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ABSTRACT

Metacognition is the capacity to evaluated controb n eoivrscognitive processes
Metacognitionoperates over mnge of cognitivelomainssuch aperceptiorand
memory butthe neurocognitive architecture supportihg abilityremains
controversial.lIs metacognitiorenabledoy a common, domatgeneral resource that is
recruited to evaluate performance on a variety of tasks?r@tmcognitiorreliant on
domainspecificmodule® This article reviews recent literature on the domain
generality of human metacognition, drawing on evidence fralividual differences
and neuroimagingd metaanalysis obehavigal studiesfoundthatperceptual
metacognitive abilityvascorrelatedaciossdifferent sensory modalities, bistundno
correlation betweemetacognition operception and memoridowever,evidenceor
domainrgenerality frombehavioraldata may suffer from a lack of power to identify
correlations across model parameters indexing metacognitive efficiency.
Neuroimaging data provide a complementary perspective on the dgeranality of
metacognitionrevealing ceexistenceof neural sigatures that are commamd

distinct across task®Ve suggest that su@marchitecturenay be appropriate for
“tagging” gener i cwithdenainspecdicnforonationciroturf i denc e
forming the basis fopriors about selfbility and modulabn of higherorder

behaviorakontrol.



Whether a mental process is domgeneral (shares resources across many situations

or tasks) or domaispecific is a broad question thatpertinent tanany areas of

psychology. For instance, it has long been debated whether intelligence relies on a

single underlying resource ¢gfactor) or on independent componef{@hiappe &

MacDonald, 2005; Kanazawa, 2004; Kievit et al., 20I7¢ognitiveneuroscience,

Duncan and coll eagues have proposed that a *“
executive functions across many different tg§ksncan, 2010)In this article we

focus on recent research on the dongenerality of neurocognitive subates

supporting metacognition.

Metacognition is defined as cognition about cognitidhe ability to reflect on,

monitor and controanother cognitive procegBunlosky & Metcalfe, 2008; Nelson

& Narens, 199Q)In the laboratory, as we will see in more detail below,

met acognition can be assessed by recording
performance on a particular task, such as their confidence in a decision or a judgment

of whether | earning wriderbejasdgmess) ul BeEaa
metacognition idy definitionsecondorder to other cognitive processes, it may

operate across mul t ifordinstantedomemaightresgageimf cogni -
metacognition about percepts, about memories, about decisions, and so forth.

Progress has been made on untdeding the neural basis of metacognition (see

Fleming & Dolan, 2012or a review), which will be considered at more length below.

However, it remains poorly understood as to whether metacognition relies on a
domairgener al resource that i s *“ affenedti ed” to t
metacognitive processes are engaged when evaluating performance in different

domains (Figure 1A)This article reviews and critically appraises progress on this

issue.

Measures of metacognition

In order to assess the relationship between metacognition across domains, we require
metrics of metacognitivability that arerobust anccomparable across tasktere we

focus on objective measurement of metacognition foefmaviorakasks rather than
sef-report questionnaireSomesecondorder judgments are less suitafie cross

domain comparisohecause they are inherently domapecific. For instance,



judgments of learning (JOLSs) refer directly to the learning pro@essickle &

Cuddy, 1969)andaretherefore not applicabl@heninvestigating metacognition of
perception For this reasonomparison®f metacognition across domains have tended
to focus on retrspective confidence judgmemfsperformance a judgment of
confidence that a previous decision involvingernalprocess X was correaihere X
couldrefer to any cognitiveprocesssuch aperceptual discriminatioar memory
retrieval Once such judgments have been colleotest several trials of a tashkey

can be compared to objective accuracy to build up a picttaenof i ndi vi dual * s
metacognitiveability. In general, metacognition $aid to beaccuratevhen correct
decisionsare held with high confidence and incorrdetisionsare held with lower
confidence-in other words, metacognitive accuracy refers tactireelation between
taskperformane and confidence. Tharious approaches for characterizing this

correlationhave been comprehensively reviewed elsew(fdeming & Lau, 2014)
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Figure 1. (A) It remains debated whether metacognition operates as a domain-
general resource applied over cognitive domains (left) and/or whether
metacognition itself relies on domain-specific components that operate over
corresponding cognitive domains. (B) Metacognitive bias and metacognitive
efficiency are two independent aspects of metacognition. Metacognitive bias
corresponds to an overall tendency to rate confidence higher (right panels) or
lower (left panels), irrespective of performance. Metacognitive sensitivity
guantifies the extent to which correct and error trials can be discriminated
(adapted from Fleming & Lau, 2014).

It is useful to distinguish two aspects of metacognitive judgmethtsir sensitivity
andbias These ardlustrated in the cartoon iRigure 1B. Eaclpanel shows example
probabilitydensitesof confidence ratingsonditional on correct and incorrect task

performancelf these distributions are cleanly separated, this implies the subject is



able to recognizaccuratdrom inaccuratgerformance using the confidence scale

andwe would descibethemas havinga high degree of metacognitigensitivity In

contrast, metacognitiv@asrefers toanoverall level of confidence averaging over
performanceThese aspects of metacognition treoreticallyindependentFor

instance, someongho hadow overall confidencelg¢w bias)maystill be sensitive on

a triakby-trial basis to fluctuations in performang@egh sensitivity) By applying a

modification of signal detection theof8DT), known as “type 2" SDT,
to quantify sensitivig and bias of ratings with respect to objective performance

(Clarke, Birdsall, & Tanner, 1959; Fleming & Lau, 2014; Galvin, Podd, Drga, &

Whitmore, 2003)

However when making inferences about processes that are shared or distinct across
domainsijt is important toensure that estimation tifese components of
metacognitions not confounded by firsbrder task performanc&or instance, we
might find that metacognitiveensitivityis highly correlated across two unrelated
tasks, but this correlation would less inerestingf it weresimply a consequence of
first-order performance aldmeingcorrelated between taskadeed severaimeasures
of metacognitive sensitivitys(ich asarea under thiype 2Receiver Operating
Characteristicurve(AUROC?2) andconfidenceaccuracy correlatios) are
themselves affded by firstorder performancéGalvin et al., 2003; Masson &
Rotello, 2009} the same individual will likely show greater metacognitive
sensitivity on an easy task compared to a hard tg&rformance is not matched or
accounted for between conditigesroneous conclusiomsay be drawnfor instance
that a patient groupas a deficitin metacognitiorwhen such a deficit is instead

explained bya differencan first-order performancd={gure 2).
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Figure 2. Top panel: Differences in task performance might produce spurious
differences in metacognitive sensitivity between groups or task domains. Bottom
panel: If task performance is matched between domains, differences in
metacognitive sensitivity are likely to reflect true differences in metacognition.

