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Abstract

It is still debated whether metacognition, or the ability to monitor our own mental states, relies on processes that are “domain-
general” (a single set of processes can account for the monitoring of any mental process) or “domain-specific” (metacognition
is accomplished by a collection of multiple monitoring modules, one for each cognitive domain). It has been speculated that
two broad categories of metacognitive processes may exist: those that monitor primarily externally generated versus those
that monitor primarily internally generated information. To test this proposed division, we measured metacognitive perfor-
mance (using m-ratio, a signal detection theoretical measure) in four tasks that could be ranked along an internal-external
axis of the source of information, namely memory, motor, visuomotor, and visual tasks. We found correlations between
m-ratios in visuomotor and motor tasks, but no correlations between m-ratios in visual and visuomotor tasks, or between
motor and memory tasks. While we found no correlation in metacognitive ability between visual and memory tasks, and a
positive correlation between visuomotor and motor tasks, we found no evidence for a correlation between motor and memory
tasks. This pattern of correlations does not support the grouping of domains based on whether the source of information is
primarily internal or external. We suggest that other groupings could be more reflective of the nature of metacognition and
discuss the need to consider other non-domain task-features when using correlations as a way to test the underlying shared
processes between domains.
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Introduction interoception and proprioception). Additionally, it can process

information generated internally (i.e., inside the brain) when

The human brain processes a vast variety of information, and
is capable of perceiving both the outside of the world (through
vision, audition, or olfaction) and bodily signals (through
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retrieving information stored in memory or when experienc-
ing emotions. Each of these kinds of information can be said
to constitute a cognitive domain (Spunt & Adolphs, 2017).

The human brain is also capable of introspection, or
metacognition: It can form second-order representations of
its own cognitive processes (Fleming & Dolan, 2012; Rou-
ault et al., 2018). Intuitively, these second-order metacogni-
tive representations might be less differentiated into domains
as compared to first-order cognitive processing (Fleming,
2020), because the former are higher in the cognitive hierar-
chy than the latter (Brown et al., 2019). Despite its intuitive
appeal, this is an empirical question (Rouault et al., 2018):
To what extent are metacognitive processes the same across
several cognitive domains? Further, which factors might
allow the same metacognitive processes to monitor differ-
ent cognitive domains?

Experimentally, metacognition is typically operational-
ized by asking participants to rate their confidence in their
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own perceptual or cognitive decisions, on each one of often
hundreds of trials (Fleming& Lau 2014). Measures of meta-
cognitive ability in these paradigms quantify how well high-
confidence responses track correct decisions. Then, one com-
mon way to test whether a single set of processes underlies
metacognitive monitoring across different domains involves
asking participants to monitor their performance in different
domains and measure correlations in metacognitive ability
across domains: If measures of metacognitive performance in
two domains are not correlated, this indicates that they have
different underlying processes (and the presence of a correlation
is normally interpreted as a sign that underlying processes at
least partially overlap). By metacognitive processes we mean
all the cognitive processes that are required from monitoring an
internal signal to producing a response on a confidence scale.
Several studies have followed this logic to measure correlations
between metacognitive ability across different domains. Over-
all, results are mixed: Some studies revealed positive correla-
tions between metacognitive ability across different perceptual
domains (Faivre et al., 2018; Samaha & Postle, 2017; Song
et al., 2011) and across vision and memory domains (Mazan-
cieuxet al., 2020; McCurdy et al., 2013), whereas other studies
revealed dissociations between domains (memory vs. vision:
Baird et al., 2013, 2015; Fitzgerald et al., 2017; Morales et al.,
2018; nociception vs. vision and nociception vs. thermoception:
Beck et al., 2019; tactile perception vs. interoception: Garfin-
kel et al., 2016; auditory perception vs. interoception: Legrand
et al., 2022). In a meta-analysis, Rouault et al. (2018) consid-
ered two categories: Studies that tested two or more perceptual
tasks, and those that tested one memory and one perceptual
task. This revealed a positive meta-analytic correlation for stud-
ies including perceptual tasks only, but none for studies includ-
ing memory and perceptual tasks. Further, a meta-analysis of
neural correlates of metacognitive judgements (Vaccaro &
Fleming, 2018) suggested a partially distinct network for per-
ceptual and for memory domains: While insula, the lateral and
posterior medial prefrontal cortex (PFC) are involved in both,
left dorsolateral PFC and bilateral parts of the parahippocampal
cortex are activated specifically in metamemory tasks.

