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Abstract: Background: Motor inhibition is a complex cognitive function regulated by specific brain
regions and influenced by the activity of the Central Autonomic Network. We investigate the two-
way Brain—Heart interaction during a Go/NoGo task. Spectral EEG 8, « powerbands, and HRV
parameters (Complexity Index (CI), Low Frequency (LF) and High Frequency (HF) powers) were
recorded. Methods: Fourteen healthy volunteers were enrolled. We used a modified version of the
classical Go/NoGo task, based on Rule Shift Cards, characterized by a baseline and two different
tasks of different complexity. The participants were divided into subjects with Good (GP) and Poor
(PP) performances. Results: In the baseline, CI was negatively correlated with « /3. In task 1, the CI
was negatively correlated with the errors and /9, while the errors were positively correlated with
a /9. In task 2, CI was negatively correlated with the Reaction Time and positively with «, and the
errors were negatively correlated with the Reaction Time and positively correlated with /9. The GP
group showed, at baseline, a negative correlation between CI and /9. Conclusions: We provide a
new combined Brain—Heart model underlying inhibitory control abilities. The results are consistent
with the complementary role of « and 9 oscillations in cognitive control.

Keywords: inhibitory control; EEG; HRV; entropy; Central Autonomic Network

1. Introduction

Inhibition has been identified as a common factor underlying performance in all-
executive function tasks [1], with the prefrontal cortex acting as the principal source of
inhibitory control in concert with the subcortical brain areas, putamen and subthalamic
nuclei, to suppress non-adaptive behavior [2,3]. However, inhibitory control is not only
related to brain regions but also involves other neural structures engaged in adaptive
reactions to environmental stimuli, such as the Central Autonomic Network (CAN). Benar-
roch proposed a new model to describe the ANS-CNS (autonomic nervous system-central
nervous system) two-way interaction and the continuous modulation of homeostatic pro-
cesses and allostatic adaptation to internal or external requirements [4,5]. Its functional
organization involves the forebrain (anterior cingulate, nucleus accumbens, insula, ven-
tromedial prefrontal cortex, amygdala, and hypothalamus, with bidirectional interactions
between rostral and caudal systems), brainstem (periaqueductal gray, parabrachial nucleus,
nucleus of the solitary tract, and reticular formation of ventrolateral medulla). At the
spinal level, it operates via neuronal projections of segmental reflexive ANS control. These
structures receive converging visceral and nociceptive inputs (including those from thermo-
and muscle receptors) and generate stimulus-specific patterns of autonomic response via
projections to preganglionic sympathetic and parasympathetic neurons [4-6]. The forebrain
and brainstem are involved in the modulation of autonomic output in response to pain and
to emotional, behavioral, or “cognitive” stimuli [7-9].
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ANS-CNS interactions emerge using different neurophysiological tools, such as repeti-
tive Transcranial Magnetic Stimulation (rTMS) or Electroencephalography (EEG). Vernieri
and colleagues [10] showed a bilateral long-lasting increase in vasomotor reactivity induced
by 1-Hz rTMS accompanied by changes in the HRV that suggest a possible autonomic
nervous system modulation. Low-frequency rTMS on the prefrontal cortex was also ob-
served to induce a slight parasympathetic activation with a significant bradycardia after
stimulation on the right hemisphere [11]. Finally, Triggiani and colleagues [12] found a
relationship between EEG Rolandic mu rhythms recorded in a relaxed condition of resting
state and HRYV, suggesting a negative correlation between Rolandic low-frequency beta
rhythms and sympathetic activity.

The brain controls the heart directly through the sympathetic and parasympathetic
branches of the autonomic nervous system. Heart Rate Variability (HRV) describes the
ANS functional setup and reflects higher brain functions, and—at least to some extent—is
an independent indicator of CNS-ANS interaction [5,13-15]. The HRYV is analyzed in time,
frequency, and non-linear domains [16], and its measures reflect the activity of physiological
factors modulating the heart rhythm and its adaptation to changing conditions [17-19]. In
particular, in the non-linear domain, Sample Entropy (SampEn) [20] is a method to measure
the HRV entropy quantifying the unpredictability and complexity of the interbeat intervals
(IBI) series. Higher entropy indicates a more unpredictable and diverse heartbeat sequence,
and lower entropy indicates a more regular and predictable heartbeat. Multiscale entropy
(MSE) [21] was developed to investigate the information content in non-linear signals at
different temporal scales (coarse-graining), generally using Sample Entropy. The Complex-
ity Index (CI) is a measure of the entropy calculated from the MSE measures. It is defined
as the sum of the entropies computed for different scales, providing a scalar score that
allows insights into the integrated complexity of the measured system [21]. The measure
of the HRV entropy has been shown to be a marker of biological systems” health status,
where higher entropy indicates better reactivity to the external/internal stimulus [22-25].
Many studies focus their attention on the HRV power frequency analysis in resting-state
conditions to find the correlation between vagal activity and modulation of executive
functions (see [26] for review). Furthermore, HRV was associated with the functioning
of the prefrontal-subcortical circuits, with higher HRV in resting-state conditions linked
to more effective prefrontal-subcortical inhibitory circuits [14,27,28]. Few works consider
HRYV entropy modulation during cognitive executive functions [23,29,30].

EEG is another widely used neurophysiological tool to record neural activity that
can be analyzed as event-related potential (i.e., investigation of the potential fluctuation
time-locked to an event) or spectral content (i.e., analysis of the neural oscillation observed
in the frequency domain) [31]. In cognitive electrophysiological research, the considered fre-
quency bands are delta (8) (1-3 Hz), theta (9) (4-7 Hz), alpha (x) (8-12), beta (f3) (13-30 Hz),
gamma (v) (>30 Hz). EEG can detect general changes in the brain’s neural activity, which
may not be directly attributable to specific brain regions or functions [32]. Using EEG, it is
possible to observe neural abnormalities in subjects with Attention-Deficit/Hyperactivity
Disorders, during eyes-open resting conditions, characterized by an increased power ac-
tivity in ¥ band detected over frontal electrode sites and in the entire scalp, associated
with a reduction of the « and 3 bands [33]. Attention and fatigue, as well as enhanced
performance in attention tasks, were linked to fronto-medial activity ¥ power [34,35]. Fur-
thermore, while & power localized in posterior regions was linked to impaired attention,
it reflects improved attention when averaged across the scalp [36,37]. A complimentary
role of & and ¥ oscillations in cognitive control was proposed by Gratton, where « has the
role of maintaining the currently active representation association, and 9 involved in the
disruption/updating of representations when the incoming information needs attention
associated [38].

Despite this evidence, no studies have investigated the intimate link and physiological
activity of the Brain—Heart two-way interaction model during a motor inhibitory task. For
this reason, we sought to investigate, for the first time, the correlation between spectral
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EEG (¥ and « oscillations) and HRV parameters (CI and Low Frequency (LF) and High
Frequency (HF) powers) during the execution of a Go/NoGo task.

