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Abstract
Introduction: The insula is a cortical structure located deep within the brain, between the frontal
and temporal lobes. Along with the cingulate cortex, the insula plays a crucial role in interoceptive
awareness. Current research emphasizes the role of the insula, cingulate cortex, and other brain
regions in higher-order metacognition related to mathematical operations.
Methods: Twenty healthy young adults participated in an fMRI study wherein they solved
mathematical tasks of three levels of difficulty. Upon completion of each mathematical task,
participants were requested to rate the cognitive effort they expended. Data concerning accuracy
and self-assessment were recorded and analyzed for each participant. Numerical data regarding
brain signals associated with each mathematical operation, the control task, and fixation periods
were extracted from multiple brain regions through region of interest analyses.
Results: The results of these analyses reveal activations in several brain areas previously linked to
metacognition, such as frontal/prefrontal regions, the insular, and cingulate cortices. Notably, the
left and right insula demonstrated heightened activation during subtraction and division tasks; the
left cingulate gyrus and right anterior cingulate were activated during division; and the right
cingulate gyrus along with the left anterior cingulate showed activity during addition, multiplication,
and division.
Conclusions: Results from regions of interest analyses provide further insight into the roles of
various brain areas in the cognitive process of metacognition, which appears to involve the
modulation of intrinsic interoceptive motivation during task execution. A potential future step

involves narrowing the investigation to more specific brain regions.
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INTRODUCTION

Many of our everyday sensory experiences, such as the taste of morning coffee [1], the sensation of a heartbeat after
a long run [2], and cravings for chocolate, are linked to the insular cortex [3]. Notably, the insula's functions go beyond
sensory processing and include deeper layers of our consciousness [4]. Research shows that the insula acts as a central
hub involved in numerous cognitive and emotional states [5]. It influences the mental mechanisms used in making
important decisions [6] and affects how consciously aware we are of our internal emotional states [7]. Variations in myelin
levels within the insula seem related to different connections with large-scale intrinsic functional systems [5].

Human studies have demonstrated that changes in perceived mental effort during physical exercise activate the insular
cortex [2]. An increase in perceived effort correlates with a higher heart rate, suggesting the insula's role in regulating
cardiovascular function during physical activity [8]. The right anterior insula is involved in sensing internal bodily
sensations and negative experiences [9]. Recent progress in functional neuroimaging shows that experimentally induced
itch activates the anterior and posterior parts of the insula extensively [10].

Additionally, the insular cortex might serve as a target for treating nicotine addiction behaviors [11]. Beyond its roles
in metacognition and self-awareness, the insula participates in various cognitive functions, including sensory perception,
and may be involved in depression [12]. Brain areas such as the right anterior insula and anterior cingulate cortex are also
connected to pain processing and empathetic responses [13]. The salience network, which involves the activation of the
insula, has recently been linked to depression and anxiety disorders [14]. Understanding salience processing within the
complex organization of the human insular cortex could have important implications, especially in neuropsychiatry [6].

The anterior cingulate cortex activates during executive control tasks, like resolving conflicts or inhibitory control
[15]. Its role within the salience network is supported by evidence suggesting it manages various aspects of selective
attention [16]. The claustrum, although distinct from the insula anatomically, often shares similar functional roles [17]. In
mathematical cognition, the claustrum may help integrate motivated top-down and bottom-up processes [18]. The locus
coeruleus mediates many sympathetic responses during stress [19], and previous studies have linked it to increases in
heart rate related to mental effort [20]. Disruption of the precuneus in individuals eliminates the connection between their
metacognitive abilities across different areas [21].

The largest part of the ventral striatum is the nucleus accumbens. Increased activity in the ventral striatum correlates
with greater metacognitive confidence about goal-directed actions and self-awareness [21].

Past research on mathematical cognition [22] indicates that the inferior frontal gyri are involved in processing simple
numerical tasks, the middle frontal gyri in multi-step tasks, and the medial and superior frontal gyri in complex multi-step
problems.

Obyjective

This study aims to identify and confirm neural structures involved in the process of cognitive effort evaluation.
Specifically, the current research examines the relationship between the insular and cingulate cortices and metacognition.
Fourteen regions of interest (ROIs) and fourteen control regions were selected for this investigation.