To map the relationships between domains at the meta-
cognitive level, one (inefficient) approach would be to test
metacognitive ability in all possible domains and examine
pairwise correlations between them. A more efficient way to
understand these relationships would be to identify general
principles that describe them. The results of the two meta-
analyses of correlational studies mentioned above (Rouault
et al., 2018; Vaccaro & Fleming, 2018) suggest one potential
general principle: Two broad, separate metacognitive domains
might exist to monitor primarily externally generated (e.g.,
sensory information) versus primarily internally generated
information (e.g., memory and motor commands) (Fleming
et al., 2014; Rouault et al., 2018). Note that here we use the
terms “internal” and “external” in relation to the brain, not the
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entire body. Because most studies probed domain-generality
by asking participants to complete perceptual (mostly visual)
and memory tasks, it is impossible to determine whether the
general distinction between internally and externally gener-
ated is valid, or whether it applies only to those perceptual
and memory processes that were tested. To explicitly test
this proposed account for the observed relationships between
measures of metacognitive efficiency, it is necessary to test
metacognition in domains beyond vision and memory. Here,
we capitalized on the unique features of the monitoring of vol-
untary movement: Unlike perception and memory, which are
clearly primarily externally and internally generated, voluntary
movements are associated with both kinds of sources of infor-
mation that participants might concurrently monitor to make
metacognitive judgments. Both internal efferent motor com-
mands and external afferent signals (including vision, audition,
and proprioception) (Miall & Wolpert, 1996) may be informa-
tive for metacognitive representations. We used a visuomotor
metacognitive task, where externally generated information
(visual and proprioceptive) and internally generated informa-
tion (motor commands) are available for monitoring; as well
as a motor task, where visual information is not available and
monitoring is therefore less reliant on externally generated
information. In that way, small modifications of a single meta-
cognitive task allowed us to control the relative availability
of internally and externally generated information. We built
off previous correlational studies and examined correlations
in metacognitive ability between these two variations of the
task, and between them and a visual and a memory task, which
represent the extremes of the hypothesized external-internal
principle of organization.

Our working hypothesis was that, if the internal-external
axis is useful in guiding the distinction between domains
of metacognitive monitoring, the pattern of correlations of
individual metacognitive ability would correspond to the
distance between each pair of tasks, on the basis of their
expected positions along the axis. We made five predictions.
First, we expected the lowest correlation (or at the extreme,
none at all) between the visual and memory tasks. Second,
we expected to find a positive correlation between the (visuo)
motor and memory tasks, because they require participants to
monitor internally generated information. Third, we expected
a positive correlation between visuomotor and visual tasks
because of the shared visual (external) information. Fourth,
we expected a positive correlation between visual and motor
tasks because they both share external (visual and proprio-
ceptive) sources of information. And finally, we expected
a positive correlation between visuomotor and motor tasks
because of both the shared external (visual and propriocep-
tive) and the internal (motor command) sources of informa-
tion. The first three hypotheses were pre-registered, and the
final two are based on our previous study (Arbuzova et al.,
2021), and follow the same logic as the others.
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Methods

The study and analyses were pre-registered (https://osf.
io/6u3sj/). The data, experimental, and analysis scripts are
available online (https://osf.io/bwkfp/). Unless stated other-

wise, we followed our pre-registration plan.
Participants

Forty participants completed the study (21 female and 19
male, mean age 26.28 years, SD = 3.76 years). We used the
same sample size as in our previous study (Arbuzova et al.,
2021). All participants were right-handed, had normal or
corrected-to-normal vision, and no history of neurological
or psychiatric disorders (as per self-report). Participants were
recruited using the university’s online recruitment platform
and social media, and were reimbursed for their time and
effort at the rate of 8 €/h. Participants were naive regarding
the hypotheses of the study. The experiment was approved by
the ethics committee of the Humboldt-Universitét zu Berlin.