We expect to find a correlation between the CI and errors, as well as a correlation
between the HRV parameters and § and o« EEG power bands.

2. Materials and Methods
2.1. Subjects

Participants were recruited from Institute S. Anna, Crotone Italy, community recre-
ational centers, and hospital personnel through local advertisements. Inclusion criteria
were: (1) no evidence of dementia or depression symptoms according to DSM-V criteria;
(2) no use of antidepressant, anxiolytic, or antipsychotic drugs that could affect cerebral
blood flow; (3) right-handedness; and (4) absence of chronic medical conditions (heart
disease, hypertension, or diabetes). According to these criteria, 14 right-handed healthy
volunteers (8 females age 34.7 £ 11.9 and 6 males age 43.8 £ 9.2) were considered eligible
for this study. All participants had normal or corrected to normal vision, and normal color
vision. Before starting the recording, we ensured that the participants had not consumed
caffeine or smoked in the previous four hours.

All participants gave written informed consent. The study was approved by the
Ethical Committee of Regione Calabria (n.ro 172 17-July—2020) according to the Helsinki
Declaration. All subjects were advised to abstain from smoking and drinking caffeinated
beverages 4-6 h before the experiment.

2.2. Procedure

The experiment was carried out in a sound-attenuated (below 35 dB) and dimly lit
room (3 Lux) in the absence of noise or possible distractors. Participants were seated in
a comfortable chair while performing a modified version of the classical Go/NoGo task,
based on the Rule Shift Cards [19,39,40] optimized for EEG-ECG, which was designed
using Biotrace+ (https://www.mindmedia.com, accessed on 8 May 2022, Mindmedia,
version V2018A1, Roermond-Herten, The Netherlands). The Rule Shift Cards test measures
cognitive flexibility and assesses the ability to shift from one rule to another in two tests
presented consecutively. The protocol study was composed of a baseline lasting 5 min and
two different tasks lasting 6 min each. There were 220 visual stimuli in both tasks consisting
of 12 x 12 cm red, white, and chess patter squares on a black background. The first task had
three different visual stimuli: red squares (frequent stimulus n.154—70%), white squares
(rare stimulus n.44—20%), and chess patterns with squares (distractor n.22—10%), while
in the second task, there were only red (frequent stimulus n.176—80%) and white (rare
n.44—20%) squares. The interval between each stimulus was 1500 ms, with a duration of
the stimulus of 500 ms.

During the first task, the subject had to press the keyboard spacebar when the white
square appeared, while in the second, only when two equal visual stimuli were presented
consecutively (Figure 1). The sequence of stimuli was presented on a 24-inch monitor, with
the subject comfortably sited at a distance of 70 cm. The setting had a constant temperature
and luminosity and absence of transient noise. Before each task, the subject was instructed
about the assignment, with a pause of 5 min between the two tasks.
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Figure 1. Experimental detail: The subject comfortably sits in front of the screen at 70 cm from the
monitor with the hand positioned near the spacebar of the computer keyboard. In the first task, the
subject must hit the spacebar when appearing the white square and stay to rest when the red square
appears (the chess pattern with squares was the distractor). During the second task, the subject must
hit the spacebar if the color of the square is the same as the previous square. The first square appeared
after 30 s of a black image. The stimulus duration was 500 ms, and the interval of time between the
stimuli was 1500 ms.

2.3. Data Acquisition

The EEG and ECG recordings were made by NEXUS-32 (Mindmedia, Roermond-
Herten, The Netherlands), and the stimuli were presented by Biotrace+ software (https://
www.mindmedia.com/, accessed on 8 May 2022, Mindmedia, version V2018A1, Roermond-
Herten, The Netherlands). Acquisitions were made at 256 Hz. A 21-channel cap with
sintered Ag-AgCl ring electrodes was used for the EEG recording, together with two
polygraphy channels for the ECG (recorded by adhesive electrodes positioned on the chest)
and the EOG. Recording impedances were kept <5 k(). All signals were recorded with a
common reference. Signals were filtered between 1 and 45 Hz and stored on a hard disk for
offline processing. A notch filter at 50 Hz was applied.

2.4. Data Analysis

Five minutes of baseline and 6 min for each test of EEG signals were extracted and
analyzed by EEGLAB (https:/ /sccn.ucsd.edu/eeglab/index.php, 20 January 2021, Swartz
Center for Computational Neuroscience, version 2022.0, La Jolla, CA, USA) and visually
controlled for eye blink and muscular artifacts. The artifacts remotion was done using the
Independent Component Analysis (ICA) method. The channels selected for the power
analysis were frontal (F3, Fz, F4), central (C3, Cz, C4), parietal (P3, Pz, P4), and occipital (O1,
02). The power of « (8-12 Hz) and ¥ (4-7 Hz) EEG bands were extracted and expressed in
dB (10log1o(mV?/Hz)).

The ECG was analyzed by Kubios advanced software for HRV analysis (Kubios,
version 3.1, Kuopio, Finland). The signals were controlled for artifacts and ectopic beats
removed by the interpolation method. For the ECG analysis, the CI and natural logarithm
(Ln) of HF and LF FFT spectral bands were calculated. The CI was based on the MSE
approach, quantifying the degree of irregularity over a range of coarse-grained scales (1)
from 1 to 3. The coarse-grained scales were constructed by averaging the IBI/tachogram’s
data points within non-overlapping windows of increasing length t. For each coarse-
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grained scale, the Sample Entropy was calculated, and the CI was extracted as the sum
of the Sample Entropy for each coarse-grained scale. The parameters m and r of Sample
Entropy (SampEn) were set to 2 and 0.2, respectively.

2.5. Statistical Analysis

Because of the small sample size (N = 14), the non-parametric exact test was used for
the statistical analysis [41-43]. This approach provides more accurate results when the
sample size is small or when tables are sparse or imbalanced. The Shapiro-Wilk test was
used to control the normal distribution of the data [44].

The Wilcoxon exact test compared the different phases between them for LnLF, LnHF,
and CI HRV parameters and the dB values of «, 3, and &/ ratio power band. Because
of the small sample groups and the presence of outliers, the median of the total errors
was used to divide the subjects into two sample groups with the same number of subjects:
Good Performance (GP) below the median and Poor Performance (PP) above the median.
The two groups were compared for the different tasks using the Mann—-Whitney exact
test. The effect size r was calculated as the absolute value of Z,/(2N) (Wilcoxon’s test) or
Z,/(N) (Mann-Whitney’s test), where Z is the Z statistic of the statistical test and N is the
total number of subjects. The effect size results were considered: r < 0.1 not significant;
0.1 <r<0.3low; 0.3 <r < 0.5 medium; r < 0.5 high. The level of significance was set at
p <0.05.