Domain B

One elegant solution to the problemcohtrolling forperformance comiundsis the
metad framework developed by Maniscalco & L&2012) This approach posits a
generative model of confidence datdhin asignal detection theof5DT)

framework Fitting the model to data returns a parameter, figdhat reflectgshe

levd of first-order performancekfown asd Yathat would have led to the observed
confidence rating data under an ideal observer model.-M&an then be compared

to actuald @for instance by computing the ratio metad ) tal give a measure of
metacognitiveefficiency which quantifiesthe levelof metacognitive sensitivity

relative to firstorder performance. By using metacognitive efficiency as our measure
of metacognitiorwe can meaningfully compaseores across induals or task
domains. Alternatively, if simpler measures of metacognitive sensitivity are
employed, it is important to ensure that any potential confounds due to differences in
first-order performance between conditions are examined and accoun{Eidjiioe

2).

Domain-generality in metacognitive ability (1) — individual differences

A classicalpproach to studyingomaingenerality ofmental processis examiing
patterns of individual differences to ask whether variance is sbhadidtinctacross
tasks. Assuming that our metrics are reliabld free of confoundsrosscorrelations

between domainsdicateshared constraints on a particular abiligr instance, if



we find that across individuals, faster choice response times are stronglyiyeeafict
IQ scores, we might conclude that greater processing speed contridubds to
decision time and intelligend®atcliff, Thapar, & McKoon, 2010; Ritchie, Bates,
Der, Starr, & Deary, 2013¥orrelations of metacognitive measures with other stable
individual differences (such as personality or mental health)aisayevealdomain
generalaspects ometacgnition. In this section we review studies that have taken
this approach to investigate domaeneral and domaispecific aspects of
metacognitiveefficiencyand biasand provide a formal menalysis to quantify

behavioralkevidence for domakgeneraliy.

In the perceptual domaimetacognitivesensitivity(measured aBUROC2) hasbeen
found to becorrelatedacross individuals forortrast andrientation discrimination
tasks (Song et al., 2011espite perceptual thresholds (fiostler performance) in
each case being uncorrelated. Similar results were found when examining
metacognitivefficiency (metad 6 ) cdn@lationsacross visual, auditory and tactile
modaliies(Faivre, Filevich, Solovey, Kihn, & Blank019. Tactile metacognitie
sensitivity(measured usinQUROC2) was found to be uncorrelated with
metacognitve sensitivityon cardiac and respiratory discrimination taslespite the
latter correlahg with each othe(Garfinkel et al., 2016)Ais and colleaguedound
strong correlatiosn betweemmetacognitivebias(average confidendevelg across
severaperceptuatasks(auditory, luminance and contrast discrimination tasks and a
“partial report taskwhich required identificatioof a letter in driefly flashedarray)
(Ais, Zylberberg, Barttfeld, & Sigman, 201&Jowever, theyound correlatiorin
metacognitivesensitivity(AUROC2) only between auditory and luminance tadks.
addition this studydentifiedsimilar confidencéprofiless f or a gi,ven i ndi vi
indicating idiosyncratic and stabpatterns otonfidenceatings across task@Ais et

al,, 2016)

Although these studies exploragder-relationships between metacognition in
different perceptual modalities could beargue that allsuch task&elong toa
broademperceptuatomain, butare further in task space fromther cognitive domains
such asnemory Within the memory domainmetacognitivebias but not
metacognitivesensitivity(assessed by the degree of match between confidence and

recall performancewasfound to becorrelatedacrosdaceandword recall tasks



(Bornstein & Zickafoose, 1999; Sadeghi, Ekhtiari, Bahrami, & Ahmadabadi, 2017,
Thompson & Masn, 1996; West & Stanovich, 199&hd across a variety of
judgmentof-learning taskgKelemen, Frost, & Weaver, 2000 albeitin these
studiesfirst-orderperformancevasnot matchedacioss tasksMore recenstudies
have compared metacogoitifor perception and memowmyhile also matching
performancein this casemetacognitive efficiency wasorrelatel between perceptual
and memorydomainsgMcCurdy, Maniscalco, Metcalfe, Liu, de Lange & L.&013;
Palmer, David, & Fleming, 20145amaha and Postle also folewidenceof domain
generalityin metacognitivesensitivityfor perceptual discrimination and visual
working memorymeasured using performancenfidence correlations and
AUROC2), butwhetherthis result reflectgeneralization beyond perception is
unclear becaugeerceptual resource@sayalsoberequired for shorterm memory of
visual orientatior(Samaha & Postl€017) In contrastptherstudiesfound ro
correlationbetween metacognitive efficiency across memory and perceptual tasks
(Baird, Cieslak, Smallwood, Grafton, & Schooler, 2015; Baird, Smallwood,
Gorgolewski, & Margulies, 2013; Morales, Lau, & Fleming, 20TTHese mixed
findingsmaybedue to diferencein metacognition metricAUROQC2 in Baird et al.
vs. metad /@ @& McCurdy et al. and Morales et)aland/or differencgin task
requirement$2AFC vs. Yes/NoJRuby, Giles, & Lau, 2017)as we discuss further
below.Finally, nocorrelationwas foundoetween metacognitiv&ensitivity (measured
using AUROC2)n avisual discriminatiortask and a task inahg mentalizing and
reasoningValk, Bernhardt, Bockler, Kanske, & Singer, 20b8petween
metacognitive sensitivity operception, memory arefror awarenesssks
(Fitzgerald, Arvaneh, & Dockree, 2017)

Theabovestudies can belustered into two main grouptsiose that examine inter
correlations betweemetacognitve sensitivityin differentperceptual discrimination
tasks and those studying correlations betwaetacognition ofecognitionmemory
and perceptionlo assess evidee for domairgenerality weconducted a meta
analysis of crossomaincorrelation coefficientfor these two studgategories

(Figure 3).From a literature search we identified studies that fell omi ofthese
categorieand employedgignatldetectiontheoretic measured metacognitior(M-

ratio or AUROC), revealing 12 manuscripts and 19 total independent experiments.

