, participants
provided a forced-choice judgment of whether the left or the right stim-
ulus contained a grating. After stimulus classification, participants rated
their confidence in the accuracy of their response on a scale of 1 through
4. Participants were encouraged to use the entire confidence scale. If the
confidence rating was not registered within 5 s of stimulus offset, the next
trial commenced automatically. (Such trials were omitted from all anal-
yses.) There was a 1 s interval between the entry of the confidence rating
and the presentation of the next stimulus. Participants were instructed to
maintain fixation on a small crosshair (0.35° wide) displayed in the cen-
ter of the screen for the duration of each trial.

At the start of each experimental session, participants completed two
practice blocks (28 trials each) and one calibration block (120 trials). In the
calibration block, the detectability of the grating in noise was adjusted con-
tinuously between trials on the basis of the participant’s task performance
using the QUEST threshold estimation procedure (Watson and Pelli, 1983).
Target stimuli were defined as the sum of a grating with Michelson contrast
Cgrating and a patch of visual noise with Michelson contrast Cnoise. The total
contrast of the target stimulus, Ctarget � Cgrating � Cnoise, was set to 0.9. The
nontarget stimulus containing only noise was also set to a Michelson contrast
of 0.9. The QUEST procedure was used to estimate the ratio of the grating
contrast to the noise contrast, Rg/n � Cgrating/Cnoise, which yielded 75%
correct performance in the 2AFC task. Three independent threshold esti-
mates of Rg/n were acquired, with 40 randomly ordered trials contributing to
each, and the median estimate of these was used to create stimuli for the main
experiment. The main experiment (1000 trials) consisted of 10 blocks of 100
trials each, with a self-terminated rest period of up to a 1 min between blocks.

Experiment 2: evaluating the link between behavioral results and
cortical characteristics
Data from this experiment were originally reported by McCurdy et al.
(2013).

Participants. Forty-one Radboud University students (19 males, 22
females) participated in the experiment. Participants gave informed con-
sent and were paid €8 for approximately 1 h of participation. The re-
search was approved by the local ethics committee where the experiment
was performed (CMO region Arnhem-Nijmegen, The Netherlands).

Materials and procedure. The experimental design was identical to Ex-
periment 1, with the following exceptions. Blocks of the visual perception
task were interleaved with blocks of a memory task. [Comparison of
visual and memory task performance was explored by McCurdy et al.
(2013); data from the memory task are not analyzed in this study.] Each
participant completed two experimental sessions on 2 consecutive days.
On day 1, participants completed two practice blocks of the visual task, a
calibration block for the visual task, and two blocks of the visual task
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consisting of 102 trials each. On day 2, participants completed three more
blocks of the visual task, using the stimulus settings acquired from the
calibration block on day 1. In total across the 2 d, data were collected for
510 trials (five blocks of 102 trials each). As with Experiment 1, trial
duration for the visual task was determined by response times, and par-
ticipants experienced a self-terminated rest period of up to 1 min be-
tween blocks.

Rather than using a single value for the ratio of grating and noise
contrast (Rg/n), as in the previous experiment, three different levels of
Rg/n were used across trials. The calibration block determined the highest
level of Rg/n, Rg/n

� , and the two lower levels of contrast ratio were deter-
mined by multiplying Rg/n

� by 0.75 and 0.5. In this study, all analyses for
Experiment 2 collapse across contrast level to yield sufficient trials for
SDT analysis.

Image acquisition. For 32 of the participants, a 1.5T Avanto MR-
scanner (Siemens), using a 32-channel head coil, was used to acquire the
T1-weighted anatomical MRI images (176 slices; echo time, 2.95 ms; TR,
2250 ms; voxel size, 1 mm isotropic). The remaining nine participants
were scanned using different scanning parameters, and this was included
as a covariate in the multiple regression design matrix in SPM8.

Voxel-based morphometry analysis. Voxel-based morphometry pre-
processing was performed using SPM8 �http://www.fil.ion.ucl.ac.uk/
spm�. Similar to the preprocessing protocol used by Fleming et al. (2010),
the scans were first segmented into gray matter, white matter, and CSF in
native space. DARTEL (Ashburner, 2007) was used to increase the accu-
racy of intersubject alignment by aligning and warping the gray matter
images to an iteratively improved template. The DARTEL template was
then registered to MNI space, and gray matter images were modulated
such that their tissue volumes were preserved. Images were smoothed
using an 8 mm full-width at half-maximum Gaussian kernel.

We conducted a whole-brain analysis and found a negative correlation
between the change in metacognitive efficiency (meta-d2� 	 d2�) 	 (meta-
d1� 	 d1�) and PFC at p 
 0.05, where subscript indicates block half (e.g.,
d2� is d� computed from the second half of trials across all blocks). This
initial whole-brain approach gave us reason to hypothesize that regions
that have previously been implicated for sensory metacognition in
prefrontal cortex would be involved. Thus, we then followed a previously
established method, as described by McCurdy et al. (2013). We generated
a T-statistic map reflecting the correlation between gray matter volume
and meta-d�/d� and identified clusters using an initial threshold of p
0.001
uncorrected. The resultant preprocessed gray matter images were analyzed
using MarsBar version 0.42 software (marsbar.sourceforge.net). Small-
volume correction was done to the clusters of interest by defining a 10 mm
sphere of the two peak voxel coordinates identified by McCurdy et al. (2013)
(peak voxel coordinate for left aPFC was [	12, 54, 16]; peak voxel coordi-
nate for right aPFC was [32, 50, 7]; both survived cluster familywise error
correction), and the gray matter volume in each sphere was calculated.

Experiment 3: investigating whether reduced metacognitive
demand impacts perceptual vigilance
Participants. Twenty-one Columbia University students (including
both males and females) participated in the experiment. Participants
gave informed consent and were paid $10 for approximately 1 h of
participation. The research was approved by Columbia University’s
Committee for the Protection of Human Subjects. One participant was
omitted from data analysis because of using the highest confidence rating on
96% of all trials, an extreme bias in reporting confidence that renders mean-
ingful analysis of type 2 data difficult.