The Spearman correlation test analyzed the correlation between HRV and EEG param-
eters and the correlation of the errors with the recorded parameters.

3. Results
Behavioral Data

All subjects performed the inhibitory task with sufficient performance. RT during
GO/NoGo trials and % of errors during Go and NoGo trials are reported in Table 1.
As expected, the RT increased in Task 2 as the numbers of errors in the Go and NoGo
conditions.

Table 1. Behavioral Variables.

Task 1 Task 2

Mean + SD Mean + SD

RT during GO trials (sec) 0.425 £ 0.11 0.52 £ 0.11

RT during NoGO trials (sec) 0.27 £ 0.05 0.42 4+ 0.059
% errors during GO trials 0.09% 2.01%
% errors during NoGo trials 0.38% 3.23%

Considering the number of errors, these are lower in task 1 with a decrease over time.
Conversely, in task 2, the number of errors was higher, increasing over time. However,
considering task 2 and the PP and GP groups, only the first showed an increase during the
task, while the performance in the GP group showed a bell trend over the task (Figure 2).

At the physiological level, all data were normally distributed for all considered condi-
tions (Shapiro-Wilk test: 893 < W < 986; 0.09 < p < 0.99). Considering the whole group,
comparing the baseline with the two tasks, a significant difference was found for LnLF for
LnHF only between the baseline and Task 2 (Z = —2.794, p = 0.002, r = 0.53 and Z = —2.48,
p =0.005, r = 0.47, respectively). A significant difference was also found between Task 1 and
Task 2 for LnLF and LnHF (Z = —2.480, p = 0.005, r = 0.47; Z = —2.040, p = 0.021, r = 0.39)
(Figure 3).
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Figure 2. (A): Errors for each subject in task 1 (white), task 2 (gray), and total errors (black). The
dashed line represents the median (value = 3) of the total errors. (B): In the first line, the histograms
of the number of errors during tasks 1 and 2 for the whole group. In the second line, the histograms
of the number of errors during task 2 for the PP and GP groups.
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Figure 3. Boxplot of the natural logarithm of low-frequency power (left) and high-frequency power
(right) in resting-state (baseline) and during tasks 1 and 2. In the graph, the extremities of the box
represent the first (25th percentile) and the third (75th percentile) quartile, and the whiskers represent
the minimum (Oth percentile) and maximum (100th percentile). The central line is the median (50th
percentile), the (x) is the mean, and the (o) upper or below the whiskers are the outliers.

Atbaseline, CI was negatively correlated with /9 (Rho = —0.758, p = 0.001) (indicating
higher « powerband) and LnLF and positively with 8 (Rho = 0.578, p = 0.015). In task 1, CI
was negatively correlated with the errors (Rho = —0.707, p = 0.002) and /¥ (Rho = —0.534,
p = 0.025), while the errors were positively correlated with «/9 (Rho = 0.751, p = 0.001)
(indicating lower o powerband). In task 2, CI was positively correlated with Reaction
Time (Rho = 0.547, p = 0.021) and positively with o powerband (Rho = 0.613, p = 0.010).
LnLF was positively correlated with « power band (Rho = 0.574, p = 0.016), and the errors
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were negatively correlated with the Reaction Time (Rho = —0.594, p = 0.013) and positively
correlated with «/9 (Rho = 0.682, p = 0.004) (Figures 4 and 5).

Baseline

Cl-a/3

Task 1

-

Positive Correlation
A ———

Negatire Corvelation

Task 2

Figure 4. Correlation between HRV parameters (Complexity Index (CI), HF power (LnHF), LF power
(LnLF)) and EEG «, 9, and ot/ 9 ratio EEG powerbands of the whole group. Green and dashed red
lines are the positive and negative correlations, respectively.
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(LnHF), LF power (LnLF)) and EEG «, 9, and o/9 ratio EEG powerbands of the whole group. The
dashed line represents the tendency line.
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Comparing GP and PP groups, at Mann—-Whitney exact test, a significant difference
was observed for ¥ and « powerband in task 2 (Z = —1.853, p = 0.036, r = 0.5; Z = —2.236,
p = 0.013, r = 0.63, respectively) with higher values for the GP group, and for o/? ratio
power band in tasks 1 (Z = —2.364, p = 0.009, r = 0.63) and 2 (Z = —3.130, p = 0.0001,
r = 0.84) with lower values for GP group (Figure 6). No significant differences were found
for HRV parameters, even if LnHF and LnLF values were higher in the GP group (Figure 6).
Controlling the recorded parameters within groups, GP groups showed increasing values
in oc and D ratio powerband from baseline to task 2, while decreasing values were for PP
groups. The difference was significant at Wilcoxon exact test for « powerband for the GP
group between tasks 1 and 2 (Z = —2.028, p = 0.023, r = 0.54) and for the PP group between
baseline and task 2 (Z = —1.859, p = 0.039, r = 0.5). At the x/9 ratio power band, the GP
group showed decreasing values, with a significant difference between baseline and task 2
(Z=-2.028, p = 0.023, r = 0.54). In contrast, PP groups showed increasing values with a
significant difference between baseline and task 2 (Z = —2.366, p = 0.008, r = 0.63) (Figure 6).
For the HRV parameters, both groups showed decreasing values. The GP group showed
a significant difference between baseline and task 2 (Z = —1.859, p = 0.039, r = 0.5) and
between task 1 and task 2 (Z = —1.859, p = 0.039, r = 0.5) for LnLF, and between baseline and
task 1 (Z =—-1.859, p =0.039, r = 0.5) and task 2 (Z = —2.366, p = 0.008, r = 0.63) for LnHF.
For the PP group, the differences were significant between baseline and task 2 (Z= —2.028,
p =0.023, r = 0.54) for LnLF, between task 1 and task 2 (Z= —2.197, p = 0.016, r = 0.59) for
LnHF, and between baseline and task 1 for the CI (Z = —1.859, p = 0.039, r = 0.5) (Figure 6).
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) 2 . 3
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Figure 6. In the first line boxplot «, 9, and o/ ¥ ratio powerband. In the second line, the natural
logarithm of Low Frequency (LF) and High Frequency (HF) and the HRV Complexity Index (CI).
In light gray, the baseline, medium gray task 1, and dark gray task 2. GP the group with Good
Performance; PP the group with Poor Performance. In the graph, the extremities of the box represent
the first (25th percentile) and the third (75th percentile) quartile, and the whiskers represent the
minimum (Oth percentile) and maximum (100th percentile). The central line is the median (50th
percentile), the (x) is the mean, and the (o) upper or below the whiskers are the outliers.