Effect size (r), sample size (n), atypes of crosglomain correlatioimemory



perception vsperceptionperception) were hand coddd.cases whermultiple
modal ities were probed within a sample (e.
mo d avalue was calculated as the average R across modaiieesanalytic
effect sizes (crosdomain r) were calculated using a FishetoRZ random effects
model, implemented in the metaforgackage, version 3.3(¥iechtbauer, 2010)
Specifically, we performed three metmalyses- oneof overall crossdomain
correlations (n=1p one orcrossdomain correlationwithin the perceptual modality
(n=9), and anotheof memoryperceptiorcrossdomaincorrelations (n=10).

We found that across all studies, crdssnain correlations were significantly greater
than zerdmetaanalytic r = 0.27, 95% CI =[0.13, 04 < 0.00]) and exhibited
significant heterogeneity across effect si@@s=50.46, df = 18p < 0.00], I2=

69.7%). This resultwasprimarily drivenby medium tostrong crosgperceptual
correlations (metanalytic r=0.55, 95% CI =[0.340.76], p < 0.00). Restricting our
analysis tqerceptual effect sizege did not observagnificant heterogeneitfQ =
14.49, df = 8p = 0.07, I = 454%). In contrastcrossdomaincorrelations between
memory and perceptieibased tasks were not significgnt 0.09, 95% CI ={€.02,
0.21],p = 0.10, and did not showffect heterogeneit§Q = 14.76, df = 9p = 009, i?
= 38.30). These results suggest that crtasskcorrelations in metacognite ability
are primarilyobtained when examining tasks tapping ith® same functional
modality, i.e. perception(Figure 3).
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Figure 3. Forest plot for our three meta-analyses examining the meta-analytic
strength of cross-domain correlations of metacognition. The first focused on
studies in the perceptual domain (e.g. visual, tactile). The second examined the
cross-domain correlation of metacognition in perceptual vs. memory-based tasks,
and the third estimated the overall meta-analytic cross-domain correlation across
all studies. The results show that metacognitive ability is primarily preserved
across perceptual tasks, but does not generalize to memory-based tasks. The right
column indicates the Fisher’s z transformed correlation coefficient.

Such results may initially appear to support a conclusion that memory and perceptual
metacognition rely on largely separate, dorrsmeacific processes. Howevene
potentialcaveat is thasomestudieshavecompared/esno (Y/N) tasks with 2

alternative forced choice tasi&AFC). In 2AFC tasks, a pair of stimu$ presented,

for instancaeportingwhich of two intervals containa brighter stimulus. In Y/N

tasks, a single stimulus is presented which must be classified as a target or lure.
Metacognition for Y/N and 2AFC tasks may appear different not becaudeuaf a
difference between domains, but because of a difference prdbesses that generate

confidenceatings in the twacasegRuby et &, 2017) Specifically, previous studies

10



have documented thatatad ® ol | owi ng “no” r esupstamigllg s i n a
lowerthan metad €ollowing equivalent' y eresponsegMeuwese, van Loon,

Lamme, & Fahrenfort, 203&Kanai et al., 201)0) potentiallyobscuing a latent

domainrgeneral componeriRuby et al, 2017) In addition, an absence of correlation

may result froma lack ofstatisticalpowerrather than a true null effect, particularly

given thesmallsample sizesftenemployed inprevious studieg-uture studiesould

profitably employ Bayesian statisticsdoectly assess evidence in favaf the null

hypothesis when examining credsmain correlations.

Another candidate explanation for discrepant findings when stg@crossiomain
correlations in metacognitive efficiency corresponds to the variety of metrics
employed to assess metacognisensitivity(correlations, AUROC2, meta ) and
thereliability of within-subjectmeasuresf metacognitionMetacognitivesensitivity

is itself ameasure of association between two variables (performance and confidence)
that requires several trials be estimated with sufficient stabiliand therefore there
is inevitable uncertainty in the estimation of witllamain paranters(Fleming,

2017) This within-subjectuncertainty is rarely taken into account irabses of
individual differencegalthough see Samaha & Postle, 2Q01h)ich typically rely on
point estimates such &8JROC2or maimum likelihood estimates of etad 0 .
Recently we have developed a Bayesian frame\{igkketa-d) for estimating metal 6
both at the level of individual subjects and groups of sub{etsning, 2017)One
advantage othis frameworkfor analyses of domaigeneralityis that it can be
extended to estimat®rrelation coefficients between domains. Unlike classic point
estimate approaches, this ensures that uncertainty in individdatognitive
efficiency estmatesappropriately propagates throughutacertainty around the cress

domain correlation coeffient.

This effect can be appreciatedsimulations plotted in Figure @#ode available at
https://github.com/metacoglab/RouaultDomainReyidwere we generated

confidence rating data from N=100 simulated subjactsr o s s t w.ofhe* d omai ns"”
group metacognitive efficiency was set to 0.8 in both domains, and individual subject

metad 6 Aalués sampled from a bivariate Gaussian distribution withea

correlation in metacognitive efficiency between domains of\WW&sampled

confidence rating counts for known met# dvéuesusing the metad_sim function

11



from the HMetad toolbox (https://github.com/metacoglab/HMefa keeping
confidence ratingriteria fixed across domains and subjettse number of trials per
subjectdiffered between simulatior{S0 vs. 400)The model outputs a posterior
belief distribution over the acros®main correlation coefficient. It can be seen that
as the number ofitils per subject increases (i.e. the certainty associated with
individualmetad @stimats goes uplower panel in Figure4we can be more
certainabout the presence of a domgeneral correlatiofnarrower posterior
density) We recommend applying such muétvel modelsvhenanalyzingindividual
differencecorrelations to ensuthis parameter uncertainig appropriately taken into
account.