Materials and procedure. The experimental design was identical to Ex-
periment 1, with the following exceptions. The primary manipulation of

Figure 1. Design for Experiments 1– 4. A, In Experiments 1 and 2, subjects performed a spatial two-alternative forced-choice task. On each trial, two patches of visual noise simultaneously
appeared to the left and right of fixation. One of these patches contained an embedded sinusoidal grating. Subjects first indicated whether the left or right patch contained the grating and then rated
decision confidence on a scale of 1– 4. Trial duration was determined by subject response time. B, Experiment 3 was similar to Experiments 1 and 2, except that in even-numbered blocks of trials
(partial type 2 blocks), subjects were not required to rate confidence for the first half (50 trials) of the block. A written cue appeared above fixation on all trials where subjects were required to rate
confidence. Trial duration was fixed to be 2.533 s. In Experiment 4, subjects wagered points rather than rating confidence, such that they won or lost the number of points wagered depending on
the accuracy of the left/right decision. Subjects were also provided with feedback about wagering performance after each block.
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interest in Experiment 3 was that in even-numbered experimental
blocks, participants did not provide confidence ratings in the first 50 of
100 trials in the block. We call these “partial type 2 blocks,” as opposed to
“whole type 2 blocks” in which confidence ratings were provided on all
trials. Before each block, participants were instructed which kind of block
was about to be presented. For partial type 2 blocks, the instruction read
as follows: “Upcoming block: There will be NO CONFIDENCE RATING
for the first 50 trials. Do not enter confidence ratings until you are
prompted to do so.” For whole type 2 blocks, the instruction read
“Upcoming block: There will be confidence rating on EVERY trial”
(Fig. 1B).

To clearly distinguish trials in which confidence ratings were and were
not required, a text prompt reading “Confidence?” was displayed on
every trial where confidence ratings were required. The prompt was dis-
played 6.4° above fixation.

Because some trials did not require confidence ratings, partial type 2
blocks would be shorter in duration than whole type 2 blocks if trial
duration depended on participant response times, as it did in Experi-
ments 1 and 2. Therefore, to standardize the temporal duration of the
experiment, the duration of each trial and the duration of each break
period were set constant. In Experiment 1, participants entered both the
stimulus judgment and confidence rating in 2 s or less for 92% of all trials.
Therefore, after each stimulus presentation in Experiment 3, there was a
fixed response period of 2 s, during which participants had to enter the
required stimulus and confidence responses. After the response period
and before the next stimulus presentation, a crosshair was displayed for
0.5 s. Altogether, each trial lasted 2.533 s, a close match to the mean trial
duration of 2.315 s in Experiment 1. Additionally, all break periods be-
tween blocks were set to 1 min. When only 10 s of break time were left,
three auditory tones alerted participants to prepare for the upcoming
block, and a timer counting down the remaining seconds of the break
period was presented on the screen. In total, data were collected for 1000
trials (10 blocks of 100 trials each).

Experiment 4: adding incentive for metacognitive accuracy using a
point-wagering system
Participants. Thirty-three Columbia University students (including both
males and females) participated in the experiment. Participants gave
informed consent and were paid $10 for approximately 1 h of participa-
tion. The research was approved by Columbia University’s Committee
for the Protection of Human Subjects. Six participants were omitted
from data analysis because of using the highest point wager (see below)
on 93% of all trials, an extreme bias in wagering that renders meaningful
analysis of type 2 data difficult.

Materials and procedure. Experimental design was identical to Exper-
iment 3, with the following exceptions. In Experiment 4, the confidence
rating system was replaced with a point-wagering system. Participants
were instructed that, after each stimulus identification response, they
would sometimes be prompted to wager points on their stimulus deci-
sion. Participants could wager between 1 and 4 points. For correct trials,
the number of wagered points was added to a running point tally,
whereas for incorrect trials, the number of wagered points was subtracted
from the tally.

Participants were instructed that their goal was to maximize the num-
ber of points they received over the whole course of the experiment. They
were given the following guidelines for maximizing points: (1) get as
many stimulus decisions correct as possible; (2) although the optimal
wagering strategy is to wager 4 points for correct trials and 1 point for
incorrect trials, the participant does not have perfect knowledge of which
trials are incorrect, and high wagers for incorrect responses are costly.
Thus, the optimal strategy is to wager points according to the best esti-
mate of the likelihood that the stimulus response was correct, and so the
entire wagering scale should be used to reflect variations in this estimated
likelihood across trials. (We note that for an optimal observer perform-
ing at above chance, the true optimal strategy for maximizing points
would be to always wager 4 points. However, subjects in the experiment
used the whole point-wagering scale, as desired.)

For nonwagering trials, participants were instructed that correct trials
would add 3 points to their tally and incorrect trials would subtract 3

points from their tally. Additionally, to incentivize participants to enter
all required responses for each trial, they were informed that 10 points
were subtracted from the tally for any trial where not all required re-
sponses were entered within the 2 s time limit.

During break periods, participants were provided with feedback on
their wagering performance. They were shown how many points they
had earned in the previous block, how many points they could have
earned with an “optimal” wagering strategy (i.e., had they wagered 4
points for all correct responses and 1 point for all incorrect responses),
and their overall wagering efficiency (the former quantity divided by the
latter). The same information was provided for overall wagering perfor-
mance across all blocks thus far completed. The text prompts used in
Experiment 3 to inform participants which kind of block was about to
come up, and to prompt them to enter wagers on trials where wagers
were required, were the same in Experiment 4 except the word “confi-
dence” was replaced by “wager.” In total, data were collected for 1000
trials (10 blocks of 100 trials each).

Monte Carlo SDT simulations
We performed Monte Carlo SDT simulations to assess the extent to
which observed changes in perceptual and metacognitive performance
over time deviated from SDT expectation. In other words, since the
expectation under SDT is that meta-d� � d�, it follows that under strict
SDT expectation, �meta-d� � �d�, where � indicates change across the
first and second halves of a block of trials (e.g., �d� � d2� 	 d1�). However,
as a result of sampling error and suboptimal metacognitive performance,
it is unreasonable to expect perfect equivalence between these measures.
Therefore, to obtain an appropriate null distribution to compare our
data against, we conducted Monte Carlo SDT simulations, which were
structured so as to closely mirror key features of the empirical data across
Experiments 1– 4.