The GP group showed in baseline a negative correlation between CI and o/d (Rho = —0.857,
p =0.007). In task 1, there was a negative correlation between LnLF and LnHF with o/9
ratio, (Rho = —0.964, p = 0.0001; Rho = —0.929, p = 0.001, respectively), and in task 2, LnLF
was negatively correlated with Reaction Time (Rho = —0.893, p = 0.003) and positively with
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Performance (GP) and of the group with Poor Performance (PP). The dashed line represents the

tendency line.
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4. Discussion

In this study, we observed how the combined HRV and EEG parameters changed
as a function of inhibitory control abilities. The electroencephalographic power bands
were linked to normalized high frequency with modifications in cardiac vagal activity
that showed parallel changes [45]. It has been described that high- and low-frequency
components of HRV are strongly coupled with functional connectivity in the autonomic
control and emotional regulation during the resting state [46—48]. The use of HRV entropy
analysis was suggested as a biomarker of the integrated functioning of the brain [30].

To evaluate inhibitory performance, two different tasks were employed. The first task
required hitting the spacebar when a white square appeared, and the second consisted
of hitting the spacebar only if the colored square was equal to the previous. In the last
task, the subject must modify the strategy learned in the first task to provide the correct
answer, memorizing the previous appaired element and inhibiting the action in pressing
the spacebar when the square appaired is different from the previous. Comparing the two
tasks, a decreasing number of errors over time was observed in the first task, while an
increase was observed in the second task. The augmentation of errors could be due to
increased difficulty and maintaining attention on time. However, considering the groups
separately, the GP group increased the errors in the first half-session of task 2 and then
decreased, while the PP group in the same task showed an increase in errors.

Thayer and colleagues [28] observed that subjects with higher HRV made fewer total
errors in the Go/NoGo test, interpreting the results as an increased ability to adapt the
behavior to the environmental request. In our study, at baseline, the GP group showed
higher values of the power spectrum of HF (LnHF = 6.1 £ 1.1) and LF (LnLF = 6.2 + 1.1)
compared to the group PP group (LnHF = 5.3 + 1.1; LnLF = 6.0 &= 0.5), but without a
significant difference and a decrease in LnHF and LnLF values from baseline to the end of
the experiment. The lack of significance in the differences between the two groups could be
due to the sample size. At the same time, the decrease in parasympathetic activity could
be related to the variables’ reactivity during mental fatigue, as suggested by Melo and
colleagues [49], as well as a higher level of anxiety could have contributed to low levels of
vagal control [50,51].

It has been suggested that there is a general linkage between executive function and
frontal and midbrain areas in regulating the vagal control of the heart [52,53], hypothesizing
that attentional and affective regulation worked together in the process of self-regulation
and goal-directed behaviors. This hypothesis was extended to attentional and cognitive
processes in the absence of affective dimensions [54]. If both groups showed decreasing
values in their sympathovagal components, the GP group kept a constant level in the CI,
while the PP group showed a significant decrease. Furthermore, only the GP group showed
in baseline a significant correlation between CI and /¥ ratio.

The CI, a non-linear measure of the HRV, is an index of the complex Brain-Heart two-
way interaction and results reduced in pathological conditions [24,55,56]. The HRV reflects
the activity of physiological factors modulating the heart rhythm. It represents an output
of the Brain—Heart two-way interaction [4,57] and the organism’s capability to adapt to
changing conditions [8,9,58]. In the CAN model, the forebrain and brainstem are involved
in the modulation of autonomic output in response to pain and to emotional, behavioral,
or “cognitive” stimuli. The sequence of heartbeats is not regular and exhibits complex
fluctuations that are better described by non-linear analysis. The CI allows for measuring
this complexity with the higher complexity related to a higher health status [22,25,55,59,60].

Studies found modest relationships between resting HE-HRV and performance during
the Working Memory Test and the Continuous Performance Test [61]. Considering the
whole group, we found that CI negatively correlated with the errors in the first task and
positively correlated with the reaction time, and the reaction time negatively correlated
with the errors in the second task. These results indicate a higher CI associated with lower
impulsivity and fewer errors. Contextually, we also found the /9 power band ratio
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positively correlated with the errors. It is important to note that as o« and 9 are negative
values expressed in dB, then the decreasing of the « /¥ ratio is indicative of higher « values.

Furthermore, the two groups showed different levels in o and ¥ powerband values
and trends from baseline to task 2. The GP group showed higher values of « and & power
with an increasing trend from baseline to task 2, while the opposite was for the PP group.

Higher values of « and 9 oscillations in the GP group suggest a more effective capa-
bility to change strategies in solving new tasks [27,62,63]. Furthermore, the higher level
of theta activity could indicate the effort to maintain a good level of ‘relaxed concentra-
tion” [64-66]. The opposite trend in the two groups indicates increasing attention in the GP
group and decreased maintenance of attention in the PP group [67-69].

EEG « and 9 oscillations have been extensively investigated concerning cognition [70-74].
These oscillations are the main features that dominate resting-state EEG, and their power
is measured during tasks to elucidate moment-to-moment neural variability linked to
specific stimuli or conditions and thought to be associated with mechanisms regulating
the flow of information [75]. The posterior « has been related to the inhibition of the
processing of visual stimuli, suggesting its relation to a process more oriented to limit
the progression of perceptual information through the brain to avoid interfering with
currently active representations [67,72,73,76]. In particular, in tasks requiring a high level
of attention, posterior alpha results decrease after errors, which is presumably linked to
attention adjustments [77-79]. In contrast, the ¥ band was associated with response to task
setting with high levels of conflict or requiring updating [80-83]. Theta oscillations are
largely related to the medial frontal cortex (MFC) activity, with increasing activity after
error detection and reward omission [80,84]. The MFC has been found to be the center of
the performance monitoring system, detecting situations in which the level of cognitive
control should be increased [79,82,85] with the theta oscillation that is shown to have an
adaptive role in responding to the events [86].

Gratton proposed a complementary role of « and & oscillations in cognitive control,
hypothesizing that EEG « has the role of maintaining the currently active representation
associated, while EEG ¥ oscillations are involved in the disruption/updating of representa-
tions when the incoming information needs attention associated [38]. In this way, a dual
control mechanism regulates thoughts and actions, with proactive control associated with
the « oscillation, and a reactive control associated with the ® oscillation [87,88]. While the
first reflects the sustained and anticipatory maintenance of goal-relevant information for
optimal cognitive performance, protecting the processing from interference, the second
(suppression of the alpha band) reflects transient stimulus-driven goal reactivation based
on interference demands or episodic associations.

The positive correlation between LnLF and EEG § powerband could be linked to the
level of stress in the subjects [89]. However, this correlation was not found considering the
GP and PP groups separately. Furthermore, the negative correlation between CI and /9
ratio powerband observed in the baseline for the whole group was present only in the GP
group. The inverse correlation of the CI at baseline could be interpreted as an increased
level of CI correlated with an appropriate level of mental concentration and flexibility in
adapting processing to changing tasks [27,62,63].