50 trials per subject
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Figure 4. Simulations of hierarchical meta-d @nodel (HMeta-d) estimation of the
covariance between metacognitive efficiencies for 100 simulated subjects with an
average meta-d 6 /radidof 0.8. Upper panels correspond to 50 trials per subject,
lower panels to 400 trials per subject. The “ground truth” correlation coefficient
in both cases was 0.5, and in both cases we recovered a significant correlation
between point estimates obtained using single-subject maximum likelihood.
Notably, the posterior over the correlation coefficient is narrower around the true
value (shown by the dotted vertical line) when there are more trials per subject
(lower row), reflecting increased certainty in subject-level meta-d' parameter
estimation.
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Otherstudieshaveinvestigated relationships between metacognition and other aspects
of personality an@xecutive functionwhich, if found, would lendsupportto a
domairgeneral metacognitiveontribution to metacognitioror instance, factors

such as general intelligence or motivation to engage with a task could affect
metacognition over multiple domairtdowever,if such general factoesre

significantly altered, it is unlikely that metacognitive processasld be selectively
affecedwhile alsoleaving firstorder performance sparddr instance, an altered

ability to follow task instructions folling a prefrontal cortex lesiois likely to

affect both task performance and metacognitive evalualiomintegrity of these

“gl obal thisdbhecseem assa nacessary but not sufficient condition for
enabling metacognitioNotablyhowever despite bth relying on aspects of higher
cognition, we have found that over several datgsstseptual metacognitive
efficiencyis notrelated tomeasures dluid intelligence(Fleming, Huijgen, & Dolan,
2012; Palmer et al., 201,4ven when such correlations were examined in a large
scale dataset of ~1000 individu@iouault, Seow, Gillan and Flemiy@018. Such
independence may lgeie tofluid intelligence reying on posterdateral frontaland
parietal mul t i pl e d éNoalgardet al., 2E @uwheraasmetacognition has

beenlinked to anterior prefrontakgions as considered in more detail below.

In summary, analyses of individual differences in metacogrefifreiencyindicate

the presencef domairgeneral contribution® confidence judgmeniscrosdistinct
perceptual discrimination taskSuchvariation in metacognitiois isolated from
variation in firstorder performance. Howevegremains uncleawhether a shared
resourcesuppors metacognitiveefficiencyacrossamore distant domains, such as
recognitionmemory and perceptual discriminati@ne important consideration in
conducting suclkirossdomaincorrelation analyses is to ensure that uncertainty in
estimation of metacognitionithin a particular domain is appropriately propagated to
the analysis obeweerdomain correlations, which is now possible within
hierarchical Bayesian framew®&k aken together these findingksoraise the issue

of how to define a separation between domains, and whether the notion of domain
should instead be consideredexssting along a continuum gradient (see
“Computationaprocesséssection below)Furthermore we shouldmainmindful
thatthe architecture of metacognition (and theretorgshared variance between

different tasks)nay wellbe organized along diffent lines than the cognitive

13



processebeing monitoredand which are typically compared in the laboratery.

perception, memory).

Domain-generality in metacognitive ability (2) — neuropsychology

The study of individual differences identifies shared variantiravioral

performance across a large number of healthy individuals. In contrast,
neuropsychologgeeks to identify dissociations between abilities induced by patterns
of brain damageClassc studies by Shimamura and colleagtmgealed that
metamemory abilities (such teeling-of-knowing orjudgments of learning) are
selectively impairedollowing frontal lesiongJanowsky, Shimamura, & Squire,

1989; Shimamura & Squire, 1988jetamemory evaluatiohas itself been divided

into distinct judgment types (see Chua et al., 2014, for a review). A key distinction is
that judgments can be eitheoppective, occurring prior to memory retrieval, or
retrospective. Prospsve judgments include feeling knowing(FOK), the

likelihood ofrecognizinganitemthat currently cannot be recallexhd judgmenof
learning (JOL), a belief during learning about the success of subsequentMecall
recentstudies indicateduch lesiondeficitsmaynot apply to all forms of

metamemory judgmengor instancetwo independent studies foutftht damage to
themedialprefrontal cortexvas associated with decreased prospective feefing
knowing accuracy but intact respective confidence judgmerichnyer et al.,
2004)andjudgments ofearning(Modirrousta & Fellows, 2008)The revese

dissociation was reported by ParandKaszniak who found that deficits in
retrospective confidexe judgments were associated with lateral frontal legidasnu

& Kaszniak, 2005)

14



aPFC
perception

©
©)

@
o

-+

D
o

(o)
o

precuneus
memory

Performance (%
correct)
w H
o (=]
———
e e
w »
o 15,
Anoyag

n
(=}

-
o

[ Raae Perception Memory

"5
o

1.4 n.s.

1.2 sk *

oo
0.8

0.6

04

0.2

Perception Memory ssll4+8 3s5[se 35 ]75

within-perception within-memory across-domain

Metacognitive accuracy
(meta-d’/d’)

Figure 5. Different methodologies for quantifying brain structure and function
shed light on the underpinnings of metacognition across domains. (A) Human
subjects with anterior PFC lesions (aPFC) were found to have reduced
metacognitive efficiency on a perceptual but not a memory task (lower panel),
compared to temporal lobe lesion patients (TL) and healthy controls (HC), despite
matched performance and task difficulty (upper panel; reproduced from Fleming
et al., 2014). (B) Individual differences in metacognitive efficiency for perception
were found to correlate with aPFC gray matter volume, whereas individual
differences in metacognitive efficiency for memory were found to correlate with
medial parietal cortex (precuneus) gray matter volume. Structural variation in
each of these regions was in turn positively correlated across participants,
translating into a behavioral correlation of metacognitive efficiencies between
domains (reproduced from McCurdy et al., 2013). (C) Multivariate analyses of
human neuroimaging data revealed widespread classification of confidence level
in dACC/pre-SMA, vmPFC and striatum that generalized across domains
(yellow). In contrast, domain-specific patterns of confidence-related activity were
identified in right lateral aPFC (ROI analysis not shown; reproduced from
Morales et al., 2018).