For each subject in Experiments 1– 4, we binned together all trials
occurring in the first half of an experimental block and computed d�
(hereafter denoted d1�) and similarly binned together all trials occurring
in the second half of an experimental block and computed d� (i.e., d2�).
(For Experiments 3 and 4, data were gathered only from blocks in which
confidence ratings or wagers were provided on every trial.) Visual inspec-
tion of the scatterplot of d2� versus d1� suggested that these variables were
roughly distributed as a bivariate normal distribution. Therefore, we
computed the mean and covariance for d1� and d2� across all experiments
and used a bivariate normal distribution with this mean and covariance
as the basis for subsequent statistical sampling.

In Experiment 1, 500 trials contributed to each estimate of d1� and d2�,
whereas this number was reduced to 255 trials in Experiment 2 and 250
trials in Experiments 3 and 4 (after limiting the analysis to blocks where
confidence ratings were provided on every trial). Therefore, in all simu-
lations, 250 simulated “trials” contributed to the estimate of each SDT
parameter for each simulated subject. Because the average number of
subjects entered into the analysis for Experiments 1– 4 was 28.5, each
simulation contained data for 30 simulated subjects.

Simulation procedure. Simulations proceeded as follows. We simulated
2000 experiments, where each experiment had 30 simulated subjects,
with a total of 500 simulated trials for each subject. For each subject, we
first obtained “true” values for d1� and d2� by randomly sampling from the
bivariate normal distribution described above. (If this resulted in any
negative values, the sampling procedure was repeated until both d� values
were positive.) These true d� values were used as the basis for subsequent
sampling to obtain “simulated” values for d� and meta-d�, as described
below.

We also created a unique set of decision criteria for each subject. Decision
criteria were initialized to values of 	2, 	1.75, 	0.75, 0, 0.75, 1.75, and 2. To
create different decision criteria for different simulated subjects, a small
amount of random noise from N(0, 0.5) was added to the initial values of the
decision criteria. Decision criteria were then resorted to ensure they were in
ascending order. Once the values of the decision criteria were determined for
a simulated subject, these same criteria values were used for all simulated
trials without any further variation.

For the first block half consisting of 250 trials, 125 simulated “S1” trials
(corresponding to the experimental condition where the grating was on

1216 • J. Neurosci., February 1, 2017 • 37(5):1213–1224 Maniscalco et al. • Perceptual and Metacognitive Vigilance Trade-Off



the left) generated 125 sensory samples drawn from the normal distribu-
tion N(	d1�/2, 1). Another 125 simulated “S2” trials (corresponding to
the experimental condition where the grating was on the right) generated
125 sensory samples drawn from N(�d1�/2, 1). (These reflect the normal
distributions of sensory evidence contingent on stimulus presentation
posited by SDT.) Each such sample was compared to the decision criteria,
and this comparison determined the simulated subject’s response for
each trial (Macmillan and Creelman, 2005). Responses for the perceptual
task could be either “S1” (i.e., grating was on the left) or “S2” (i.e., grating
was on the right), and responses for the metacognitive task were a con-
fidence rating ranging from values of 1 through 4. A similar procedure
was used to simulate sensory samples and behavioral responses for the
second block half of 250 trials.

Now that each trial was associated with a true stimulus configuration
as well as the simulated subject’s perceptual and metacognitive judg-
ments, we were able to compute d� and meta-d� for the first and second
block halves for each simulated subject using standard SDT analyses
(Macmillan and Creelman, 2005; Maniscalco and Lau, 2012, 2014).

Modulation of simulated results using aPFC data from Experiment 2.
Analysis of Experiment 2 suggested a model whereby aPFC gray matter
volume is positively associated with both meta-d1� and �d� (see Results
and Fig. 5). To take these effects into account in the simulations, we used
the following procedure. Using the data from Experiment 2, we applied a
regression analysis to estimate the � values for the following equation:

aPFCdata � �1 � �d�data � �0. (1)

For the analysis of metacognitive performance, we defined the ratio of
meta-d� to d� in the first block half as follows:

M1,data � meta-d�1,data/d�1,data. (2)

Using data from Experiment 2, we applied another regression analysis
to estimate the � values for the following equation:

M1,data � �3 � aPFCdata � �2. (3)

On the basis of the � values obtained from the regression analysis in
Equation 1 and the simulated values of �d�, we assigned each simulated
subject an aPFC volume:

aPFCsim � �1 � �d�sim � �0. (4)

We then used the obtained value of aPFCsim to adjust the simulated
subject’s simulated value for M1 as follows:

M1,adj � �3 � aPFCsim � M1,sim. (5)

Since aPFCdata was scaled in such a way that the mean value was 0, the
coefficient �2 derived from regression analysis in Equation 3 codes the
mean value of M1 in the data, which was 0.865. However, in SDT simu-
lations, the mean value of M1 was 0.996, consistent with the SDT expec-
tation that meta-d� � d� and therefore meta-d�/d� � 1 (Maniscalco and
Lau, 2012, 2014). Thus, applying the �2 coefficient to the simulated data
would have been inappropriate. Instead, we replaced the �2 coefficient
(an estimate of the mean value of M1 in the empirical data) with the
actual value of M1 derived for each simulated subject. This has the benefit
of retaining natural between-subject sampling variation in the values of
M1 arising from the Monte Carlo simulation procedure when calculating
the value for M1,adj.

Finally, we obtained a new value for meta-d�1,sim using the following
equation:

meta-d�1,adj � M1,adj � d�1,sim. (6)

Results of the SDT � aPFC simulation displayed in Figure 7 are de-
rived by taking the same simulated data used for the SDT simulation,
with the exception that values of meta-d�1,sim were replaced by the value of
meta-d�1,adj calculated for each simulated subject. This had the effect of
modulating the simulated data set such that the relationships between
simulated aPFC volume, �d�, and meta-d1� were similar to the relation-
ships empirically observed in Experiment 2.