The negative correlation between CI and o/ ratio was kept in task 1; furthermore,
the CI was negatively correlated with the errors. In contrast, the «/ ratio was positively
correlated with the errors. The increased CI linked to an increased alpha level indicates a
more effective behavioral response during the task [23] and more flexibility to modulate
the reaction after an error [90]. The same correlations were found for the PP group in the
task 1. Conversely, the GP group showed a negative correlation of the ot/? ratio with LnLF
and LnHF, evidencing higher values of « powerband and better inhibitory control [77,91],
linked to higher sympathovagal values [27].

During task 2, in the whole group, the CI and LnLF were positively correlated to the «
power band; more CI was positively correlated with the reaction time, and the reaction time
negatively within the errors, while the /¥ ratio, as in task 1, was positively correlated with
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the errors. The results suggest that the positive correlation between inhibitory control and
higher brain-heart two-way interaction (expression of higher integration in the functional
setup of the CAN) is indicative of better performance in the tasks. The positive correlation
between LnLF and « power band could be explained as an adaptive state associated with a
demand for higher energetic resources due to the increased difficulty of the test [27].

Considering the two groups separately, while the correlation between LnLF and «
powerband was present in the GP group, the direct correlation between LnHF and the oc/9
ratio in the PP group showed an increase in ¥ power linked to the parasympathetic system.
A more negative correlation was found between LnLF and Reaction Time for the GP group.
These results contrast with the assumption of a positive correlation between higher levels
of cardiac vagal tone and cognitive performance [92-94]. However, positive correlations
between higher levels of cardiac vagal tone and the number of errors were described in
resting-state and task period [95,96], evidencing that the association between resting HRV
and executive function can depend on the requirements of the cognitive test [27,95].

Limitations

Some limitations should be considered regarding the study. Firstly, the study sample
size was relatively small, although rigorously analyzed according to established stan-
dardized procedure, which ensures consistency in data collection. Second, the lack of a
neuropsychological assessment at the baseline would have been useful to evaluate the
relationship between performance during the Go/NoGo task with psychological traits
(such as Impulsivity).

5. Conclusions

In this study, for the first time in our knowledge, a correlation was described between
the CI of cardiac activity and the EEG «/? ratio powerband during the resting state and
Go/NoGo tasks.

The observed positive correlation indicates that a higher functional setup of CAN
is linked to a more effective inhibitory control and better performance. Only in the GP
group was the correlation between CI and «/? ratio observed in the resting state, and
contextually, this group showed increasing value from the baseline to the final task in & and
9 powerband. These findings evidenced a correlation between the CAN functional setup
and higher capability to sustain the stress by adapting an effective strategy of inhibitory
control during the tasks. These results are consistent with the complementary role of o« and
9 oscillations in cognitive control [27,88]. Better generalization of the results by a bigger
subject sample could provide new information and new insight on the brain-heart two-way
interaction in the inhibitory control.

Author Contributions: M.D.C. developed the experimental design; FR. and M.V. performed the
analysis; ER. and M.V. acquired EEG and ECG data; ER., M.V. and A.C. wrote the paper. M.D.C., ER,,
M.V, A.C. and P.T. contributed to the final version of the paper. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Ethical Committee of “Re-
gione Calabria Comitato Etico Sezione Area Centro” n.ro 172 17-July-2020.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.



Brain Sci. 2022, 12, 740 13 of 16

References

1.  Miyake, A.; Friedman, N.P. The Nature and Organization of Individual Differences in Executive Functions: Four General
Conclusions. Curr. Dir. Psychol. Sci. 2012, 21, 8-14. [CrossRef] [PubMed]

2. Fuster, ].M. The Prefrontal Cortex, 4th ed.; Academic Press/Elsevier: Amsterdam, The Netherlands; Boston, MA, USA; ISBN
978-0-12-373644-4.

3. Munakata, Y;; Herd, S.A.; Chatham, C.H.; Depue, B.E.; Banich, M.T.; O’Reilly, R.C. A Unified Framework for Inhibitory Control.
Trends Cogn. Sci. 2011, 15, 453-459. [CrossRef] [PubMed]

4. Benarroch, E.E. The Central Autonomic Network: Functional Organization, Dysfunction, and Perspective. Mayo Clin. Proc. 1993,
68, 988-1001. [CrossRef]

5. Benarroch, E.; Singer, W.; Mauermann, M. Autonomic Neurology; Oxford University Press: Oxford, UK, 2014; ISBN 978-0-19-
992019-8.

6.  Saper, C.B. The Central Autonomic Nervous System: Conscious Visceral Perception and Autonomic Pattern Generation. Annu.
Rev. Neurosci. 2002, 25, 433-469. [CrossRef] [PubMed]

7. Cacioppo, ].T.; Tassinary, L.G.; Berntson, G. Handbook of Psychophysiology; Cambridge University Press: Cambridge, UK, 2007;
ISBN 0-521-84471-1.

8.  Friedman, B.H. An Autonomic Flexibility—-Neurovisceral Integration Model of Anxiety and Cardiac Vagal Tone. Biol. Psychol.
2007, 74, 185-199. [CrossRef] [PubMed]

9.  Riganello, F. Responsiveness and the Autonomic Control-CNS Two-Way Interaction in Disorders of Consciousness. In Brain
Function and Responsiveness in Disorders of Consciousness; Monti, M.M., Sannita, W.G., Eds.; Springer International Publishing:
Cham, 2016; pp. 145-155, ISBN 978-3-319-21424-5.

10. Vernieri, F; Altamura, C.; Palazzo, P.; Altavilla, R.; Fabrizio, E.; Fini, R.; Melgari, ].-M.; Paolucci, M.; Pasqualetti, P.; Maggio, P.
1-Hz Repetitive Transcranial Magnetic Stimulation Increases Cerebral Vasomotor Reactivity: A Possible Autonomic Nervous
System Modulation. Brain Stimulat. 2014, 7, 281-286. [CrossRef]

11.  Gulli, G,; Tarperi, C.; Cevese, A.; Acler, M.; Bongiovanni, G.; Manganotti, P. Effects of Prefrontal Repetitive Transcranial Magnetic
Stimulation on the Autonomic Regulation of Cardiovascular Function. Exp. Brain Res. 2013, 226, 265-271. [CrossRef]

12. Triggiani, A.L; Valenzano, A.; Del Percio, C.; Marzano, N.; Soricelli, A.; Petito, A.; Bellomo, A.; Basar, E.; Mundi, C.; Cibelli, G.;
et al. Resting State Rolandic Mu Rhythms Are Related to Activity of Sympathetic Component of Autonomic Nervous System in
Healthy Humans. Int. ]. Psychophysiol. 2016, 103, 79-87. [CrossRef]

13.  Napadow, V,; Dhond, R.; Conti, G.; Makris, N.; Brown, E.N.; Barbieri, R. Brain Correlates of Autonomic Modulation: Combining
Heart Rate Variability with FMRI. Neurolmage 2008, 42, 169-177. [CrossRef]

14. Thayer, ].F; Lane, R.D. Claude Bernard and the Heart-Brain Connection: Further Elaboration of a Model of Neurovisceral
Integration. Neurosci. Biobehav. Rev. 2009, 33, 81-88. [CrossRef]

15. Tonhajzerova, I.; Ondrejka, I.; Turianikova, Z.; Javorka, K.; Calkovska, A.; Javorka, M. Heart Rate Variability: An Index of the
Brain—-Heart Interaction. In Tachycardia; Jamada, T., Ed.; InTech: Rijeka, Croatia, 2012; pp. 185-202.

