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Abstract. The insula is a brain region located on the lateral part of the brain. Previous
findings show that the insula serves as a multimodal hub through which information is trans-
mitted. In a recent group level analysis the insula, the anterior cingulate and the cingulate gy-
rus were found to be marked with prevalent clusters. In this study an attempt is made to con-
firm these findings and evaluate their significance by conducting a region of interest analysis
(ROI). A group of 20 participants underwent an fMRI scan while solving mathematical prob-
lems of various degrees of difficulty. After the completion of each problem, they were asked
to rate the difficulty of the current task from one to four (one corresponding to “very easy”
and four corresponding to “very difficult”). The fMRI scanner was used to collect brain sig-
nal during the mathematical cognition and also the metacognition phase of the experiment.
Signal corresponding to brain activation for each task was analyzed from various areas by
conducting an ROI analysis and a t-test was used to determine the level of significance. Brain
regions that were shown to be active in the group level analysis (right insula, left anterior cin-
gulate and left/right middle frontal gyri) were confirmed to be active by the ROI analysis.
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Introduction

Historically, the insula was believed to be the cortex of the brain responsible
for the sense of taste, however more recent discoveries have found the insula to
also be the cortex responsible for the processing of interoceptive information
(Gasquoine, 2014). The insula is composed by up to thirteen different subdivi-
sions (Uddin et al., 2017). In general, the posterior, middle, and anterior insula are
related to emotional and cognitive consolidation (Centanni et al., 2021). A meta-
analysis showed that the ventral anterior insula is mostly responsible for motiva-
tion, the dorsal anterior insula for setting goals and the posterior insula for disso-
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ciating pain from affective tasks (Wager & Barrett, 2017). The flow information
from the anterior to posterior parts of the insula suggests that the posterior part of
the insula might serve as a hub where information gathered by all five senses are
integrated (Flynn et al., 1999).There are two major networks comprising the insu-
la. The ventral-anterior network links the anterior insula to the anterior cingulate
cortex and the temporal cortex, and it seems to be related to affect whereas the
dorsal-posterior network links the posterior insula to posterior cingulate and motor
cortices, thus associating the insula with sensorimotor consolidation (Cauda et al.,
2011). The anterior insula together with the anterior cingulate cortex form a sali-
ence circuit that is responsible for distinguishing important stimuli from non-
relevant (Menon & Uddin, 2010). The ventral anterior insula is associated with
the salience network and it holds connections with the frontal cortex and the ante-
rior cingulate cortex on the right side whereas the posterior insula network holds
connections with the temporal and occipital cortices (Cauda et al., 2011). Salient
stimuli, such as punishment and reward activate the ventral anterior insula via the
anterior cingulate cortex whereas the posterior insula activates through stimuli
such as oral taste, oral texture and tactile sensations (Rolls, 2016).

Insula also seems to play a role in addiction since insula lesions result in
discontinuation of smoking and deficits in insula gray matter volume is associat-
ed with addicted individuals (Droutman et al., 2015). Insula also seems to play a
role in monitoring cognition, empathy and decision-making (Pavuluri & May,
2015) and that makes it a brain region is of great importance when examining
neurological and psychiatric disorders (Namkung et al., 2017). The insula is
known to be associated to aversive emotional states whereas the anterior cingulate
cortex to cognitive conflict (Harlé et al., 2012).