Apparatus

All stimuli were displayed on an LCD monitor (2,560 X
1,440 pixels, 61 cm X 34.5 cm, refresh rate 60 Hz), placed
approximately 50-60 cm away from the participant. Partici-
pants used a response box (Black Box ToolKit, York, UK) to
make a discrimination decision and rate confidence.

For the visuomotor task, participants used a custom-made
manipulandum to control and “throw” a virtual ball on the
monitor in order to hit a virtual target standing behind a virtual
obstacle. The manipulandum was placed under the participant’s
forearm, and consisted of a horizontal metal bar that pivoted
around a vertical axis under the elbow. A goniometer (Novo-
technik RFC4800 Model 600, 12-bit resolution, corresponding
to at least 0.1° precision) at this joint was used to measure the
angle of the metal bar. An electrical switch at the tip of the
metal bar under participants’ fingers (similar to a touch sen-
sor) was used to control the release of the ball. A Labjack T7
(LabJack Corporation, Lakewood, CO, USA) data acquisition
device transferred analogue data from the goniometer and the
electric switch with a sampling rate of 1,000 Hz.

Stimuli and procedure

Each participant completed four tasks (at least 180 trials each;
in the Memory task, this number varied and could be up to
196 trials). Each trial in all four tasks followed the same basic
structure (Fig. 1): A two-alternative forced-choice (2AFC)
discrimination judgment followed by a confidence rating
on a scale from 1 to 4, labelled as “very unsure,” “unsure,”
“sure,” and “very sure” in German. The 2AFC and confidence

decisions were self-paced in the visual and memory task,
whereas in the visuomotor and motor tasks, the confidence
rating response or next trial started after 10 s (due to limited
capacity of the movement recording buffer), but we excluded
trials with response times longer than 8 s, described below.

To avoid floor or ceiling performance in discrimina-
tion tasks and highly skewed confidence distributions,
it is important to maintain a certain level of difficulty
in the tasks, and in all of them it was controlled with
online staircasing procedures (see further details below).
The visual and memory tasks were adapted from Morales
et al. (2018). The visuomotor and motor tasks were based
on the metacognitive version of the Skittles task (Miiller
& Sternad, 2004) and adapted from our previous work
(“angles task” in Arbuzova et al., 2021). The order of
the tasks (visual, memory, and the two versions of the
Skittles tasks) was counterbalanced between participants.
The order of visuomotor and motor trials in the Skittles
task was pseudorandomized. In total, each experimental
session lasted approximately 2 h.

Visual task (Fig. 1A)

Each trial of the visual task started with a fixation cross. Two
stimuli (sets of straight white lines, pseudorandomly placed
on a black background and connecting vertices of an invis-
ible 6 x 6 grid) appeared within blue square placeholders at
either side of the fixation cross for 100 ms. Participants used
the left/right keys on the keypad to indicate which of the two
sides contained the brighter set of lines. The placeholders
became thicker for 500 ms to provide feedback for the cho-
sen side. No feedback about the accuracy of the choice was
given during the main part of the task. The intertrial interval
was 500 ms. The difficulty in the visual task was controlled
with a 2-down-1-up online staircase aiming at 71% correct
on the line luminance.

To allow participants to familiarize themselves with the task,
they first performed 12 trials with feedback about their accuracy
(but no confidence ratings) and then 12 trials (or less, if partici-
pants indicated that they understood the task) with confidence
ratings, where feedback about the accuracy of the first-order
response appeared after the confidence response. Finally, par-
ticipants completed 40 trials with no feedback and no confi-
dence ratings, before starting the main task. The difficulty of the
first-order task in this last set of 40 trials was controlled with a
2-down-1-up staircase as well, to find an adequate starting point
for the difficulty in the main task.