16. Shaffer, E.; Ginsberg, ].P. An Overview of Heart Rate Variability Metrics and Norms. Front. Public Health 2017, 5. [CrossRef]
[PubMed]

17. Carney, RM.; Freedland, K.E. Depression and Heart Rate Variability in Patients with Coronary Heart Disease. Cleve. Clin. |. Med.
2009, 76, S13-S17. [CrossRef] [PubMed]

18.  Mukhin, V.; Yakovlev, N.; Klimenko, V. An Association between Heart Rate Variability and Levels of Frontal Cortex Activation.
Neurosci. Behav. Physiol. 2013, 43, 755-759. [CrossRef]

19. Ottaviani, C.; Zingaretti, P; Petta, A.M.; Antonucci, G.; Thayer, ].E,; Spitoni, G.F. Resting Heart Rate Variability Predicts Inhibitory
Control above and beyond Impulsivity. J. Psychophysiol. 2019, 33, 198-206. [CrossRef]

20. Delgado-Bonal, A.; Marshak, A. Approximate Entropy and Sample Entropy: A Comprehensive Tutorial. Entropy 2019, 21, 541.
[CrossRef]

21. Costa, M.; Goldberger, A.L.; Peng, C.-K. Multiscale Entropy Analysis of Biological Signals. Phys. Rev. E 2005, 71. [CrossRef]
[PubMed]

22. Bornas, X.; Llabrés, J.; Noguera, M.; Lopez, A.M.; Gelabert, ] M.; Vila, I. Fear Induced Complexity Loss in the Electrocardiogram
of Flight Phobics: A Multiscale Entropy Analysis. Biol. Psychol. 2006, 73, 272-279. [CrossRef] [PubMed]

23. Deschodt-Arsac, V.; Blons, E.; Gilfriche, P,; Spiluttini, B.; Arsac, L.M. Entropy in Heart Rate Dynamics Reflects How HRV-
Biofeedback Training Improves Neurovisceral Complexity during Stress-Cognition Interactions. Entropy 2020, 22, 317. [CrossRef]

24. Riganello, F; Larroque, S.K.; Bahri, M.A.; Heine, L.; Martial, C.; Carriére, M.; Charland-Verville, V.; Aubinet, C.; Vanhaudenhuyse,
A.; Chatelle, C.; et al. A Heartbeat Away From Consciousness: Heart Rate Variability Entropy Can Discriminate Disorders of
Consciousness and Is Correlated With Resting-State FMRI Brain Connectivity of the Central Autonomic Network. Front. Neurol.
2018, 9, 769. [CrossRef]

25. Voss, A,; Heitmann, A.; Schroeder, R.; Peters, A.; Perz, S. Short-Term Heart Rate Variability—-Age Dependence in Healthy Subjects.
Physiol. Meas. 2012, 33, 1289-1311. [CrossRef]

26. Forte, G.; Favieri, F.; Casagrande, M. Heart Rate Variability and Cognitive Function: A Systematic Review. Front. Neurosci. 2019,

13,710. [CrossRef] [PubMed]


http://doi.org/10.1177/0963721411429458
http://www.ncbi.nlm.nih.gov/pubmed/22773897
http://doi.org/10.1016/j.tics.2011.07.011
http://www.ncbi.nlm.nih.gov/pubmed/21889391
http://doi.org/10.1016/S0025-6196(12)62272-1
http://doi.org/10.1146/annurev.neuro.25.032502.111311
http://www.ncbi.nlm.nih.gov/pubmed/12052916
http://doi.org/10.1016/j.biopsycho.2005.08.009
http://www.ncbi.nlm.nih.gov/pubmed/17069959
http://doi.org/10.1016/j.brs.2013.12.014
http://doi.org/10.1007/s00221-013-3431-6
http://doi.org/10.1016/j.ijpsycho.2015.02.009
http://doi.org/10.1016/j.neuroimage.2008.04.238
http://doi.org/10.1016/j.neubiorev.2008.08.004
http://doi.org/10.3389/fpubh.2017.00258
http://www.ncbi.nlm.nih.gov/pubmed/29034226
http://doi.org/10.3949/ccjm.76.s2.03
http://www.ncbi.nlm.nih.gov/pubmed/19376975
http://doi.org/10.1007/s11055-013-9805-1
http://doi.org/10.1027/0269-8803/a000222
http://doi.org/10.3390/e21060541
http://doi.org/10.1103/PhysRevE.71.021906
http://www.ncbi.nlm.nih.gov/pubmed/15783351
http://doi.org/10.1016/j.biopsycho.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16839658
http://doi.org/10.3390/e22030317
http://doi.org/10.3389/fneur.2018.00769
http://doi.org/10.1088/0967-3334/33/8/1289
http://doi.org/10.3389/fnins.2019.00710
http://www.ncbi.nlm.nih.gov/pubmed/31354419

Brain Sci. 2022, 12, 740 14 of 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Alba, G,; Vila, ].; Rey, B.; Montoya, P.; Muiioz, M.A. The Relationship Between Heart Rate Variability and Electroencephalography
Functional Connectivity Variability Is Associated With Cognitive Flexibility. Front. Hum. Neurosci. 2019, 13, 64. [CrossRef]
[PubMed]

Thayer, J.E; Hansen, A.L.; Saus-Rose, E.; Johnsen, B.H. Heart Rate Variability, Prefrontal Neural Function, and Cognitive
Performance: The Neurovisceral Integration Perspective on Self-Regulation, Adaptation, and Health. Ann. Behav. Med. 2009, 37,
141-153. [CrossRef] [PubMed]

Bouny, P; Deschodt-Arsac, V.; Touré, E.; Arsac, L. Entropy and Multifractality in Heart Rate Dynamics as Markers of Specific
Brain-Heart Coordinations when Adapting to Cognitive Tasks. 2021. Available online: https://www.researchgate.net/profile/
Pierre-Bouny/publication/359236090_Entropy_and_multifractality_in_heart_rate_dynamics_as_markers_of_specific_brain-
heart_coordinations_when_adapting_to_cognitive_tasks/links/62309492d37dab4f96e67488 /Entropy-and-multifractality-in-
heart-rate-dynamics-as-markers-of-specific-brain-heart-coordinations-when-adapting-to-cognitive-tasks.pdf (accessed on 8
May 2022).