Analysis of correlations between �meta-d� and �d�. Each of the 2000
simulated experiments contained 30 simulated subjects, and so 30 values
of �d�sim and �meta-d�sim. For each simulated experiment, we calculated
the Pearson’s r correlation coefficient between �d�sim and �meta-d�sim. To
mitigate the influence of outliers, we excluded data from all simulated
subjects with any d� value lower than 0.25 or higher than 3.

This resulted in 2000 simulated values for Pearson’s r. We used these
2000 values to estimate the sampling distribution of r with and without
the aPFC modulation of the SDT simulations, as displayed in Figure 7C.
Estimates of the sampling distribution in turn allowed us to characterize
the likelihood of the empirically observed r values in Experiments 1– 4
under the null SDT model and the SDT model augmented by the aPFC
findings.

Regression of �meta-d� onto �d�
For Experiments 1– 4, one analysis of interest was to characterize the
empirical relationship between �meta-d� and �d�. Ideally, regressions
between these variables should take into account that both are subject to
sampling error. However, errors-in-variables approaches to regression
typically require some knowledge or assumptions about the error struc-
tures of the dependent and independent variables.

We capitalized on the results of the Monte Carlo SDT simulations to
characterize the error structures for these measures. As described above,
for each simulated subject, we selected true values for d1,true and d�2,true, and
then repeatedly performed a sampling procedure using the SDT model
parameterized with d�1,true and d�2,true to obtain corresponding simulated
values d�1,sim, d�2,sim, meta-d�1,sim, and meta-d�2,sim. For each simulated sub-
ject, we calculated the sampling error for �d� as follows:

error�d� � �d�true � �d�sim. (7)

Likewise, since on the basic SDT model used here meta-d� � d�, it
follows that �meta-d�true � �d�true. Thus, we calculated error for meta-d�
as follows:

error�meta-d� � �d�true � �meta-d�sim. (8)

Sampling errors for �d� and �meta-d� were not correlated (Pearson’s
r � 	0.015). Therefore, it was appropriate to use Deming regression to
characterize their relationship (Deming, 1943). Deming regression re-
quires knowing the value of the parameter �, which is the ratio of the
variances of error in the dependent and independent variables. On
the basis of the simulation outcomes, we estimated that � �
var(error�meta-d�)/var(error�d�) � 2.1535. Therefore, for all regres-
sions of �meta-d� onto �d� reported in this study, we used Deming
regression with � � 2.1535.

Results
Within-session changes in meta-d� and d� are dissociable
Our behavioral paradigms across four experiments aimed to ar-
bitrate between two possible hypotheses regarding the source of
perceptual and metacognitive decisions: if a single process gener-
ates both perceptual and metacognitive decisions, declines in
perceptual sensitivity should be associated with declines in meta-
cognitive sensitivity, as vigilance decrements equally impact both
domains. However, if distinct processes generate perceptual and
metacognitive decisions, decrements in perception and metacog-
nition should dissociate. As noted previously, an ideal observer
according to SDT should exhibit meta-d� � d�, and it follows that
under SDT expectation, �meta-d� � �d�. However, because of
sampling error and suboptimal metacognitive performance, this
perfect linear relationship is highly unlikely. Thus, we conducted
Monte Carlo simulations based on the observed data to generate
what one could reasonably expect if SDT assumptions were true.
These simulations produced data reflecting our “null hypothesis”
that, if supported, would indicate a single process likely generated
both perceptual and metacognitive decisions. Alternatively, any
violation of this trend would provide evidence for the alternative
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hypothesis; namely, that distinct processes produced the percep-
tual and metacognitive decisions.

To assess the relationship between changes in perceptual task
performance and changes in metacognitive performance, for
each participant, we calculated d� and meta-d� using trials from
the first and second halves of all blocks. We defined �d� �
d2� 	 d1� and �meta-d� � meta-d2� 	 meta-d�1, where subscripts
indicate block half. As shown in Figure 2, across our four exper-
iments, correlations between the changes in meta-d� and changes
in d� from our behavioral data did not correspond to simulated
data based on SDT expectations. Under the null hypothesis that
changes in d� and meta-d� are generated by an SDT process, the
observed Pearson’s r correlation was 0.41 (Fig. 2, dotted lines).
However, in three of the four experiments, changes in meta-d�
were negatively correlated with changes in d� in the actual behav-
ioral data, whereas in one experiment, they exhibited a weak,
positive correlation that was much smaller than expected (Fig. 2,
solid lines). Specifically, the observed Pearson’s r correlations

across our four experiments were the following: Experiment 1,
r � 	0.18 (Fig. 2A); Experiment 2, r � 0.07 (Fig. 2B); Experi-
ment 3, r � 	0.22 (Fig. 2C); Experiment 4, r � 	0.08 (Fig. 2D).

Under the null hypothesis that changes in d� and meta-d� are
generated by an SDT process with an expected r � 0.41, we esti-
mate that the empirically observed correlation in experiment 1
(r � 	0.18) corresponds to a one-tailed p value of 0.0015 (see Fig.
7C). Thus, according to SDT, the observed inverse relationship
between �d� and �meta-d� is highly unlikely. The Deming re-
gression slope relating �d� and �meta-d� was 	3.12, lower than
the SDT-expected value of 1. This trend held true in the other
experiments: in Experiment 2, the empirically observed r � 0.07
corresponds to a one-tailed p value of 0.026 (see Fig. 7C). The
Deming regression slope relating �d� and �meta-d� was 0.18,
lower than the SDT-expected value of 1. In Experiment 3, r �
	0.22, and in Experiment 4, r � 	0.08; we estimate that the
empirically observed values of r � 	0.22 and r � 	0.08 corre-
spond to one-tailed p values of 0.001 and 0.004 in Experiments 3

Figure 2. Individual results from Experiments 1– 4 reveal a dissociation between SDT expectations and the relationship between changes in d� and changes in meta-d�. A, Results from
Experiment 1 displaying between-subject correlation of changes in perceptual and metacognitive performance and simulations based on SDT expectations. We computed the change in d� and
meta-d�between the first and second halves of all blocks (i.e.,�d�� d�second block half 	 d�first block half;�meta-d��meta-d�second block half 	meta-d�first block half) and found that these measures were
inversely related, in stark contrast to SDT expectation. This suggests a trade-off effect whereby maintenance of perceptual performance comes at the expense of maintenance in metacognitive
performance, and vice versa. B–D, Data from Experiments 2– 4. As in Experiment 1, the relationship between changes in d� and meta-d� failed to match SDT expectation.
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and 4, respectively (see Fig. 7C). The Deming regression slopes
relating �d� and �meta-d� were 	6.22 and 	2.29 in these two
experiments, lower than the SDT-expected value of 1.