Memory task (Fig. 1B)
In the memory task, participants observed a number of

stimuli, presented one after the other, in an encoding phase.
As in the visual task, each stimulus consisted of connected
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Fig. 1 Experimental paradigms. For all tasks, each trial consisted of
a two-alternative forced-choice (2AFC) discrimination decision, fol-
lowed by a confidence rating on a four-point scale (A) Visual task.
Participants briefly saw two abstract figures consisting of lines on
a grid, and responded with a keypress which side they thought had
the brighter lines. (B) Memory task. Participants first memorized
a number of abstract lines stimuli in the encoding phase. Then, in
the recall phase, they saw two stimuli side by side, one of which
was included in the encoding set and the other one was not, and
responded with a keypress indicating which side contained a figure
that they had seen during the previous encoding phase. (C) Visuo-

white lines placed pseudorandomly. The number of stimuli
presented on each encoding phase ranged between 2 and 17
(with a mean of 10 across all participants and SD of 1.06) and
it was determined by an online staircase. Then, on each trial
of arecall phase, two stimuli were presented at either side of
the fixation cross for 2,000 ms: the target stimulus that had
been presented during the encoding phase, and a lure that
had not been presented before. None of the lure stimuli had
ever been targets in different encoding phases or vice versa.

The difficulty of the first-order memory task was stair-
cased by changing the number of the to-be-memorized items
presented in the encoding phase, increasing or decreasing
by one if participants responded correctly to at least 80%,
or less than 60% of the trials during the recall phase, respec-
tively, averaged over the current and all previous blocks.
This resulted in a different number of trials per block for
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motor and motor tasks (Skittles task). In this semi-virtual throwing
task, participants made an accelerating movement to throw a vir-
tual ball around a post. They saw the scene from a bird’s-eye view.
In the visuomotor task, they saw a bar that corresponded to the
manipulandum and their arm on the screen, whereas in the motor
task, they did not. After each throw, participants responded with a
keypress indicating which of two bars best represented the angle of
their arm at the moment of ball release. (D) Skittles task set-up. The
manipulandum to control the ball is placed under the arm. The par-
ticipant is “holding” the ball by holding the distal end of the manip-
ulandum and touching its tip with their index finger

different participants, and consequently, in a different total
number of trials for each participant.

Before the main part of the task, participants completed
a series of training trials. The training included 15 trials
(three encoding-recall blocks) with only the first-order
task and feedback about the accuracy of the discrimina-
tion response, followed by 18 trials (two encoding-recall
blocks) with a confidence rating after each discrimination
response and feedback about its accuracy. Finally, partici-
pants completed five encoding-recall blocks with no feed-
back about the first-order task and no confidence ratings.
The number of stimuli in each block was adjusted using the
staircasing method as described above, with nine stimuli
in the first block. The final number of items was used as a
starting number of the set size of the first encoding phase
of the main part of the task.
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Visuomotor task (Fig. 1C)

The visuomotor Skittles task was a semi-virtual ball-
throwing task. On each trial participants swung their
forearm with the manipulandum on the horizontal plane
and lifted their index finger to release a virtual ball. This
setup allowed us to use a naturalistic movement, while
also restricting its degrees of freedom. The ball trajec-
tory was fully determined by two parameters: the angular
velocity and the angle at the point of ball release (for
details about the full model, see Miiller & Sternad, 2004,
and Sternad et al., 2011). During the ball throw, partici-
pants saw the scene from above on the monitor, consist-
ing of a bar that represented their moving arm on the
manipulandum, the ball at the distal end of the bar, the
target, and the obstacle. The flying ball appeared on the
screen for 1 s after the point of release. After each throw,
participants chose which of two tilted bars displayed on
the screen best represented the angle of their arm at the
point of ball release. The difficulty of the Skittles task
was controlled with a 2-down-1-up online staircase aim-
ing at ~71% correct on the angle difference between the
two alternative bar positions presented.