The anterior insular and the anterior cingulate cortex are well known to be
associated with cognitive effort (Engstrom et al., 2015).Cognitive effort is needed
in our day to day lives and it is generally considered as repellent state(Aben et al.,
2020). Cognitive effort is involved with in many theories concerning typical and
atypical behaviour (Westbrook & Braver, 2015). For example, it’s been hypothe-
sized that a forthcoming task which requires cognitive effort activates a brain
mechanism with similar attributes as in the case of reward anticipation and this
hypothesis was validated by the use of arithmetic tasks of various difficulties
(Vassena et al., 2014). Higher cognitive effort requires higher attentional demand,
and the anterior insula was found to be more active when cognitive effort increas-
es (Perri et al., 2019). The dorsal anterior cingulate cortex was found to be active
mostly when the demand for investing effort is high (Aben et al., 2020). An fMRI
study has shown that variability of control demand is evaluated by the anterior
insula and predicted in the caudate nucleus (Jiang et al., 2015). The dorsal anterior
cingulate and prefrontal cortices are responsible for the execution of attentional
control (Jiang et al., 2015). There is an interplay between the insula and the de-
fault mode network which is regulated by mental effort (Brandt et al., 2015).
Mental fatigue is a symptom of several neurological dysfunctions, and it is re-
sponsible for the inability to conduct daily tasks (Anderson et al., 2019). The right
insula and the right putamen are involved with cognitive fatigue and specifically
its subjective experience (Anderson et al., 2019).
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We often evaluate the accuracy of their judgements since this helps us moni-
tor our behaviour (Liu et al., 2024). The insula seems to play a role in the detec-
tion of errors and this is evident by the lack of volume in the right insula in partic-
ipants who scored low during a metamemory task (Cosentino et al., 2015). In ad-
dition, metacognitive accuracy was associated with the thickness of the frontal
and insular cortices in healthy controls, however this finding was not evident in
schizophrenic patients (Alkan et al., 2020). Metamemory regulation shows im-
provement from childhood to adulthood and this is evident by the thickening of
the prefrontal and insular cortices (Fandakova et al., 2017). Confidence rating
tasks associated to decision-making were found to activate metacognition-related
brain areas such as the left/right dorsal anterior cingulate cortex (Lei et al., 2020).

Any kind of measurement in nature is subjected to a certain amount of ex-
perimental uncertainty (Taylor & Thompson, 1998). The formula for calculating
this uncertainty is (Kat & Els, 2012):

Theoretical Value—Experimental Value
' P 1100%.

Percentage error = (D)

Theoretical Value

Sources of error can be of various kinds. When we are dealing with labora-
tory equipment, instrumental errors are usually the most probable cause of uncer-
tainty. Instrumental errors can arise due to a combination of factors. This can be
due to imperfections in the equipment itself or due to human factor e.g., failure of
the operator of the machine to ideally calibrate it or provide an accurate zero set
and setting (Bevington et al., 1993). Therefore, instrumental and human factors
are a common source of errors during fMRI experiments. Ideally, before conduct-
ing an experiment possible source of errors should be spotted and eliminated in an
attempt to minimize the experimental error as much as possible. For example,
many biological and chemical processes depend on temperature and humidity, so
many laboratories control room temperature and relative humidity with air-
conditioners as ideal experimental conditions are indeed important.

All the evidence presented in the introduction are pointing to the fact that
the insula and the cingulate cortices are brain areas associated with cogni-
tive/affective interoception and mental effort, thus they are expected to activate in
experiments where metacognition related to mental effort is involved. In a recent
group level analysis(Kouzalis A., 2023) the right insula, the left anterior cingulate
and the right cingulate gyrus were detected to be marked with prevalent clusters.
It is hypothesized that activations of areas of the insular and cingulate cortices
found in the group analysis will be confirmed in this study during the phase of the
ROI analyses and the activations will be found to be significant. Various other
brain areas that appeared to be activated in the stage of the group level analysis
will also be examined. The main goal of this study is to confirm activity in the
insula and cingulate cortex throughout metacognition. A secondary goal is to shed
light on uncertainties found in the experimental results of researchers, in the
sphere of cognitive sciences and not only.
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Methods

In order to confirm activity in each brain region, an ROI analysis was per-
formed based on the brain signal of self-assessment that was detected throughout
the comparison between the self-assessment task and the control task of first level
of difficulty, in the section of findings where metacognition is investigated in
terms of difficulty.

The participants were right-handed non-experts in mathematics with no
fMRI contraindications able to quickly follow instructions and focus on tasks.
Participants were asked to fill a screening form and sign a consent form for coun-
terindications testing. Twenty healthy adults (10 females, 20 to 30 years old) par-
ticipated in the fMRI study. Participants were given mathematical problems with
varying levels of complexity, involving single, double, and triple digit numbers.
They were asked to provide an answer to as many trials as they could during
a time block of 32 seconds. After every 32-second block, participants evaluated
the difficulty of the current set within 5 seconds, which is the metacognition
event. Participants self-assessed their own mental effort in this way giving a self-
rating of their own metacognition by a way of objective assessment. For control
blocks, three non-mathematical tasks were used, each lasting 10 seconds.