Fewer studies have taken a neuropsychological approach to ask whether
metacognitive deficits are shared across multiple task donkdémaing et al. studied
three groups of subjects matched for age and a(healthy control group, a group

with anterior prefrotal cortex (aPFC) lesions, and a group with temporal lobe lesions

(Fleming, Ryu, Golfinos, & Blackmon, 2014gach participant completed both a
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recognition memory task with word stimuli and a perceptual discriminatioratask
therelativedensity oftwo dot patches. In both tasks retrospective confidence ratings
wereelicitedon atrial-by-trial basis, allowing assessment of mdtdor each
subject/task domaiA selective deficit in metacognitive efficiency (metad § far 6
perceptual discrimination gaobserved in the aPFC gro{ipgure %) despite
equivalent firstorder performance and metacognitive biisch a result is consistent
with a contribution of aPFC to metacognitionpafrceptuatiecisionmaking(Allen et
al., 2017; Fleming, Weil, Nagy, Dolan, & Rees, 2010; Yokoyama et al., 20a0)
suggests other braing@nsmay besufficient to support intact metacognition of
recognition memoryBaird et al., 2013; McCurdy et al., 2013otably, all patients
were tested i postacute phasef their lesion, so it is possible that an early domain
general deficit may have been obsersednerafter surgery. More generally,
neuroplasticity and reorganization following lesions make it difficult to draw strong
conclusions about the typical functional anatomy of noggaition from lesionstudies

alone(Lemaitre, Herbet, Duffau, & Lafargue, 2017)

Domain-generality in metacognitive ability (3) — neuroimaging

Behavioraland neuropsychological dataninform onwhether a mental process
relies on a shared resouyteit provide less insight into the mechanisms ainalerpin
this resourceAs noted above, a common resource may be involved but not be
detected due to domaspecific unreliabilityin themeasurement of metacognition.
Conversely, a domaigeneral pattern may be driven by a third factor that affects
domainspecific processes ggual measure, such as str@gsyes, Silva, Jaramillo,
Rehbein, & Sackur, 201%y fatigue (Maniscalco, McCurdy, Odegaard, & Lau,
2017)

Several recent studies have focused on the neural bdsishnahmetacagnition,

which have beereviewed at length elsewhdfdeming & Dolan, 2012)Briefly, in
concordance with the neuropsychological literature highlighted above, anatomical
(Allen et al., 2017; Fleming et al., 2010; McCurdy et al., 2@®) functiona(Baird

et al., 2013; Cortes Amano, Koizumi, Kawato, & Lau, 2016; De Martino, Fleming,
Garrett, & Dolan, 2013; Fleck, 2006; Fleming et al., 2012; Hilgenstock, Weiss, &
Witte, 2014; Yokoyama et al., 2010¢uroimaging data indicatkata frontoparietal
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network contributes to matognitive estimates of task performance across a range of
tasks.Within this network, electrophysiological studies in humlaargefocused on
the role of the posterior medial frontal cortex (pMFC) and associatedrelated
negativity in performance maoring (Gehring et al., 1993; Dehaene et al., 1994).
More recently, anterior PFC halsobeenimplicated in supportingxplicit
metacognitive judgments, leading Fleming and Dolan to @it connectivity
between interoceptive cortices (cingulate arsila) and anterior PFC may underpin
the fidelity of explicit metacognition (Fleming & Dolan, 201Rpn-human
electrophysiological workasalso identifieda key rolefor frontoparietal areais
confidence formationin particularrecordings imnonkeylateral intrparietalcortex
(LIP) indicatethatvariability in LIP firing ratesis predictive of botldecisiors and
decisionconfidencgKiani and Shadlen, 20Q0®anks et al., 20)1Furthermore
activity inrat abitofrontal cortexcarriessignals related tdecisionconfidencen a
perceptual discrimination tagKepecs et al., 2008However,the distinct
computational roles of these regions, artether such neural substragés
confidenceare shared or distinct across tasks remainsandh what followswe
selectivelyfocus on studies which directly compareural correlates of

metacognitioracross task domains using neuroimaging techniques in humans.

An intriguing example of a domaigeneral pattern ibehaviorthat could be

explained by domakspecificneuralresources was reported by McCurdy et al.
(2013). In this study, the same participants carried out 2AFC perceptual
discrimination (Gabor contrast discrimination) and recognition memory judgments
together wih confidence rating#\s noted above, thistudy obtainedehavioral
evidence for a domaigeneral correlation between metacognitive abilities across the
two domains. However, each participant also underwent a structural MRI to enable
analysis of individal variation in grey matter volume across the cortex. It was found
that metacognitive efficiency (meth 6 J far perception correlated with grey matter
volume in the anterior prefrontal cortéxigure B; see als®llen et al., 2017;

Fleming et al., 201Q)whereas metd 6 /ordtlde memory task correlated with grey
matter volume in the precuneus. Using structural equation modeling, the best model
of the data was one in which the structure of two @iarapecific regions was
correlated across individuals, thereby explaining a domgeaneral finding irbehavior

via the coupling of two domaispecificresourcesThis example shows how
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neuroimaging data can shed additional light on the cognitive archi#gedhat

determine individual differences in metacognition.

Other studiesombining analyses of individual differences wsthucturaland
diffusionimagingmeasurementsavealsoprovided evidence fahe involvenentof
distinctneural structurem metacognition across domaindetacognitive accuraayn
a visual task was shown to correlate withite matter microstructure underlying the
ACC, whereas metacognitive accuracy for a memory task corretatfedvhite

matter underlyinghe inferior paretal lobule(IPL) (Baird et al., 2015)Iin analysis of
resting statédMRI data,connectivity between ACC and anterior PFC was related to
more accurate perceptuaktacognitionudgments, whereas increased connectivity
between precuneus, IPL and anterior Rif€ictedbetter metamemor{Baird et al.,
2013) Furthermore, artical thickness mapping revealddmainspecific substras
structurally relatd to metacognitiorof perception(right medialPFC)vs. mentalizing
(bilateral PFC, temporparietalcortex posteriomedial parietal cortgxValk et al.,
2016)

In perceptual decisiemaking tasksdassi@l univariate analyseoffMRI BOLD
signalreveal anegativeparametriaelationshipbetweerconfidencereportsand
activity in posterior medial frontatortex pMFC, encompassing dorsal anterior
cingulate cortexand presupplementary motor arg@rleck, Daselaar, Dobbins, &
Cabeza, 2006; Heereman, Walter, & Here, 2015; Morales et al., 2Q1@/hich are
alsoobserved in the memory domdepisodic retrievalfFleck et al., 2006)n
pMFC and vmPFCmultivariatefMRI analyses revealed thiaivas possible to
predictconfidencein amemorytaskfrom patterns decoded aperceptuatask
matched for stimulus and task requiremeatsl viceversa (Figure 6), suggesting
that confidenceovaries withtaskindependenheural representatioridorales et al.
2018. In contrastright lateral aPFC instead showed significant decoding effects
within- but not acrosslomain This domainrspecificneuralrepresentationf

confidence suggestkatlateral aPFGna y tag” metacognitive rep
taskspecific information, which could be particularly relevant for future rAmtal

control decisions such as which task to engage in next.
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We note that some observations of dorrgenerality in neural data may be due not
only to confidence but other correlated variables, for instance decision time, which
has been proposed as a relevant ifpua confidence computatioKiani, Corthell,