Young, H.; Benton, D. We Should Be Using Nonlinear Indices When Relating Heart-Rate Dynamics to Cognition and Mood. Sci.
Rep. 2015, 5, 16619. [CrossRef]

Schomer, D.L.; Lopes da Silva, EH. Niedermeyer's Electroencephalography: Basic Principles, Clinical Applications, and Related Fields-
Oxford Medicine, 7th ed.; Oxford University Press: Oxford, UK, 2017; ISBN 9780190228484.

Lopes da Silva, F. Neural Mechanisms Underlying Brain Waves: From Neural Membranes to Networks. Electroencephalogr. Clin.
Neurophysiol. 1991, 79, 81-93. [CrossRef]

Clarke, A.R.; Barry, R.J. EEG Activity in Subtypes of Attention-Deficit/Hyperactivity Disorder. ]. Neurother. 2005, 8, 43-62.
[CrossRef]

Lal, S.KK.L,; Craig, A. Driver Fatigue: Electroencephalography and Psychological Assessment. Psychophysiology 2002, 39, 313-321.
[CrossRef]

Wascher, E.; Rasch, B.; Sdnger, J.; Hoffmann, S.; Schneider, D.; Rinkenauer, G.; Heuer, H.; Gutberlet, I. Frontal Theta Activity
Reflects Distinct Aspects of Mental Fatigue. Biol. Psychol. 2014, 96, 57-65. [CrossRef]

O’Connell, R.G.; Dockree, PM.; Robertson, I.H.; Bellgrove, M.A.; Foxe, ].].; Kelly, S.P. Uncovering the Neural Signature of Lapsing
Attention: Electrophysiological Signals Predict Errors up to 20 s before They Occur. J. Neurosci. Off. ]. Soc. Neurosci. 2009, 29,
8604-8611. [CrossRef]

Makeig, S.; Jung, T.P. Changes in Alertness Are a Principal Component of Variance in the EEG Spectrum. Neuroreport 1995, 7,
213-216. [CrossRef]

Gratton, G. Brain Reflections: A Circuit-based Framework for Understanding Information Processing and Cognitive Control.
Psychophysiology 2018, 55, €13038. [CrossRef] [PubMed]

Antonucci, G.; Spitoni, G.E,; Orsini, A.; D’Olimpio, F.; Cantagallo, A. Taratura Italiana Della Batteria per La Valutazione Della
Sindrome Disesecutiva: BADS. Available online: https://iris.unicampania.it/handle/11591/159383?mode=full.274 (accessed on
22 April 2022).

Espinosa, A.; Alegret, M.; Boada, M.; Vinyes, G.; Valero, S.; Martinez-Lage, P.; Pefia-Casanova, J.; Becker, ].T.; Wilson, B.A;
Tarraga, L. Ecological Assessment of Executive Functions in Mild Cognitive Impairment and Mild Alzheimer’s Disease. J. Int.
Neuropsychol. Soc. JINS 2009, 15, 751-757. [CrossRef] [PubMed]

Siegel, S. Nonparametric Statistics. Am. Stat. 1957, 11, 13. [CrossRef]

Gibbons, J.D.; Chakraborti, S. Nonparametric Statistical Inference. In International Encyclopedia of Statistical Science; Lovric, M., Ed.;
Springer: Berlin/Heidelberg, Germany, 2011; pp. 977-979, ISBN 978-3-642-04897-5.

Mishra, P.; Pandey, C.M.; Singh, U.; Keshri, A.; Sabaretnam, M. Selection of Appropriate Statistical Methods for Data Analysis.
Ann. Card. Anaesth. 2019, 22, 297-301. [CrossRef]

Ghasemi, A.; Zahediasl, S. Normality Tests for Statistical Analysis: A Guide for Non-Statisticians. Int. ]. Endocrinol. Metab. 2012,
10, 486—489. [CrossRef]

Jurysta, F.; van de Borne, P.; Migeotte, P.-F.; Dumont, M.; Lanquart, J.-P.; Degaute, ].-P.; Linkowski, P. A Study of the Dynamic
Interactions between Sleep EEG and Heart Rate Variability in Healthy Young Men. Clin. Neurophysiol. 2003, 114, 2146-2155.
[CrossRef]

Chang, C.; Metzger, C.D.; Glover, G.H.; Duyn, ]. H.; Heinze, H.-].; Walter, M. Association between Heart Rate Variability and
Fluctuations in Resting-State Functional Connectivity. Neurolmage 2013, 68, 93-104. [CrossRef]

Jennings, J.R.; Sheu, L.K.; Kuan, D.C.-H.; Manuck, S.B.; Gianaros, P.J. Resting State Connectivity of the Medial Prefrontal Cortex
Covaries with Individual Differences in High-Frequency Heart Rate Variability. Psychophysiology 2016, 53, 444—454. [CrossRef]
Sakaki, M.; Yoo, H.].; Nga, L.; Lee, T.-H.; Thayer, ].F.; Mather, M. Heart Rate Variability Is Associated with Amygdala Functional
Connectivity with MPFC across Younger and Older Adults. Neurolmage 2016, 139, 44-52. [CrossRef]

Melo, H.M.; Nascimento, L.M.; Takase, E. Mental Fatigue and Heart Rate Variability (HRV): The Time-on-Task Effect. Psychol.
Neurosci. 2017, 10, 428-436. [CrossRef]

Thayer, J.E; Friedman, B.H.; Borkovec, T.D. Autonomic Characteristics of Generalized Anxiety Disorder and Worry. Biol.
Psychiatry 1996, 39, 255-266. [CrossRef]

Verkuil, B.; Brosschot, J.E,; Borkovec, T.D.; Thayer, J.F. Acute Autonomic Effects of Experimental Worry and Cognitive Problem
Solving: Why Worry about Worry? Int. J. Clin. Health Psychol. 2009, 9, 439-453.