Before the main part of each task, participants had a
chance to gradually familiarize themselves with the Skit-
tles task. They first performed eight ball throws, to get used
to the mechanics of the virtual ball game. Then the 2AFC
task was introduced and participants did 16 trials (eight for
each visuomotor and eight for each motor condition), with
trial-wise feedback about the accuracy of their response.
After that, participants also completed eight trials (four of
each condition) with the 2AFC task and the confidence rat-
ing (also with feedback). Finally, to find the optimal start-
ing point for the main experiment, participants completed
96 trials (48 of each condition) with a 2-down-1-up online
staircase on the angle difference, with the 2AFC task and
without the confidence ratings. This part did not contain any
feedback about task performance.

Motor task

The motor Skittles task was exactly like its visuomotor
counterpart, but differed in that the critical visual informa-
tion (namely, the bar representing their arm) was not visible
either before, during, or after the ball throw.

Data analysis

Metacognitive efficiency

To quantify metacognitive performance in the different
tasks, we used the type II SDT-based measure m-ratio

(meta-d’/d’) (Maniscalco & Lau, 2012). M-ratio reflects
type II performance (meta-d’) normalized by type I per-
formance (d’) and is also referred to as metacognitive effi-
ciency. Further in this article, we also reserve this term
for m-ratios. To estimate m-ratios, we used the R package
metaSDT (Craddock, 2018) with the maximum likelihood
fitting procedure and Broyden—Fletcher—Goldfarb—Shanno
optimization algorithm.

Robust correlations

We estimated correlations with the Robust Correlations
toolbox (Pernet et al., 2013), running on Matlab (Math-
works, Natick, MA, USA). Specifically, we used the
skipped correlation method, which removes bivariate out-
liers as per the box-plot rule. We followed the recommen-
dations (Pernet et al., 2013) and used Pearson’s or Spear-
man’s 1, depending on the data distribution. To visualize
correlations, we used the Imodel2 package in R (Legendre,
2018) to calculate the line of the best fit with the major
axis regression method, which minimizes the perpendicular
distance from a point to the line.

Bayesian statistics

We computed Bayes factors (BF ) to quantify the evidence for
or against each correlation coefficient being different from 0. We
used the BayesFactor package in R (Morey & Rouder, 2018) to
estimate BF,, values for Pearson’s r, and neatStats package in
R for non-parametric Spearman’s r (Lukécs, 2021, van Doorn
et al., 2020 https://www.zotero.org/google-docs/?BuJudn). We
use the interpretation of the strength of evidence based on BFs
(strong, moderate, and weak) as described by van Doorn et al.
(van Doorn et al., 2021, based on Jeffreys, 1961).

Exclusion criteria

We pre-registered, and followed, the same exclusion cri-
teria as in Arbuzova et al. (2021). We excluded trials with
response times shorter than 0.2 s and longer than 8 s (<
1%). We excluded results from individual tasks if the accu-
racy was below 60% or above 80%, which indicated that
a staircasing procedure was unable to maintain the diffi-
culty of the tasks in the desired range. To ensure that we
obtained stable m-ratio estimates, we excluded data from
individual participants and tasks if the type I or type II
false alarms or hit rates, after splitting confidence ratings
into “low” (1 or 2) and “high” (3 or 4) for a participant in
a given task was smaller than 0.05 or larger than 0.95 (Bor
et al., 2017). Since this affected the number of participants
included in each correlation pair, we state the effective
sample size for each correlation separately.
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Results
Mean differences between tasks