Differences in aPFC volume can explain the trade-off effect
between �d� and �meta-d�
We also investigated whether the observed variability in metacog-
nitive efficiency was correlated with interindividual differences in
brain structure. In a previous study (McCurdy et al., 2013), we
defined a measure of metacognitive efficiency on the visual be-
havioral task (Fig. 1A) as the ratio meta-d�/d�; for SDT-ideal ob-
servers, this ratio should equal 1, and for metacognitively
suboptimal observers, it should be 
1. Voxel-based morphom-
etry analysis revealed that metacognitive efficiency was positively
correlated with gray matter volume in regions in aPFC (Fig. 3;
adapted from McCurdy et al., 2013). In the present study, we
focused on the two regions in the aPFC identified by McCurdy et
al. (2013) as regions of interest (ROIs; peak voxel coordinate for
left aPFC was [	12, 54, 16]; peak voxel coordinate for right aPFC
was [32, 50, 7]; both survived cluster familywise error correc-
tion.) The two clusters were used to define ROIs using the Mars-

Bar toolbox (Brett et al., 2002), and gray matter volume in the
aPFC clusters was calculated. To obtain the most robust estimate
of aPFC volume, we combined both aPFC clusters in the region to
produce an average volume, as described by McCurdy et al.
(2013); all subsequent analyses refer to this combined data as
aPFC.

To assess how aPFC volume influenced the trade-off effect, we
performed a median split on aPFC volume and calculated d� and
meta-d� over time for subjects with low and high aPFC volume
(Fig. 4). A 2 (task type, type 1/type 2) � 2 (time, first block
half/second block half) � 2 (aPFC volume, low/high) ANOVA
revealed a significant task type � aPFC interaction (p � 0.002)
and a significant task type � time � aPFC interaction (p � 0.03).
On average, subjects with high aPFC volume did not exhibit de-
creases in d� or meta-d� over time (task type � time, p � 0.7) and
were also metacognitively optimal in the sense that meta-d� was
not significantly different from d� (task type, p � 0.4). By con-
trast, subjects with low aPFC volume were metacognitively sub-
optimal overall in the sense that meta-d� was significantly lower
than d� (task type, p � 0.002). Crucially, low aPFC subjects also
exhibited a numerical decrease in d� over time as well as an in-

Figure 3. Brain regions selected for voxel-based morphometry analysis. Two regions of interest in aPFC were selected for analysis on the basis of positive correlations with metacognitive
efficiency (meta-d�/d�). These regions were identified in a previous analysis of the data, conducted by McCurdy et al. (2013), and are consistent with previous findings relating metacognitive
sensitivity to aPFC gray matter volume (Fleming et al., 2010). To obtain the most robust estimate of aPFC volume, we combined both aPFC clusters to produce an average volume, as described by
McCurdy et al. (2013). The peak voxel coordinate for left aPFC is [	12, 54, 16]. The peak voxel coordinate for right aPFC is [32, 50, 7]. Both survived cluster familywise error correction. This figure is
adapted from McCurdy et al. (2013).

Figure 4. Perception and metacognition as a function of aPFC volume. A median split analysis revealed that subjects with lower aPFC volume (A) tended to experience decreases in d� and
increases in meta-d� (task type � time � aPFC volume, p � 0.03), contrary to the pattern of subjects with higher aPFC volume (B). This suggests that the between-subject inverse relationship
between changes in d� and meta-d� may be partially accounted for by individual differences in aPFC volume. Error bars represent within-subjects SEs (Morey, 2008).
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crease in meta-d�, such that the interaction was significant (task
type � time, p � 0.01). This pattern of changes in d� and meta-d�
having the opposite sign for low aPFC subjects mirrors the trade-
off effect exhibited in Experiments 1– 4 (Fig. 2). Thus, individual
differences in aPFC volume are a candidate mechanism to ex-
plain the observed trade-off effect between �d� and �meta-d�.

Additional correlations reveal the relationships between
aPFC volume, d�, and meta-d�
We further explored the relationship of aPFC volume to changes
over time in d� and meta-d� by analyzing the patterns of correla-
tion between d1�, meta-d1�, d2�, meta-d2�, and aPFC volume, using
data from Experiment 2. As expected, d1� and d2� positively corre-
lated (Pearson’s r � 0.82, p 
 0.001; Fig. 5A). Consistent with
SDT expectation, meta-d� positively correlated with d� in each
block half (r � 0.57, 0.51; p 
 0.001; Fig. 5B). aPFC volume did
not correlate with either d1� (p � 0.8) or d2� (p � 0.2), but a partial
correlation between aPFC volume and d2�, controlling for d1�, was
significant (r � 0.33, p � 0.03; Fig. 5C). Thus, larger aPFC vol-
ume was associated with better perceptual vigilance (higher �d�).

aPFC volume was significantly correlated with meta-d1� (r �
0.43, p � 0.005), and this correlation remained significant when
controlling for d1� (r � 0.50, p � .001; Fig. 5C). Although aPFC
volume also correlated with meta-d2� (r � 0.33, p � 0.04), this
correlation did not remain significant when controlling for d2�
(r � 0.26, p � 0.1) or meta-d1� (r � 	0.02, p � 0.9). Indeed,
although aPFC regions were selected on the basis of their corre-
lation with overall meta-d�/d� (r � 0.34, p � 0.03), aPFC volume
correlated with meta-d1�/d1� (r � 0.51, p � .0006) but not meta-
d2�/d2� (r � 0.1, p � 0.5). Thus, aPFC volume robustly correlated
with metacognitive sensitivity only in the first block half. The
significant correlation between aPFC volume and meta-d2� ap-

pears to be attributable to the fact that aPFC volume correlates
with d2�, which in turn correlates with meta-d2�. Because larger
aPFC volume was associated with higher initial metacognitive
sensitivity only, the sign of the correlation between aPFC volume
and �meta-d� was negative (although nonsignificant; r � 	0.15,
p � 0.3). We also note that an evaluation of whether our two
averaged aPFC ROIs independently predict overall metacogni-
tion (meta-d�/d�) yielded the following results: left aPFC, r �
0.39, p � 0.01; right aPFC, r � 0.27, p � 0.09.