The ROI analysis was performed by generating an anatomical mask for each
individual brain region based on the results of A. Kouzalis (2023). Anatomical
masks were created using anatomical regions with the AFNI software. The BOLD
brain signal that was extracted was used to plot the graphs depicted in Table and
Figure 2.

To evaluate the significance of activity, the brain response generated from
each cognitive task throughout self-assessment and also the brain response gener-
ated from each cognitive task throughout fixation were extracted, in the section of
findings where metacognition is investigated in terms of operation. A two-tailed t-
test was then performed on these data and a p-value was calculated. The p-value
represents the average p-value for the four mathematical tasks and the control task
compared to fixation (Figure 1).

Results and discussion

Results of ROI analysis by-brain area are presented in Figures 1-2 and
Table.

Some highlights of the most important findings are: (a) the region of interest
analysis confirmed the activity of various brain regions reported in A. Kouzalis
(2023) including regions mentioned in the hypothesis such as the insula and cin-
gulate cortex. Results are discussed, focusing mainly on brain areas (b) many of
the brain areas reported in A. Kouzalis (2023) were found to have significant acti-
vation and in some cases highly significant (c) experimental errors in fMRI exper-
iments are discussed.

A metacognitive model has been proposed where the prefrontal cortex
works together with interoceptive cortices such as the cingulate and the insula to
encourage the accuracy of performance self-ratings (Fleming & Dolan, 2012).
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In this study the left and right middle frontal gyrus (part of the prefrontal cortex),
the right insula, the left inferior frontal gyrus (part of the prefrontal cortex),
the left anterior cingulate and the right cingulate gyrus were confirmed to be ac-
tive throughout the metacognition task. The intensity of the brain signal did not
seem to diverge considerably between mathematical operations. The control task
seemed to have a heightened activity in the negative domain compared to the
mathematical tasks.
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Figure 1. Significance level of brain areas that were found to be marked with prevalent clusters
in A. Kouzalis (2023)

Note: *p-value < 0.05; ** p-value < 0.01; *** p-value <0.001.

Decision-making goes hand in hand with metacognition, through a process
where the uncertainty regarding a decision is evaluated and the decision is revised
(Qiu et al., 2018). An fMRI study found the dorsal anterior cingulate cortex to be
active during metacognitive regulation processes during decision making (Qiu et
al., 2018). Metacognitive sensitivity has previously been associated with the insu-
la and findings of larger grey matter volume in the right anterior insula support
this theory (Sinanaj et al., 2015). Figure 1 depicts the level of significance for
brain areas reported in the group level analysis findings of A. Kouzalis (2023).
The right insula, the left anterior cingulate and the right cingulate gyrus were de-
tected to be active in the group analysis of Kouzalis A., 2023. Significant activa-
tions of the insula and the cingulate cortices were expected to be found according
to the initial hypothesis. The ROI analysis conducted found the right insula to be
activated significantly high. Moreover, significant activity was noticed in the
left/right middle frontal gyrus and in the left anterior cingulate cortex.

During the analysis of brain responses to metacognitive processes, after
solving mathematical tasks, the occurrence of a certain inconsistency was ob-
served. It was expected that during the region of interest phase of the analysis, the
contrast between the metacognition control task of level one difficulty and the
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font control task of level one difficulty (CON1) would have yield a brain signal
equal to zero (CON1 = 0). However, after the conduction of the fMRI experiment
and the analysis of the data, it was found that this was not valid. The mean brain
signal for the CON1 contrast was not exactly zero, it was however the closest
value to zero than any other contrast (see Table). This observation made absolute
sense and it was a hint to the understanding that this inconsistency was due to
an experimental error.
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Figure 2. T the BOLD brain signal for the contrast between the metacognition task
and the font control task of difficulty level 1