First, we compared metacognitive efficiency, m-ratio (Fig. 2C)
between tasks. A one-way repeated-measures ANOVA
revealed a main effect of task on the m-ratios (ANOVA:
F(3, 54) = 12.13, p < .001, mean (M) m-ratios and standard
deviations (SDs) per condition: visuomotor: M = 0.65 (0.53),
motor: M = 0.66 (0.51), visual: M = 0.84 (0.46), memory:
M = 1.38 (0.34)). Bonferroni-corrected, post-hoc pairwise
t-tests confirmed that m-ratios in the memory task were higher
than in all other three tasks (all corrected p-values < 0.004).
This result is in line with earlier findings from Morales et al.
(2018) and might reflect post-decisional processes after the
type I decision (Moreira et al., 2018; Pleskac & Busemeyer,
2010). Speculatively, memory is more susceptible for them
than other domains because reflecting upon one’s recollections
is an activity that we often engage in in real life (e.g., when
having to communicate one’s recollection) and might be more
ecologically valid than in other domains.

Correlations between tasks

For our main analyses, we ran pairwise correlations between
m-ratios obtained for each task, resulting in six correlations.

Memory versus (Visuo)Motor Tasks

First, we examined relationships between the modalities on
the left side of the proposed internal-external spectrum for
information monitoring, namely the memory and (visuo)
motor tasks. All three tasks involve the monitoring of inter-
nally generated information. We obtained moderate evidence
for the correlation between m-ratios in the memory and in
the motor task, but contrary to the predictions of the inter-
nal-external axis hypothesis, it was negative (Spearman’s r
=-0.56, confidence interval (CI) [-0.81 -0.51], n = 24, BF,
= 6.47). The evidence for the correlation between m-ratios
in visuomotor and memory modalities was only weak,
Pearson’s r = -0.44, CI: [-0.77 -0.02], n = 18, BF,, = 1.35,
although note that the CI was skewed heavily towards nega-
tive values, suggesting that there might be a negative cor-
relation that our study did not have enough power to detect.

Visual versus memory tasks

We then examined the relationships between metacognitive
ability between the two extremes of the proposed internal-
external axis, namely the visual and memory tasks. In line
with previous literature (Baird et al., 2013, 2014, 2015;
Fitzgerald et al., 2017) and with the previous study from
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which we derived our memory tasks (Morales et al., 2018),
we found no correlation between metacognitive efficiency
between the visual and memory tasks (Pearson’s r = -0.17, CL:
[-0.53 0.17], n = 24, BF,, = 0.35, weak evidence for H;) (but
for conflicting results, see Mazancieux et al., 2020; McCurdy
et al., 2013; Samaha & Postle, 2017; Song et al., 2011).

(Visuo) motor versus visual tasks

Finally, we examined correlation pairs in m-ratios between
visuomotor, motor, and visual conditions. We found strong evi-
dence for a positive correlation between m-ratios in the motor
and the visuomotor conditions, (Spearman’s r = 0.57, CI: [0.24
077], n = 30, BF,, = 18.29), as well as moderate evidence for
a positive correlation between m-ratios in the motor and visual
tasks (Pearson’s r = 0.46, CI: [0.11 0.76], n = 30, BF,, = 4.45).
Both these results are in line with our previous work (Arbuzova
et al., 2021). We found no correlation between the visual and
the visuomotor tasks (Spearman’s r = 0.27, CI [-0.11 0.65], n
=28, BF,, = 0.56, weak evidence for H,)), unlike our previous
findings from Arbuzova et al. (2021).

Results for levels of d’, m-ratios and mean confidence rat-
ings across tasks are provided in the Online Supplementary
Materials (OSM).