In Figure 5D, we present a simple schematic account to sum-
marize these patterns of correlations. On this account, d� in the
second block half depends heavily on initial d�, and meta-d� in
each block half is primarily a consequence of d�. Without further
components, this account would be consistent with SDT expec-
tation. However, there is an additional component correspond-
ing to aPFC volume, and this factor contributes both to better
initial metacognition and to better maintenance of perceptual
performance over time. Larger aPFC is associated with larger
meta-d1� and therefore with smaller �meta-d�. Larger aPFC is also
associated with larger �d�. Since larger aPFC is associated with
positive values for �d� and negative values for �meta-d�, the
contributions of aPFC appear to drive the deviation from SDT
expectation encapsulated in the trade-off relationship between
�d� and �meta-d�. (Also see below, SDT simulations better char-
acterize the data when taking into account the aPFC model).

On this account, aPFC could be considered as a flexible cog-
nitive resource that can contribute to both metacognitive moni-
toring and top-down control of perceptual task performance. To
provide an additional test of this account, in Experiments 3 and 4
we included conditions where subjects did not have to provide
metacognitive judgments in the first half of some experimental
blocks. On this “resource” account, we might expect that when

Figure 5. Model of the relationship between aPFC volume and changes in perceptual and metacognitive performance. A–C, Correlation analyses from Experiment 2 reveal significant positive
correlations between d� across block halves ( p 
 0.001) (A), meta-d� and d� within block halves ( p 
 0.001) (B), and aPFC volume with first-half meta-d� ( p � 0.001) and second-half d� ( p �
0.03) (C), after removing variation attributable to first-half d�. (Lines of best fit for both correlations overlap.) D, A schematic representation based on the correlations exhibited in A–C.
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subjects do not have the initial cognitive burden of placing meta-
cognitive judgments, the resources shared by perceptual and
metacognitive processes can be better applied to the task of main-
taining perceptual vigilance.

In Experiment 3, we used a design similar to Experiment 1,
with the primary difference that in even-numbered blocks, sub-
jects were not asked to provide confidence ratings in the first half
of each block (Fig. 1B). We call these blocks partial type 2 blocks,
as opposed to the blocks in which metacognitive judgments are
required on every trial, which we call whole type 2 blocks. Ac-
cording to a resource interpretation of the aPFC schematic (Fig.
5D), in the absence of the need to “boost” metacognitive perfor-
mance, subjects should be better at maintaining perceptual per-
formance over time in partial than in whole type 2 blocks (Fig.
6C). Experiment 4 was similar to Experiment 3 but used a point-
wagering system with feedback on perceptual and metacognitive
performance after each block. In both experiments, trial length
was a constant 2.533 s, yielding blocks of a 253.3 s duration.

We tested whether the manipulation on task demand yielded
the expected effect on perceptual performance over time. A 2
(block type, partial type 2/whole type 2) � 2 (time, first block
half/second block half) � 2 (experiment, 3/4) mixed-design
ANOVA on d� revealed a significant block type � time interac-
tion (p � 0.002). The interaction is driven by the fact that �d� is
smaller for whole type 2 blocks (mean, 	0.20) than for partial
type 2 blocks (mean, 0.04; Fig. 6A,B).

The block type � time � experiment interaction was not
significant (p � 0.4), suggesting that the difference in �d� for
whole and partial type 2 blocks is robust across Experiment 3
(where participants made metacognitive judgments by rating
confidence) and Experiment 4 (where participants made meta-
cognitive judgments by wagering points, were instructed to max-
imize points earned, and received performance feedback after

each block). Thus, the observed decrement in perceptual perfor-
mance is not attributable to lack of motivation or lack of a clear
objective for how to perform the metacognitive task.

A 2 (block type, whole/partial) � 2 (experiment, 3/4) ANOVA
yielded a nearly significant main effect of block type on meta-d2�
(p � 0.053), such that meta-d2� was higher for partial type 2
blocks. However, the same ANOVA design shows that d2� was also
higher for partial type 2 blocks (p 
 0.001), and so the larger
value for meta-d2� in partial type 2 blocks was likely mediated by
the larger d2� value. Indeed, the same ANOVA, when applied to
the ratio meta-d2�/d2�, did not reveal a main effect of block type
(p � 0.4). Thus, the experimental manipulation on initial meta-
cognitive demand did not influence metacognitive sensitivity in
the second block half.

SDT simulations better characterize the data when taking
into account the aPFC model
Finally, we performed additional Monte Carlo SDT simula-
tions to computationally assess the empirical results in light of
SDT expectation and to investigate whether the SDT model
could yield a closer fit to the empirical data when taking into
account the relationship between aPFC volume and task per-
formance (Fig. 5D). (For additional details, see Monte Carlo
SDT simulations.)