& Shadlen,2014) and expected valu&ome studie®f confidenceexplicitly modeled
reaction times in their fMRI analysis (Fleck et al., 2006; Gherman et al., 2017;
Lebreton et al., 2015), whereas others did not (Heereman et al., 2015; Morales et al.,
2018), ad it is not straightforward to determimehether decision time should be
treated as a confound arelevant variable of interest for studies of the neural basis
of metacognitionNotably, regions often implicated in encoding expected value such
asventrd striatum and/mPFC(Clithero and Rangel, 20)arealsooften found to

scale with confidence in perception, value and memory donf@m$/artino et al.,
2013; Gherman & Philiastides, 2017; Lebreton, Abitbol, Daunizeau, & Pessg|
2015; Mordes et al., 2018 suggesting that being confident is valuable, and/or that
when highly confident, subjects expect imminent rewahe fact that a majority of
studies have not dissociated confidence from implicit expected pataatially
explains thee pervasive, domaigeneral activationg-uture studies are required to
directly investigata putative commonality of confidence and value representations
and to separate the component inputs to confidence formation (Bang & Fleming,
2018)

Previous stdies have suggested that involvement of the precuneus (medial parietal
cortex) isspecific to metamemorjudgments Indeed individual metacognitive
efficiency in a memory taskut not in a perceptual taskas found to correlate with
gray mattervolumein the precuneugMcCurdy et al., 2013)and restingstate

functional connectivity revealdatiatbettermetamemory was associateth
increasedaonnectivity between medial aPFC and precuriBagd et al., 2013)in
addition, TMSapplicationover precuneus impairedetacognitivesfficiencyfor
memorybut notperceptionbothmeasured as methéd @Ye et al., 2018)and
univariate fMRI activation in precuneus wssectively increased during
metacognitive judgments of memory, but not percepiiorales et al., 2018
However,arelationship between precuneus grey matter volume and metacognitive
efficiencyhas also been detectedaiperceptual decisiemakingtask,albeit at an
uncorrected whoklbrain thresholdFleming et al., 2010Moreover,the same region

was found taorrelate negatively with confidence lewela visualmotion
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discrimination taskHeereman et al., 2019)asty, using multivariate decoding of
fMRI activity, Morales et al. found thalassificationof high vs. low confidence trials
in precuneus genera#d acrossnemory and perception domaifMorales et al.,
2018).Together these results suggest that precum&os/ementmaynot be specific

to metamemoryinterestingly, recent results suggest that the vividness of episodic
memory was tracked by precuneus activity over and above mememigipn and
retrieval succes@Richter, Cooper, Bays, & Simons, 201%p the extent to which
similar appraisals of vividness feed into the formation of perceptual confidence, this
may explain thelomairgeneral nature of findings in this regidm interesting
alternativepossibilityis thatprecuneus is engaged when subjects leverage prior
beliefsabout seHlability to compute confidende perceptionhence needing to
retrieve global beliefaboutpast experiencBom memory(seealsoFigure 6)

In summary, neuroimaging studies indicate a more nuanced picture than studies of
behavor orindividual differences, which have tended to argue for either demain
specific or domairgeneral aspects of metacognititinis possible to reconcile these
perspectives by demonstrating that both dorsaiecific and domakgeneral signals
co-exist in the mman brain, and that there may exist a gradient in which some tasks
(such as different types of perceptual judgment) are more likely to rely on shared
circuitry for metacognitive evaluation than others. In the next section we attempt to

formalize these id&s through théens of computational modeling.

Computational processes supporting metacognition across domains

Models of confidence formation

The simplest firsbrder models of confidence formati(guch as signal detection
theory)assume that the internal states supporting decisions and confidence estimates
are identical. Such frameworksedictthat any covariation between metacognitive
efficiency across domairshouldbe accompaniedby covariationin lower-level
performanceandstruggle to accommodatie evidence reviewed above that

confidence can be selectively altered or impaired independently of task performance

(see alscCortese et al., 2016; Lak et al., 2014; Rounis, Maniscalco, Rothwell,
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Passingham, & Lau, 2010)\n extension to firsbrder models of confidence
introduces postlecisional processing, thus explaining additional variability in
confidence estimates without altering the fidelity of fwstler performanc@Navajas
et al., 2017; Pleskac & Busemeyer, 2010; van den Berg et al.,. 2086)newhat

more elaborate but flexible modelda$ s e coorndde r computation of ¢
(Fleming & Daw, 2017)In the seconarder frameworkthe efficacy ofactionsis
monitored based dmgherorderknowledge othe reliability of the decisicmaking

system

A secondorder account provides a natural perspective on findings of demain

generality in metacognition. Similar circuits for secander inferencenaybe

engaged across different domaiaghe extent to which their lowdevel states and

actionsaresiml ar (the “input s ”6). Boriale a‘cancrdteput s” ; s e
example suppose that we are comparing metacognitive efficiency for a visual and

auditory discrimination task, both requiring a rigi@inded button press to indicate the
first-orderjudgmat . Whil e i n each task, dstictt ate” est
(visual and auditory) neuralrcuitry; actions are supported by a common output (the

left motor cortex). This commonality in response mapping may be sufficient to induce
commonalities in s@ndorder inference, leading to the observations of domain

general confidence signals in neuroimaging data. Sueltt@rp was observed by

Faivre and colleaguewhosuggest; t he supramodal ity of metacc
supramodal confidence estimates @ecisional signals that are shared across sensory

mo d a | (Faivreetsal;2019.
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Figure 6. Theoretical framework for metacognition, grounded in models of
sensory systems. The two boxes represent domains-specific computations solving
two different tasks such as visual and auditory discrimination. Decision-making
proceeds in a domain-specific fashion following the principles of Bayesian
inference, while a metacognitive layer computes confidence (= P(correct|data)) in
each task. Metacognitive inference is itself under the control of priors that may be
updated based on previous experience.