Discussion

In this study, we tested the hypothesized distinction between
metacognitive processes for monitoring of internally and exter-
nally generated sources of information (Fleming et al., 2014;
Rouault et al., 2018). We considered four different metacog-
nitive tasks (memory, motor, visuomotor, visual) that fall on
this hypothesized internal-external axis. We take metacognitive
monitoring in the visual task to be strongly reliant on externally
generated information, and in the memory task to be strongly
reliant on internally generated information. Also, we consider
the two variations of the motor metacognitive task to lie between
these extremes. Importantly, we note that in this study we stay
within a definition of internal-external axis as in relation to the
brain (similar to Miiller et al., 2005, and Holroyd et al., 2004),
unlike some other literature that uses the entire body as a refer-
ence frame, and thus considers proprioception as internally gen-
erated (in contrast to information coming from the environment)
(e.g., Friston et al., 2014; Ondobaka et al., 2017).

If this internal-external categorization is a valid one, it
should apply to all types of metacognitive monitoring, and
not just to the two specific cases of visual and memory moni-
toring from which it was deduced. Therefore, we expected
metacognitive efficiency, measured through m-ratios, to be
more strongly associated between neighboring modalities and
less so between modalities lying in the extremes, resulting in a
given pattern of pairwise correlations (Fig. 2A). However, our
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represents the median, the whiskers correspond to the +1.5 IQR,
and the dots reflect individual participants’ values
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data do not support that — most strikingly, we found a negative
correlation between metacognitive efficiency in memory and
motor domains. Thus, the pattern of correlations we obtained
did not match the pattern that would be expected if the inter-
nal-external axis of metacognitive monitoring were true.

Importantly, our results are in line with what has been
reported in the literature on visual and memory monitoring,
serving as an external validation for our methods and gen-
eral accuracy of our approach. We contribute to the behav-
ioral findings that found no association between memory
and visual metacognitive ability (Baird et al., 2013, 2014,
2015; Fitzgerald et al., 2017; Morales et al., 2018). Further,
we largely replicated our own previous results where we
found relationships between metacognitive ability in visual,
motor, and visuomotor tasks (Arbuzova et al., 2021), as well
as similar correlations between m-ratios in a visual and a
visuomotor task (Charles et al., 2020). Taken together, our
results do not support the idea of grouping metacognitive
processes into two broad groups based solely on the dis-
tinction between internal and external information. We sug-
gest that this simple dimension is not sufficient to map the
relationships between metacognitive domains. Specifically,
what we classify as internal information in the memory task
and in the motor task might not be so homogenous, and the
two tasks might differ in other aspects that have a stronger
influence on m-ratios than the internal-external dimension.

More generally, our findings also go against the idea of
a common underlying factor of metacognition across all
modalities (Mazancieux et al., 2020). A similarly heteroge-
neous picture is observed in other specialized somatic sensa-
tions — metacognitive processes of pain (Beck et al., 2019)
and interoception (Legrand et al., 2022) were suggested to
be different from perceptual metacognitive processes, based,
as here, on finding no correlations between estimates of
metacognitive efficiency in either task.

Apart from a basic understanding of the processes under-
lying metacognitive monitoring, there are two main practical
motivations to study the domain-generality of metacognitive
processes. First, it will allow us to determine the generaliz-
ability of research in metacognition: How far can we general-
ize from findings on one particular domain to all others? So
far, the vast majority of metacognitive studies operationalized
metacognitive monitoring using perceptual (predominantly
visual) tasks (Rahnev et al., 2020). But often the conclusions
are extrapolated to metacognition in general (Fleming et al.,
2010). The results we present here underline the importance
of using a wide and diverse set of tasks to understand relation-
ships between cognitive domains, and not extrapolating from
a potentially non-representative sample. A second motivation
to probe the domain-generality of metacognitive monitoring is
that it may help optimize metacognitive training. The ability
to improve the accuracy of metacognitive monitoring through
training is appealing, as better metacognitive ability has been

@ Springer

related to better learning outcomes. For example, some meas-
ures of tendency to engage in metacognitive monitoring have
been associated with better academic performance in gen-
eral (Ohtani & Hisasaka, 2018). Further, better metamemory
is related to better use of adaptive strategies (like cognitive
offloading; Gilbert et al., 2020; Hu et al., 2019). In order to
understand whether metacognitive training should be tai-
lored to the specific domain of interest, or whether training in
one domain can transfer to others, it is crucial to understand
the relationships between domains. The evidence for cross-
domain effects of metacognitive training is scarce and mixed,
as some studies have presented evidence that improvements
in metacognitive monitoring (but not first-order performance)
might transfer between retinotopic locations (Schwiedrzik
etal., 2011) and between metacognition of memory and visual
perception (Carpenter et al., 2019), the latter has been con-
tested (Rouy et al., 2022).