There are, however, two important features of experimental errors that
should be considered. Firstly, experimental errors cannot be defined when the ide-
al theoretical value is zero in the denominator (see Equation 1). This is the case in
this experiment. Secondly, experimental errors make sense when the measurement
system is a ratio scale (i.e., a scale which has a true meaningful zero). In any other
case experimental errors would be sensitive to the measurement units. The most
popular classification (developed by psychologist Stanley Smith Stevens) has four
scales of measurement: interval, ratio nominal and ordinal (Stevens, 1946). The
scale in this experiment is interval (the value of zero is interval between positive
and negative values), therefore making the calculation of the experimental error
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meaningless. For example, if an experimental value given in Celsius scale is mi-
nus four degrees Celsius and the theoretical value is plus one degree Celsius, then
the absolute error is five degrees Celsius and the percentage error is five hundred
percent. If now the temperature is given in Kelvin scale, the identical five Kelvin
absolute error with the identical theoretical value of 274 Kelvin gives a percentage
error of only 1.8%. The best estimate of brain signal is the average of all the val-
ues of the brain signal recorded for a given condition in the experiment (Taylor &
Thompson, 1998). Large percentage errors are not always an indication of an ex-
periment gone wrong. For experiments with a high potential of error a percentage
error of 10% can even be considered a careful measurement (Taylor & Thompson,
1998).

Table
BOLD brain signal extracted from regions of interest

Metacognitive | .t |FG  Left MFG  Right MFG  RightCG  LeftAC  RightINS

tasks

ADD1 -114.82 -91.90 -66.45 -114.82 -65.59 -34.33
ADD2 123.19 75.48 71.54 123.19 84.23 41.42
ADDS3 42.39 34.30 24.98 42.39 26.00 12.00
SUBT1 19.68 52.47 44.86 100.66 82.75 7.60

SUB2 100.66 74.78 84.75 19.73 8.13 38.59
SUB3 19.73 26.17 18.16 -120.38 -68.61 3.26

MUL1 100.67 49.54 -7.97 -165.10 -114.82 37.80
MuUL2 -165.10 -103.97 -99.71 69.13 39.78 -59.46
MUL3 69.13 35.30 16.98 19.68 13.36 22.53
DIV1 -23.93 -6.21 -32.43 86.57 77.01 -21.58
DIV2 86.57 33.68 62.42 72.05 43.01 39.77
DIV3 72.05 50.04 40.74 100.67 48.37 26.20
CON1 19.65 0.63 -22.77 19.65 -5.41 5.24

CON2 -46.08 63.52 37.24 -242.79 -169.71 -13.01
CON3 -242.79 -156.83 -139.34 -23.93 -22.60 -84.67

Nofte: IFG — Inferior Frontal Gyrus, MFG — Middle Frontal Gyrus, CG — Cingulate Gyrus, AC — Anterior
Cingulate, INS — Insula.

Conclusion

The role of the insula and the cingulate cortex in metacognition was ex-
plored. ROI findings shed more light on this role and specifically on the role of
the insula as a moderator of interoception in a cognitive task. A forward step that
can be made is the limitation of the brain regions under exploration to more spe-
cific areas. The way to achieve this is to perform a spherical ROI analysis utiliz-
ing specific coordinates that are based on the coordinates of peak activity of the
most important clusters. Furthermore, to test for significance, regions of interest
can be contrasted with control regions. The non-occurrence of errors in data sets is
practically impossible. Even under the very best experimental conditions errors
will still occur, on a much lesser degree of course than if the experimental condi-
tions were left uncontrollable. This abides not only for fMRI experiments but for
any experiment with analogous data sets and analysis procedures.
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Limitations. In this study an ROI analysis was performed by the use of ana-
tomical masks. Brain regions such as the cingulate occupy large portions of the
cortex and self-assessments may induce activity in distinct areas in a certain brain
region under investigation. The anatomical mask that was utilized in this experi-
ment did not differentiate between these areas. Brain areas that are found to be
active during self-assessment are typically found to be deactivated throughout
cognitive performance tasks (Chua et al., 2006). Deactivated areas can be utilized
as control areas. These are brain areas such as i.e., the auditory cortex, the supplemen-
tary motor area, the motor cortex, the basal ganglia, the amygdala, and the cere-
bellum. In the current study, regions of interest were evaluated for significance
according to the contrast of the metacognition task versus the time of fixation. Brain
signal from ROI’s was not contrasted with brain signal from control regions.
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KpaTkoe coobuieHne