However, current computational models of confidence are relatively narrow in scope,
focusing on experimentally controllable states and actions. To the extent that other
internal variables covary withxpected success, these may also become relevant

“ 1 n’p u bubjectiveconfidence. For instance, response tilcess provide a proxy

for decision timeandbe subsequentlgvailable to the agefdr computing
confidencgBenjamin, Bjork & Schwartz,1998; Kiani et al.2014) Howeverfor
response times to be informative, one needs to have an estimation of the expected
level of performance on the tasky instancan the form of a running average over
decision accuracy in a given experimeéwtandition If expected performance is
variable withinatask or if it varies significantly across tasks, response times might
belessusefulasproxies for inferring decisioaccuracy and hence confidenEer
examplein situations where noise in the stimulus induces a deviation from the
expected performance leyéhe expected mapping between confidence and decision
time may break dow(Rahnev, ManiscalGd.uber,Lau & Lisarby, 2011;Fetsch

Kiani, Newsome & Shadler2014; ZylberbergFetsch& Shadlen2016 Peterset al.,
2017). Similarly, interoceptive statasiay provide additional proxieghenevaluating
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seltperformancdAllen et al., 2016Chua & BlissMoreau, 2015 This perspective
on the formation of confidence in decisioraking converges witbstablished

“i1 nf er e n-basal mbdeloof corfideséormation in the metamemory
literature which suggest thatues such aaccessibility(the degree gbartial
knowledge about the targetontribute to confidence estimates (Koriat and Levy
Sadot, 2001). Similarlyiamiliarity with the stimuli (De Martinet al., 2013), and
volatility/variability in stimulus evidence (Zgkrberg et al., 2016; Meyniel,
Schlunegger & Dehaen2015)alsoinform confidenceTo the extent that some cues,
such as response tirefluency are useful across many different taghsey may
provide domairgeneral inpwto confidence and metacogniti¢lter and
Oppenheimer, 200Boldt, de Gardelle & Yeung017)

How does confidence guide behao

If confidenceconstitutesa proxy for the probability of success in a t@8kirceand

Jastrow,1884 Pouget, Drugowitsch, & Kepecs, 20l8lmayact as a “ common
currency” signal f otheradative liketirobdioinsgcceasnd compar
betweerdifferent task§de Gardelle & Mamassian, 201&uch a common currency

would be particularly useful when deciding on which tamkgoals to pursum the
future,especially whemxternal feedback is unavailabkor instance when choosing

acaeer, it would beadvantageout internallyevaluate and compaceir

performancer skill in different potential johsThe existence cd common currency

for confidencas supported bgtudiesshowingthatsubjectsareable to compare

confidence across visual and auditory tasks with the same precision as when

comparing two trials within the same tgsle Gardelle & Mamassian, 2014; de

Gardelle, Le Corre, & Mamassian, 2016)

Thenotion that confidence may be compared between task domains to facilitate
flexible decision making is consistent with the existence of both degexiaral and
domainspecific signatures of confidence in neuroimaging data reviewed above. A
midline networkwith hubs in pMFC and vmPF@ay provide a nexus for monitoring
arbitrary tasksets In contrast, taskpecific confidence representationdateral
aPFCmay allow the hierarchical control of decisioraking in situations in which

subjects need to regulamdyvitch between tasks or strategies on the basis of their
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reliability (Donoso, Collins, & Koelglin, 2014; Morales et al., 20L8owever we

note that the ability to compare confidence between domains does not itself imply that
the representation of confidence at the neural level is degesiaral, and more
investigation is needddto neural signals that support such crtesk comprisors.

Anotherintriguing possibility is that the existence of midline hubs for confidence
formation leads to domaigeneral representations of confidemd&ch in turn acas

priors on confidence in other domaitrsbehavioal studiesa confli @d@k’'c eh d s
been identifiedetween a color and a symlaicriminationtask, where confidence

in one task influences confidence in the other regardless of actual performance

Notably, theability to resistsuchleakagewas positivelycorrelated with lateradPFC

gray matter volume across subjectRa hn e v, Koizumi, McCurdy, D
2015) It is importanthoweverto distinguishthe notion ofconfidence leakthe

temporal autocorrelation of confidence ratings when several tasks are intérleaved

from metacognitivébias (the oerall tendency to rate confidence higher avdo

irrespective of performangeA largerconfidence leak across trials is not necessarily
linked toa higher or a lowemetacognitivebias butconfidence leaknayrepresena

mediating factor in explaining whyetacognitivebiasoftengeneralizescross tasks

(Baird et al., 2013Ais et al., 2016)In addition, ifconfidence leak is large,

confidencemay becomenore looselycoupled to current performancetasks in

which autocorrelations in stimuli are absemhich could in turn decrease

metacognitive efficiencyHowever it remains to be expted whether confidendeak

extends across task domabesyond perceptiorit could be that some domains are

more susceptible to leak than others.

Ultimately, to understanthe structure ometacognitioracross task domainge

should aim to understand what functions metacognition provides to the system (the
computational | evel i n Maaocuratdeliefsagu nomy) . T
performance is useful for learning, cognitive control and for social interaction (such

aswhen communicating confidence to othgBang et al., 2017; Donoso et al.,

2014) But whenis it advantageous to share this computation across modalities or

inputs? We can think of two possible reasons. lyiras stated abové,tasks are

composed of arbitrary stagetion mappings theihmay be moreomputationally

efficient to infer performance in a global, taisklependent frame of referender use
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in control of future behavigdDonoso et al., 2014 5econt, inferences about
performance in one domaimaybe usefuls priors for performanda other domains
to the extent they share instrumental characteristicanktance, if | infer that | am
very skilled atskiing, | mightinfer that lwould alsobe good atsimilar sports such as
ice-skating, buton this basigt would not be wise talsothink | will be able to
remembemy to-do list In other words, it may be useful to generalize confidence
level acrosgasksaccording to thie distance in task spadgonversely
overgeneralizatiomight be maladaptiveand the extent of metacognitive
generalization may itself constitute a stable individual differeRoe example,
people with depression tend to generatimse stronglyfrom poor performancen
onedomainto other domains, in tuneinforcinga lower level of seltesteemand
poorer seHefficacythat cus acrossvarious areas of lifBandura, 1977; Eibtt et al.,
1996 Stephan et al., 2016