For each simulated subject, we defined the parameters of an
SDT model specifying performance in the first and second block
halves of a binary decision task with confidence ratings. SDT
model parameters were sampled from distributions closely re-
flecting the statistical patterns in Experiments 1– 4. Random sam-
ples were then drawn from the SDT models to generate a
simulated value for �d� and �meta-d�. In all, we simulated 2000
experiments, each containing 30 simulated subjects. Consistent
with strict SDT expectation, these simulations yielded a strong

Figure 6. Results for Experiments 3 and 4. A, B, Mean perceptual (d�) and metacognitive (meta-d�) performance over time. When subjects were not required to place metacognitive judgments
in the first block half (partial type 2 blocks), perceptual vigilance increased (block type � time interaction, p � 0.002), but metacognition in the second block half, as measured by meta-d2�/d2�, was
not affected (block type, p � 0.4). Error bars represent within-subjects SEs (Morey, 2008). C, Resource account of findings. The results of Experiments 3 and 4 can be understood in terms of the model
derived from Experiment 2. By relieving subjects of the requirement to place metacognitive judgments in the first block half, aPFC resources normally dedicated to initial metacognitive performance
may have been spared for the separate task of maintaining perceptual vigilance.
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positive correlation between �d� and �meta-d� (Fig. 7A, white
line). Next, we adjusted the initial simulation values for meta-d1�
on the basis of regression-estimated relationships between �d�,
meta-d1�, and aPFC volume in Experiment 2. This adjustment
significantly attenuated the positive correlation between simu-
lated values for �d� and �meta-d� (Fig. 7B, white line).

For each simulated experiment, we computed the Pearson’s r
correlation for �d� and �meta-d�, yielding 2000 r values. The
distribution of simulated r values under the SDT and SDT �
aPFC models is displayed in Figure 7C alongside the empirically
observed r values from Experiments 1– 4. Under the SDT model,
the distribution’s mean value is 0.412 and only 0.9% of all values
are lower than zero. Under the SDT � aPFC model, the mean
shifts to 0.127 and 25.7% of all values are lower than zero, which
is in better agreement with the data. For each empirical r value, we
can compute a corresponding one-tailed p value using the r dis-
tribution for the SDT and SDT � aPFC models. The empirical r
values from Experiments 1– 4 are 	0.18, 0.07, 	0.22, and 	0.08.
Under the strict SDT model, these correspond to p values of
0.002, 0.026, 0.001, and 0.004. Under the SDT � aPFC model,
these p values increase, on average, by a factor of about 30 to
0.067, 0.383, 0.043, and 0.161. Thus, the SDT � aPFC model is
considerably better in accommodating the observed patterns of
correlation between �d� and �meta-d� than is the standard SDT
model.

Discussion
In summary, across four experiments, we find a robust trade-off
effect whereby changes in perceptual and metacognitive sensitiv-
ity within a block of trials are negatively or weakly correlated. This
finding contradicts the strong positive relationship predicted by
single-process SDT and instead provides evidence for a dual-
process model. Voxel-based morphometry analysis suggests that
this trade-off effect may be explained by the contribution of neu-
ral resources in aPFC. Consistent with this account, perceptual
vigilance decrements are alleviated when subjects are not re-
quired to provide metacognitive judgments in the first half of a
block of trials.

The trade-off relationship between perceptual and
metacognitive vigilance
The classical SDT model, which has enjoyed considerable success
in modeling two-choice decision paradigms with confidence rat-
ings (Macmillan and Creelman, 2005), predicts a strong, positive
relationship between primary task performance and metacogni-
tive performance (Galvin et al., 2003; Maniscalco and Lau, 2012,
2014). Thus, when considering the Pearson’s correlation between
�d� and �meta-d�, we used SDT as the null hypothesis describing
the expected distribution of correlation coefficients. We used
Monte Carlo SDT simulations to construct the SDT-expected
distribution of r values for �d� and �meta-d�, which yielded a

Figure 7. Signal detection theory simulations of the relationship between changes in perceptual and metacognitive sensitivity. A, Basic SDT model. In a series of SDT simulations closely matching
the properties of Experiments 1– 4, changes in d� and meta-d� across block half are strongly positively related. Displayed is a contour plot based on the two-dimensional histogram of �meta-d�
versus �d� for all simulated subjects in all simulated experiments. The white line is the line of best fit to simulated data; gray dashed lines are lines of best fit from data in Experiments 1– 4. B, SDT
model with aPFC adjustment. We adjusted the outcomes of the initial SDT simulation so as to conform to the empirically observed relationships between aPFC volume, �d�, and meta-d1�/d1� in
Experiment 2 (see Materials and Methods for details). This substantially weakened the relationship between �d� and �meta-d� in the simulated data, as demonstrated by a more circular contour
plot and smaller slope for the line of best fit. C, Distributions of correlation coefficients for �d� and �meta-d�. Across 2000 simulated experiments, the basic SDT model yielded correlation values
consistently higher than those observed in Experiments 1– 4 (one-tailed p values of 0.002, 0.026, 0.001, and 0.004). The adjusted model incorporating the aPFC findings from Experiment 2 yielded
a distribution of correlations more closely in line with the data (one-tailed p values of 0.067, 0.383, 0.043, and 0.161).
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distribution with a mean r value of 0.41 (see Materials and Meth-
ods, Monte Carlo SDT simulations, as well as Figs. 2 and 7C).

We found that most changes in d� and meta-d� across block
halves failed to exhibit positive correlations, contradicting SDT
expectation. Importantly, although the correlation coefficients
for �d� and �meta-d� were small in magnitude, the relevant point
of comparison is not with a distribution whose mean r � 0, but
rather with the SDT distribution whose mean r � 0. The corre-
lations in Experiments 1– 4 significantly deviated from this SDT
expectation. Thus, relative to the SDT-expected positive relation-
ship, perceptual and metacognitive vigilance appeared to “trade
off,” such that improvement in one precluded comparable im-
provement in the other.

Interpreting the trade-off relationship
Research on the perceptual vigilance decrement has suggested
that the decrement is caused by the depletion of limited cognitive
resources (Grier et al., 2003; Helton et al., 2005; Helton and
Warm, 2008; Warm et al., 2008). Experiment 2 of the present
study suggests that regions of aPFC whose anatomical structure
has previously been associated with metacognitive sensitivity in
visual tasks (Fleming et al., 2010; McCurdy et al., 2013) may
partially instantiate the resources supporting perceptual vigi-
lance, since larger gray matter volume in these regions is associ-
ated with smaller declines in perceptual sensitivity.

The gray matter volume of aPFC was also associated with
better metacognitive sensitivity during the first, but not second,
half of each block (Fig. 5C). This may have driven a negative
relationship between aPFC volume and �meta-d� in two ways.
First, higher values for meta-d1� would directly lead to lower val-
ues for �meta-d�. Second, according to SDT, meta-d� is theoret-
ically constrained to be less than or equal to d� (Maniscalco and
Lau, 2012, 2014). Therefore, all else being equal, better meta-d1�
leaves less room for meta-d2� to improve, entailing a smaller max-
imum possible value for �meta-d�.