Limitations

Our conclusions rest on the assumption that the motor and
visuomotor tasks fall in between the two extremes of the
internal-external spectrum. It is plausible that this assump-
tion is not valid. More concretely, the motor and visuomo-
tor tasks might not be correctly placed in the middle of the
internal-external spectrum. The motor domain contains at
least two distinct components: motor commands and proprio-
ceptive signals. Because proprioceptive signals travel through
afferent fibers from the body to the brain, we classified them
as externally generated. However, it is often noted that pro-
prioceptive information is processed predominantly uncon-
sciously (Proske & Gandevia, 2012), thus, proprioceptive
metacognition might differ from other kinds of perceptual,
exteroceptive metacognition. Metacognition of propriocep-
tion has not been studied separately. More work is necessary
to examine possible relationships between metacognitive
processes for these other somatic sensations and motor meta-
cognition, to understand whether motor metacognition can
be considered as a strongly perceptual domain, or whether it
is a distinct domain, with distinct properties.

Another reason that might explain the pattern of cor-
relations we found is that we may not have controlled
for some task differences that play a more important role
than previously thought. For example, although similar in
appearance, the visual and memory tasks have very differ-
ent temporal structures. This, in turn, could have differ-
ent effects on memory and attentional load. In line with
this speculation, we found the highest correlation between
m-ratios in the motor and visuomotor tasks, which are
those that differed the least in terms of the task structure,
and therefore, presented similar task demands in terms of
memory and attentional demands.
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We note that our findings are limited to our operationaliza-
tion of metacognition as the precision of confidence ratings fol-
lowing a discrimination decision, measured as metacognitive
efficiency (m-ratio). By measuring m-ratio across different tasks
with a 2AFC and confidence paradigm, we primarily sought to
eliminate the known effects of confidence bias and type I per-
formance level on confidence, and to avoid the response biases
often seen in detection tasks (also known to involve different
metacognitive processes; Mazor et al., 2020). In doing that, we
assumed that this SDT-based measure of metacognitive effi-
ciency is an equally valid approach across different modalities.
On the type I level, SDT assumes that the decision options can
be expressed as normally distributed abstract internal decision
signals. While the underlying assumptions of the SDT model
for perceptual and mnemonic decisions have been previously
tested (Kellen et al., 2021; Ma 2010; Wixted 2020), they have
not been formally tested in the motor domain. However, we do
not see any specific reasons why they would not hold it. On type
I level, meta-d’ is agnostic to the modality of the corresponding
type I decision and has been applied to a range of tasks tapping
into diverse range domains and tasks previously, including per-
ception (Faivre et al., 2016; Samaha & Postle, 2017), memory
(Fitzgerald et al., 2017; Mazancieux et al., 2020; McCurdy
etal., 2013; Morales et al., 2018; Ruby et al., 2017), nociception
(Beck et al., 2019), cardiac (Legrand et al., 2022) and respira-
tory interoception (Nikolova et al., 2022), and, moreover, also
voluntary movement (Charalampaki et al., 2022; Charles et al.,
2020; Constant et al., 2022).

Conclusion

To conclude, our results suggest that the internal versus
external distinction of modalities to understand the general-
ity of metacognitive ability is not useful as a guiding princi-
ple. Other groupings, such as exteroception, interoception,
motor, and cognitive might provide a more nuanced view of
metacognition across different modalities. We also highlight
the need to consider the specific features of the tasks when
probing the domain-generality of metacognition using cor-
relational analyses.
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