The ROIs were chosen based on their established involvement in metacognition in numerous neuroimaging studies
[23-29], while the control regions lack such associations. It is hypothesized that all types of arithmetic operations (addition,
subtraction, multiplication, division) related to metacognitive processes will be associated with brain activity in the insula,
the cingulate cortex, and other selected ROIs. Higher levels of brain activity (positive or negative signals) are expected
within the ROIs compared to the control regions. Furthermore, the significance of activity within the ROIs is anticipated
to surpass that in the control regions, as indicated by lower p-values in a General Linear Model (GLM) analysis.
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METHODS
Study Design

The current fMRI experiment was compiled in three phases. In the first phase (mathematical cognition phase) the
participants solved mathematical problems (addition, subtraction, multiplication, and division) that appear on the
screen with four answer options, from which participants are asked to choose the right one. There were three levels of
difficulty that were indexed by inclusion of one-digit, two-digit, and three-digit numbers (Figure 1). In addition to math-
ematical tasks, there were also numerical tasks for which participants were asked to compare the fonts between written
numbers. In this phase participants were asked to provide an answer to as many trials as they could during a time block
of 32 seconds. There was a total of 36 math blocks of varying difficulty levels.

Figure 1. Three examples of multiplication tasks across three levels of difficulty, categorized by the inclusion of one-
digit, two-digit, and three-digit numbers.

7 %« 4 | 3 + 8 525 * 4

32 28 21 35| 264 272 372 262 2200 2100 2090 2000

In the second phase (metacognition phase) participants were given 5 seconds to provide an answer to how difficult
the current task was on a Likert scale from 1, very low cognitive effort, to 4, very high cognitive effort (Figure 2). In the
third phase a 10 second period of fixation followed where the participants’ attention was fixated on a cross on the
screen.

Figure 2. Participants were queried regarding the difficulty of the current task using a Likert scale ranging from 1,
indicating very low cognitive effort, to 4, indicating very high cognitive effort.

Please evaluate the
effort spent on the
previous task.

1 4 3 §
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Target Population

Twenty healthy right-handed young adults (10 female) with a mean age of 23.85 participated in an fMRI study. All
participants of the experiment provided written consent and the university’s ethics committee approved all procedures.
Data Collection

Brain signal was collected for all three phases of the experiment with a 3 Tesla Siemens Magnetom Verio (Syngo
MR B17) fMRI scanner. Individual runs were acquired with blood-oxygen-level-dependent (BOLD) functional scans
(TR = 500ms; 300 measurements per run; voxel size = 3 mm X 3 mm X 3 mm with 41 interleaved slices covering the
whole brain).
Statistical Analysis

After collection, the data were preprocessed using the AFNI software (Medical College of Wisconsin, 1994), and a
region of interest analysis was conducted by creating separate anatomical masks for various brain areas. These masks
were created based on anatomical regions, specifically utilizing the Talairach Deamon Atlas included with AFNI. Dur-
ing the regions of interest analysis, brain signals from the metacognition task were contrasted with signals from the font
control task with difficulty level 1, and BOLD signals for this contrast were extracted for several brain regions. The
signals were then averaged across all regions, resulting in a single value for each mathematical operation and the
control task. A Gaussian-type GLM was subsequently fitted on average beta-weights to assess significance levels. To
run the GLM, initial values had to be identified for the 14 selected regions of interest. These beta-weights were obtained
from an additional region of interest analysis, focusing on 14 control areas that did not show significant clusters in
Vaccaro & Fleming [27] meta-analyses on metacognition. The GLM examined the following pairs of values: averaged
beta-weights from the 14 regions of interest during metacognition tasks (extracted via regions of interest analysis) and
averaged beta-weights from the 14 control areas during fixation intervals (also extracted via regions of interest analysis;
see Table 1, Figure 3).

Figure 3. Multiple regions of interest related to metacognition and control regions, highlighted in green, from which
brain signals were extracted. [llustrations were created utilizing the Brain Explorer 2 software (Allen Institute for Brain
Science, 2003).

Left Inferior Parietal Lobule Right Superior Parietal Lobule Left Inferior Frontal Gyrus
(Angular Gyrus) (Triangular Part)

Left Inferior Parietal Lobule Left Cingulate Gyrus Right Middle Frontal Gyrus
(Supramarginal Gyrus) (Frontal Part)
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Ethical aspects
The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review

Board (or Ethics Committee) of HSE University. Informed consent was obtained from all subjects involved in the study.
RESULTS

Table 1. Averaged brain signal extracted from regions of interest areas during metacognition tasks and averaged brain
signal extracted from control areas during fixation intervals. A generalized lineal model (Gaussian type) was fit for each
mathematical operation with the aid of the statistical software JASP (University of Amsterdam, 2018).