Implications of domain-specific alterations in metacognition for clinical

populations

The study of metacognition provides an experimental window into our subjective
estimates of our internal statd$ie explaatory potential of metacognition for
mechanisms of pathogenesis and maintenance of mental illiieessfore
considerableandmetacognitivedeficits might be usefully measured in the clinic to
guide assessment and managerfiflls et al., 2012)Dissecting computational
mechanisms supporting metacognitive evaluation could permit development of
behavioral and neural interventionsnodulate andestoremoreaccurate self
evaluation(Hauser et al., 2017; Moro, Scandola, Bulgarelli, Avesani, & Fotopoulou,
2015; Nair, Palmer, Aleman, & David, 2014; Paulus, Huys, & Maia, 2016)

Domaingenerabeliefs about selabilitiesare systematically lowerad depressed

and anxious patientandform a promising target for theragBandura, 197;/Wells

et al., 2012)One recent theory specifies a central role for metacognition in the
computational etiology cduch beliefs (Stephan et al., 2016). Briefly, symptoms of
fatigue and depression are understood as sequential responses to pervasive

“ dy s h o me-alsoniealyierhdnced surprise about internal bodily signals. This

dyshomeostasis is monitored by a dowgeneral metacognitive layer that
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downgrades beliefs about the brain’s capac:

tasks(self-efficacy beliefs) Recently we have systematically investigated the relation
between subclinical psychiatric symptoms andaoegnitive bias and efficiency in a
large general population sample, finding dissociable relationships between
psychopathology and metacognition in the absence of any links torfiest
performance on a perceptual decisimaking task (Rouault et al.028). A symptom
dimension related to anxiety and depression was associated with lower metacognitive
bias (lower confidence level) and heightened metacognitive efficiency, whereas a
dimension characterizing compulsive behavior and intrusive thoughts veasasesd

with higher metacognitive bias and lower metacognitive efficielitacognitive
biashasalsobeen linked tdrait optimism(Ais et al., 2016)which isintriguing asin

this study thejuestionnaire waadministeredong after the experiment, suggesting a

stable confidence levéhat transcends testing sessions

In contrastdomainspecific deficits in metacognition of perceptimoray play a role in
the formation of hallucinations in psycho@dein, Altinyazar, & Metz, 2013; Moritz
et al., 2014)Inaccurate metacognition for mematyility might explain symptosof
functional memory loss, a problem se@menonly in memory clinicéStone et al.,
2015)andaccounforwhy peopl e widiseaseoffehdoima i mer ' s
acknowledge their memypudeficits (as evaluated with anosognosia questionsaire
(Orfei et al., 201]) or objective tests of metamemory performaf€esentino,
Metcalfe, Butterfield, & Stern, 200) It remains to be explored how metacognitive
efficiencyas studied in laboratory tasks relates to-vealld metacognitionbut a few
studieshint atsuch a link For instanceparticipants with a higher level of
metacognitiveefficiency (perceptual metd 6 J wer@ perceived by their informants
(e.g. relativesjo have fewer problems with attentional control in everyday life
(Fitzgerald et al., 2017Another study in older participants found that
experimentdy-measuresnetacognitior{error awareness in a Go/NoGo task)
correlated with error monitoring deficits averydaylife (Harty, OConnell, Hester &
Robertson, 2013)

Some illnesses ight appear ta@o-occur witha generalized metacognitive impairment
that underpia multiple problems oleads tasevere deficits in daily functioningn

somesituatiors, this metacognitive deficits regarded as central to the mental
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disturbance, such adack of insightcommonin somemental illneses(David, 1990)

For instance, @tients with neurological disease ampairedknowledge of their
diseased symptonmknown asanosognosipmight be viewed alsavinga prima facie
disturbance in metacognitive efficien@tthough such a hypothesis remains to be
directlytested. Strikinglyfull insight oftendoes not returdespiteoverwhelming
evidence of the neurological defi¢@occhini, Beschin, Fotopoulp& Sala, 2010;
Fotopoulou et al., 2008)n the example of anosognosia for hemiplegia, a deficit in
metacognition generalized across cognitive domains yet specific to the body part in

guestion could go some way to explain this.

Initial findings of speific deficits inmetacognition in neuropsychiatric conditions

have tended to focus on specific domains of processughésmemory in

Al z h e idiseaskdndit remains unknown whether these deficits gezerti

other domainsApproaches to tacklinthis question arsynergistic with

transdiagnostic perspectives of psychopathology emerging in neuros@ance,
2017;Rouault et al.2018. Greater knowledge of the relatidmg betweerpatterrs of
metacognitive deficits and individual neuropsychiatric profiles may eventalbily
development of personalized therapeutic approaches and suggest pathways to train

resilience to mental illnegMoro et al., 2015Paulus et al., 2016)

Conclusions and future directions

Here wehavereviewedthe recent literature comparing the neurocognitive
architecture of metacognition across domains. We have distinguished between the
constructs of metacogniti vetionsihfaskci ency (on:

performance) and metacognitive bias (one’ s
performance). We have considered the importance of takiogccount variations in

task performancevhen measuring metacognition to allow meaningful compas

across domaingn particular, it iscritical in future studiesnatchtaskand stimulis

characteristicfor acrossdomain comparisofe.g. Y/N vs. 2AFC)Finally, theuse of

a hierarchical Bayesian framework allowscertaintyin metacognitive effi@ncy

parameterso be taken into accoumthen examining correlatiorseross domains

(Fleming, 2017)
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Our review of neuroimaging studies indicatemore nuanced picture of domain
gererality than studies of behavior individual differences, which have tended to
argue for either domaispecific or domairgeneral aspects of metacognition, bat
both. Recent studies suggest that both dorspétific and domaugeneral signals co
exist in the human brain, and that there may exist a gradient in which some tasks
(such as different types of perceptual judgment) are more likely to rely on shared
circuitry for metacognitive evaluation than othefsally, we have highlighted the
utility of computational models in providing a framework for understandowg
confidence is formed across different tasks, and why it might be useful to maintain
confiden@ in a common currency when switching between tasks. We suggest that the
formation of confidence in one domain may provide useful priors on confidence
formation in other domains. Notably the extent of such generalization itself could
represent an individlidifference, with extreme ovegeneraliation possibly
contributing to pervasive low selffficacy often seen in depression and anxiety

disorders
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