Thus, aPFC simultaneously exhibited a positive association
with �d� and a negative association with �meta-d�. Subjects with
larger aPFC exhibited strong perceptual vigilance (higher �d�) as
well as SDT-ideal metacognitive performance (meta-d� � d�; Fig.
4B). Conversely, subjects with smaller aPFC exhibited poorer
perceptual vigilance (lower �d�) and poorer initial metacogni-
tion (contributing to higher �meta-d�; Fig. 4A). In this way, in-
dividual differences in aPFC volume could produce the trade-off
effect whereby �d� and �meta-d� failed to positively correlate
(Fig. 2A,C,D).

One way of interpreting these findings is that perception and
metacognition are subserved by separate processes that can inde-
pendently tap into a common cognitive resource housed in aPFC.
Presumably, as a block of trials wears on, resources would be
increasingly allocated to the perceptual process (and thus away
from the metacognitive process) to counteract the perceptual
vigilance decrement (Fig. 5D). This account views perception and
metacognition as separate processes that can draw on a common
set of limited cognitive resources in a flexible manner, creating
the potential for interference and competition for resources
when both tasks are performed concurrently (Kahneman, 1973;
Matthews et al., 2000; Wickens, 2002). More generally, this inter-
pretation is consistent with accounts ascribing a broadly domain-
general functionality to prefrontal cortex in guiding behavior
(Koechlin and Summerfield, 2007; Badre, 2008; Passingham and
Wise, 2012).

An alternative account is that since larger aPFC is associated
with superior visual metacognition, the positive association be-

tween aPFC volume and perceptual vigilance could be mediated
by superior metacognitive monitoring. Higher metacognitive
sensitivity entails better ability to gauge ongoing perceptual per-
formance, which could enable better ongoing regulation of task
performance. On this account, aPFC is not a domain-general
resource, but rather serves a specifically metacognitive function.

However, if better metacognitive monitoring directly contrib-
utes to superior perceptual vigilance, we might expect that per-
ceptual vigilance should decrease when subjects are not required
to engage in metacognitive monitoring. The resource account
makes the opposite prediction; relieving the burden of placing
confidence ratings should free up resources to support perceptual
vigilance. In Experiments 3 and 4, we found that subjects were
indeed more perceptually vigilant when not required to place
confidence ratings in the first half of a block, more in line with the
resource account than the metacognitive monitoring account.
However, we take this result to be suggestive rather than decisive.
Ultimately, these hypotheses will need to be further explored in
future research. Additionally, we note that while we can only
speculate as to what comprises the common resource affecting
both measures, it seems plausible to hypothesize that mecha-
nisms related to attention may underlie some of the effects ob-
served in the four experiments.

Implications for models of metacognition
An active area of research concerns the relationship between per-
ceptual and metacognitive processing. According to some ac-
counts, seemingly complex and high-level functions such as
metacognition and awareness actually bear simple and direct re-
lationships to basic perceptual processing (Kepecs et al., 2008;
Kiani and Shadlen, 2009; Kepecs and Mainen, 2012). The intu-
ition behind these models is captured well by the conventional
SDT model of confidence ratings, which characterizes perceptual
judgments and confidence ratings as originating from the com-
parison of the same sensory information to different decision
criteria (Macmillan and Creelman, 2005). Crucially, if perceptual
and metacognitive judgments are different evaluations of the
same underlying sensory information, then they should have
similar informational content (formally, d� � meta-d�; Galvin et
al., 2003; Maniscalco and Lau, 2012, 2014).

However, whereas the SDT model predicts a strong positive
relationship between perceptual and metacognitive vigilance, we
consistently observed this relationship to be neutral or negative.
In our SDT-based simulations, we found that the empirical cor-
relations between �d� and �meta-d� could not plausibly be ac-
counted for by sampling variation under the SDT model (Fig.
7A,C). However, adjusting the simulation outcomes to reflect
the mediating effect of aPFC volume on the behavioral measures
entailed a theoretical outcome more in line with the data (Fig.
7B,C). In turn, the fact that aPFC volume had an opposite direc-
tion of association with �d� and �meta-d� suggests that percep-
tion and metacognition are separate processes with dissociable
levels of sensitivity.

Why do we give subjects short breaks in
perceptual experiments?
Although originally found in the context of long task durations
(30� min), the vigilance decrement has been shown to arise as
early as the first 5–10 min of task performance (Nuechterlein et
al., 1983; Temple et al., 2000) and to be dependent on factors such
as overall perceptual sensitivity, rate of stimulus presentation,
type of stimuli used, and memory load (See et al., 1995). Vigilance
decrements are further associated with subjective effects such as
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reduced arousal and elevated feelings of stress (Helton and
Warm, 2008; Warm et al., 2008). Thus, a wide range of experi-
mental tasks may be subjectively fatiguing and induce relatively
rapid decrements in task performance.

In the current work, we found that perceptual (Experiments 3
and 4) and metacognitive (Experiment 1) vigilance decrements
can occur even in experimental blocks of �4 –5 min in a fairly
simple and standard visual discrimination task. Because we ana-
lyzed performance as a function of time across repeated blocks of
trials, rather than analyzing the dynamics of task performance
across a single prolonged block of trials, these results suggest a
systematic pattern of performance decrements occurring within
repeated blocks of trials that are nonetheless alleviated by regular
intervals of rest.

What cognitive mechanisms benefit from the regular intervals
of rest commonly used in perceptual experiments? The trade-off
between perceptual and metacognitive vigilance found in Exper-
iments 1– 4, combined with the elevation of perceptual vigilance
solely by relieving metacognitive task demand in Experiments 3
and 4, suggests the workings of a higher-level cognitive resource.
The results of Experiment 2 identify aPFC as a contributor to this
resource. Thus, our results suggest that rest primarily refreshes
high-level cognitive resources, located at least partially in aPFC,
rather than lower-level sensory mechanisms.
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