Regions of interest areas ADD SUB MUL DIV
Left precuneus 3.73 1.46 -7.53 45.31
Left inferior frontal gyrus 16.92 46.69 1.57 4490
Left middle frontal gyrus 5.96 51.14 -39.40 25.84
Left cingulate gyrus 6.36 1.99 -9.78 34.59
Left anterior cingulate 14.88 7.42 -20.56 56.13
Left insula 3.73 31.88 -2.39 21.82
Left nucleus accumbens 5.60 8.21 11.27 -85.63
Right precuneus 5.60 -60.32 2.93 -46.79
Right inferior frontal gyrus 14.88 34.75 -8.89 32.47
Right middle frontal gyrus 10.02 49.26 -30.23 23.58
Right cingulate gyrus 16.92 0.00 -25.43 86.43
Right anterior cingulate 5.96 1.56 -5.40 11.39
Right insula 6.36 16.48 0.29 14.80
Right nucleus accumbens 0.39 3.12 -0.62 2.58
Control areas ADD SUB MUL DIV
Left medial frontal gyrus 6.29E-04 6.23E-04 4.96E-04 5.62E-04
Left superior frontal gyrus 9.83E-06 1.32E-04 3.32E-04 1.80E-04
Left inferior parietal lobule -7.26E-04 -7.17E-04 -8.59E-04 -1.00E-03
Left precentral gyrus -8.26E-04 -7.00E-04 -7.12E-04 -8.28E-04
Left parahippocampal gyrus -6.60E-04 -4.74E-04 -4.98E-04 -4.71E-04
Left broadmann 18 -3.00E-07 3.09E-04 1.20E-04 -3.56E-04
Left inferior occipital gyrus 3.55E-04 6.71E-04 3.46E-04 4.39E-04
Right middle occipital gyrus 4.89E-04 7.27E-04 7.07E-05 1.01E-04
Right superior parietal lobule -2.81E-07 2.37E-04 -2.85E-04 -2.86E-04
Right superior frontal gyrus -6.63E-04 -4.62E-04 -7.08E-04 -6.62E-04
Right medial frontal gyrus -5.51E-04 -4.67E-04 -7.44E-04 -6.64E-04
Right Brodmann area 10 1.31E-03 1.21E-03 1.09E-03 1.19E-03
Right precentral gyrus 8.51E-04 7.86E-04 7.87E-04 8.28E-04
Right parahippocampal gyrus 1.55E-03 1.57E-03 1.11E-03 1.28E-03
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Table 2. Averaged brain signal extracted from regions of interest areas during metacognition tasks and averaged brain
signal extracted from control areas during fixation intervals. A generalized lineal model (Gaussian type) was fit for each
mathematical operation with the aid of the statistical software JASP (University of Amsterdam, 2018).

Mathematical Operation p-value
. ROI < .001
addition
CA =0.047
) ROI = 0.045
subtraction
CA=0.173
ROI = 0.003
multiplication CA = 0.003
i ROI = 0.099
ivision CA = 0181

Note: ROI=Regions of Interest, CA=Control Areas
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Figure 4. Averaged beta-weights of the metacognition task Vs font control task difficulty level 1 for anterior cingulate
and cingulate gyrus for three mathematical operations. ADD1=Addition level 1; SUB3=Subtraction level 3;
MUL1=Multiplication level 1
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DISCUSSION

Metacognition entails the act of stepping back from one's thoughts to critically evaluate them, utilizing self-
awareness and comprehension of the task at hand. It necessitates monitoring actions, appraising the effectiveness of
strategies, and implementing adjustments for subsequent tasks [30]. Metacognition is a cognitive function localized
within specific areas of the brain. A study examining metacognitive tasks involving mathematical problems
demonstrated activation in regions of the prefrontal cortex, including the left and right middle frontal gyri and the left
inferior frontal gyrus, as well as in the right insula and both cingulate gyri during task execution [31]. Similarly, a study
focusing on metacognitive assessments of cognitive effort revealed that increasing the difficulty of tasks in solving
mathematical operations activated regions such as the frontal lobe, precuneus, parietal lobule, insula, and cingulate
gyrus [32]. In this experimental context, all types of arithmetic operations related to metacognitive processes correlated
with brain activity in the insula, anterior cingulate cortex, and other designated regions of interest (see Table 1). Notably,
the left and right insula exhibited heightened activation during subtraction and division tasks; the left cingulate gyrus
and right anterior cingulate were active during division; and the right cingulate gyrus along with the left anterior
cingulate displayed activity during addition, multiplication, and division. Furthermore, it was observed that activity in
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the cingulate cortex decreased during multiplication tasks. As anticipated, increased brain activity, indicated by positive
or negative BOLD signals, was observed in regions associated with single- and two-digit numbers. Conversely, BOLD
signals in control regions remained consistently near baseline levels.