AHanmns obnactn uHtepeca, coKyCMpPOBaHHbIN
Ha OCTPOBKOBOM M NOSICHOM KOpe

A. Kyzamuc!2" ", P.B. Epmosa’

! Beiciuas mkosa 5KOHOMHUKH,
Poccutickaa @edepayus, 101000 Mockea, ya. Macuuykas, 0. 20
2 PoccuiCKU yHUBEPCUTET APY*kKObI HAPOJIOB,
Poccuiickaa @edepayus, 117198, Mocksa, yn. Muxnyxo-Maxknas, 0. 6
alexiskouzalis@gmail.com

AnHoTanus. OCTPOBOK — 3TO Y4YacCTOK MO3Ta, PACIONOXKEHHBIA B €ro JaTepabHOU
gacTu. Pe3ynpTaThl IPENbIIyIIUX UCCIACIOBAHMI MOKA3hIBAIOT, YTO OCTPOBOK CIYKUT MYIIb-
TUMOZAJIBHBIM y3JIOM, Yepe3 KOTOpBIH mepenaercs nHpopMmanusi. B mpoBeaeHHOM HaMu pa-
Hee TPYIIOBOM aHaIHu3e ObUT0 OOHApPYKEHO, YTO OCTPOBKOBAS OIS, MEPEAHSS IOSICHAS H3-
BIWIMHA W TOSCHAsl M3BWJIMHA SIBILTIOTCS MPEOOIaJafoNIiMU KIacTepaMyd B METANO3HAHWH.
B HacrositeM HCCIENOBaHUM TPEANPUHSITA MOMBITKA MOATBEPAUTH 3TH PE3YJIBTAThl U Olle-
HUTh HMX 3HAYMMOCTH C WCIIOJIb30BAaHUEM METOJa aHalu3a oOnacTd wHTepeca (region of
interest analysis, ROI). I'pynma u3 20 yyactaukoB nponuia ¢MPT-ckannpoBaHue npu perie-
HUHM MaTeMaTHYECKUX 33734 pa3IMyHOlN cTeneHu ciokHOocTH. [locie pemenns kaxmon 3ama-
YH UM TIPEJIaraioch OIEHHUTH CIOXKHOCTh TEKYILETO 3aJaHus OT OJHOTO JO YeThIpeX (OAWH
COOTBETCTBYET «OYCHb JIETKOY, & YEThIPE — «OUeHb cIokHO»). Ckanep GMPT ucmons3oBai-
s st cOOpa CUTHAJIOB MO3Ta BO BPEMsl MATEMATHYECKOTO CUETa, a TAKXKE Ha HTAIlE PEIICHHS
METaI03HaBaTEIbHBIX 3a7ad. CHUTHA U3 Pa3iIMYHBIX 00JacTeil, COOTBETCTBYIONIMN aKTHBA-
LMW MO3Ta JIJIsl KaXA0W 3aJla4yu, aHaau3upoBaiics myTem nposeaenus ROI, a qist onpenene-
HUSI YPOBHS 3HAUMMOCTH Pa3]IM4Mi UCIIONB30BAJICS t-TeCT. AKTHBHOCTh 00JIAaCTed Mo3ra, 00-
Hapy>KCHHBIX TPH TPYIIIIOBOM aHaym3e (TpaBas OCTPOBKOBAS OIS, JIEBasi EPEIHSS OsCHAS
W3BWJIMHA W JICBas/TipaBas CpeIHss JIOOHAs W3BWIIMHA), ObLIa MOJITBEPXKACHA C ITOMOIIBIO
ananu3a ROL

KiaroueBble cjioBa: aHain3 00JacTd HHTEpECa, HeﬁpOBH3yaHH3aHHH, OCTPOBOK, IIOsIC-
Has U3BUJIMHA, OKCIICPUMCHTAJIbHAA onInoKa
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