A Gaussian family General Linear Model (GLM) was employed to analyze the mean brain signals extracted from
regions of interest during metacognition tasks conducted after mathematical operations (addition, subtraction,
multiplication, and division) individually. Additionally, the analysis considered the average brain signals obtained from
control regions during fixation intervals following these tasks (see Table 2). Regarding the addition task, the p-value for
the intercept in regions of interest is less than 0.001, whereas in control areas it is 0.047. For the subtraction task, the
p-value of the intercept in regions of interest is 0.045, with control areas showing a p-value of 0.173. In the case of
multiplication, the p-value for the intercept in regions of interest is 0.003, and it is also 0.003 for control areas. For
division, the p-value of the intercept in regions of interest is 0.099, compared to 0.181 in control regions. Overall, the
p-values for the intercepts in addition, multiplication, and division metacognition tasks are below 0.01, while for
subtraction, it is below 0.05. Moreover, for addition and multiplication, the p-values in control areas are less than 0.05.
As anticipated, the significance levels of activity within regions of interest were higher than those observed in control
regions, as reflected by lower p-values in the General Linear Model tests. This trend was consistent across the
mathematical operations of addition, subtraction, and division, with the exception of multiplication, where both regions
of interest and control areas exhibited identical p-values.

Brain activity was observed in the middle and anterior cingulate gyrus when participants evaluated their
performance [25]. The cingulate gyrus, a region functionally connected to the orbitofrontal cortex through the default
mode network, supports introspective processing and aids in the emergence of metacognitive monitoring [33]. In this
study, regions such as the left and right cingulate gyrus and left and right anterior cingulate across three metacognition
tasks (specifically ADD1, SUB3, MULL1) are associated with negative activation (see Figure 4). The anterior cingulate
demonstrates more pronounced negative activation in the left hemisphere, while the cingulate gyrus exhibits similar
activity in the right hemisphere across all three tasks. Additionally, the negative signal intensity for MUL1 surpasses
that of the other two tasks. These variations in signal intensity imply that, even when activation appears negative, it
remains subject to modulation. Previous research on metacognitive judgments has also identified deactivation in
relevant brain regions. Specifically, analyses of brain signals during participants’ self-rated confidence reveal that areas
such as the cingulate cortex and anterior cingulate gyrus are regarded as "task-negative” regions [34].

Findings from regions of interest analyses provide additional insights into the functions of diverse brain regions in
the cognitive process of metacognition, which appears to involve the modulation of intrinsic interoceptive motivation
during task performance.

Strengths and Limitations of the study

Most researchers typically analyze metacognition through self-assessments of confidence. In this study,
metacognition was examined via self-assessments of cognitive effort during mathematical tasks of varying difficulty.
This method presents a relatively novel approach for investigating metacognition, thereby contributing to the existing
body of literature on the subject.

In this study, a regions of interest analysis was conducted utilizing an anatomical mask. Brain regions such as the
insula typically encompass extensive cortical areas, and retrospective decisions may activate various subregions within
the examined region. The anatomical mask employed did not differentiate between these subregions.

Practical Implications and Future Directions

The outcomes derived from regions of interest analyses provide additional understanding of the functions of various

cerebral regions in the cognitive process of metacognition, which appears to entail the modulation of intrinsic
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interoceptive motivation during task performance. An appropriate subsequent step is to concentrate on more specific
cerebral areas. This can be achieved through spherical regions of interest analyses utilizing coordinates obtained from
peak activations identified in meta-analytic investigations.
CONCLUSIONS

The purpose of this study was to examine the involvement of the insula, the cingulate cortex, and other brain regions
in metacognition. The results of these analyses reveal activations in several brain areas previously linked to
metacognition, such as frontal/prefrontal regions, the insula, and the cingulate cortex. Notably, the left and right insula
showed increased activation during subtraction and division tasks; the left cingulate gyrus and right anterior cingulate
were activated during division; and the right cingulate gyrus along with the left anterior cingulate showed activity during
addition, multiplication, and division.
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