http://doi.org/10.3389/fnhum.2019.00064
http://www.ncbi.nlm.nih.gov/pubmed/30858800
http://doi.org/10.1007/s12160-009-9101-z
http://www.ncbi.nlm.nih.gov/pubmed/19424767
https://www.researchgate.net/profile/Pierre-Bouny/publication/359236090_Entropy_and_multifractality_in_heart_rate_dynamics_as_markers_of_specific_brain-heart_coordinations_when_adapting_to_cognitive_tasks/links/62309492d37dab4f96e67488/Entropy-and-multifractality-in-heart-rate-dynamics-as-markers-of-specific-brain-heart-coordinations-when-adapting-to-cognitive-tasks.pdf
https://www.researchgate.net/profile/Pierre-Bouny/publication/359236090_Entropy_and_multifractality_in_heart_rate_dynamics_as_markers_of_specific_brain-heart_coordinations_when_adapting_to_cognitive_tasks/links/62309492d37dab4f96e67488/Entropy-and-multifractality-in-heart-rate-dynamics-as-markers-of-specific-brain-heart-coordinations-when-adapting-to-cognitive-tasks.pdf
https://www.researchgate.net/profile/Pierre-Bouny/publication/359236090_Entropy_and_multifractality_in_heart_rate_dynamics_as_markers_of_specific_brain-heart_coordinations_when_adapting_to_cognitive_tasks/links/62309492d37dab4f96e67488/Entropy-and-multifractality-in-heart-rate-dynamics-as-markers-of-specific-brain-heart-coordinations-when-adapting-to-cognitive-tasks.pdf
https://www.researchgate.net/profile/Pierre-Bouny/publication/359236090_Entropy_and_multifractality_in_heart_rate_dynamics_as_markers_of_specific_brain-heart_coordinations_when_adapting_to_cognitive_tasks/links/62309492d37dab4f96e67488/Entropy-and-multifractality-in-heart-rate-dynamics-as-markers-of-specific-brain-heart-coordinations-when-adapting-to-cognitive-tasks.pdf
http://doi.org/10.1038/srep16619
http://doi.org/10.1016/0013-4694(91)90044-5
http://doi.org/10.1300/J184v08n04_04
http://doi.org/10.1017/S0048577201393095
http://doi.org/10.1016/j.biopsycho.2013.11.010
http://doi.org/10.1523/JNEUROSCI.5967-08.2009
http://doi.org/10.1097/00001756-199512000-00051
http://doi.org/10.1111/psyp.13038
http://www.ncbi.nlm.nih.gov/pubmed/29226965
https://iris.unicampania.it/handle/11591/159383?mode=full.274
http://doi.org/10.1017/S135561770999035X
http://www.ncbi.nlm.nih.gov/pubmed/19570310
http://doi.org/10.2307/2685679
http://doi.org/10.4103/aca.ACA_248_18
http://doi.org/10.5812/ijem.3505
http://doi.org/10.1016/S1388-2457(03)00215-3
http://doi.org/10.1016/j.neuroimage.2012.11.038
http://doi.org/10.1111/psyp.12586
http://doi.org/10.1016/j.neuroimage.2016.05.076
http://doi.org/10.1037/pne0000110
http://doi.org/10.1016/0006-3223(95)00136-0

Brain Sci. 2022, 12, 740 150f 16

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

Lane, R.; Mcrae, K.; Reiman, E.; Chen, K.; Ahern, G.; Thayer, J. Neural Correlates of Heart Rate Variability during Emotion.
Neurolmage 2009, 44, 213-222. [CrossRef] [PubMed]

Thayer, J.E; Ahs, F; Fredrikson, M.; Sollers, J.J.; Wager, T.D. A Meta-Analysis of Heart Rate Variability and Neuroimaging Studies:
Implications for Heart Rate Variability as a Marker of Stress and Health. Neurosci. Biobehav. Rev. 2012, 36, 747-756. [CrossRef]
[PubMed]

Jennings, J.R.; Allen, B.; Gianaros, PJ.; Thayer, J.F.; Manuck, S.B. Focusing Neurovisceral Integration: Cognition, Heart Rate
Variability, and Cerebral Blood Flow. Psychophysiology 2015, 52, 214-224. [CrossRef] [PubMed]

Riganello, F.; Larroque, S.K.; Di Perri, C.; Prada, V.; Sannita, W.G.; Laureys, S. Measures of CNS-Autonomic Interaction and
Responsiveness in Disorder of Consciousness. Front. Neurosci. 2019, 13, 530. [CrossRef] [PubMed]

Riganello, F,; Vatrano, M.; Carozzo, S.; Russo, M.; Lucca, L.E; Ursino, M.; Ruggiero, V.; Cerasa, A.; Porcaro, C. The Timecourse of
Electrophysiological Brain-Heart Interaction in DoC Patients. Brain Sci. 2021, 11, 750. [CrossRef]

Benarroch, E.E. The Autonomic Nervous System: Basic Anatomy and Physiology. Contin. Lifelong Learn. Neurol. 2007, 13, 13-32.
[CrossRef]

Hansen, A.L.; Murison, R.; Eid, ].; Thayer, ].F. Heart Rate Variability and Cortisol Responses during Attentional and Working
Memory Tasks in Naval Cadets. Int. Marit. Health 2012, 63, 181-187.

Blons, E.; Arsac, L.M.; Gilfriche, P.; McLeod, H.; Lespinet-Najib, V.; Grivel, E.; Deschodt-Arsac, V. Alterations in Heart-Brain
Interactions under Mild Stress during a Cognitive Task Are Reflected in Entropy of Heart Rate Dynamics. Sci. Rep. 2019, 9, 18190.
[CrossRef]

Riganello, F.; Zubler, F; Haenggi, M.; De Lucia, M. Heart Rate Complexity: An Early Prognostic Marker of Patient Outcome after
Cardiac Arrest. Clin. Neurophysiol. 2022, 134, 27-33. [CrossRef] [PubMed]

Hansen, A.L.; Johnsen, B.H.; Thayer, ].F. Vagal Influence on Working Memory and Attention. Int. J. Psychophysiol. Off. |. Int.
Organ. Psychophysiol. 2003, 48, 263-274. [CrossRef]

Benedek, M.; Schickel, R.J.; Jauk, E.; Fink, A.; Neubauer, A.C. Alpha Power Increases in Right Parietal Cortex Reflects Focused
Internal Attention. Neuropsychologia 2014, 56, 393—400. [CrossRef] [PubMed]

Brier, M.R,; Ferree, T.C.; Maguire, M.].; Moore, P; Spence, J.; Tillman, G.D.; Hart, J.; Kraut, M. A. Frontal Theta and Alpha Power
and Coherence Changes Are Modulated by Semantic Complexity in Go/NoGo Tasks. Int. J. Psychophysiol. 2010, 78, 215-224.
[CrossRef]

Kubota, Y.; Sato, W.; Toichi, M.; Murai, T.; Okada, T.; Hayashi, A.; Sengoku, A. Frontal Midline Theta Rhythm Is Correlated with
Cardiac Autonomic Activities during the Performance of an Attention Demanding Meditation Procedure. Brain Res. Cogn. Brain
Res. 2001, 11, 281-287. [CrossRef]

Laukka, S.J.; Jarvilehto, T.; Alexandrov, Y.I; Lindqvist, ]. Frontal Midline Theta Related to Learning in a Simulated Driving Task.
Biol. Psychol. 1995, 40, 313-320. [CrossRef]

Williams, J.D.; Gruzelier, J.H. Differentiation of Hypnosis and Relaxation by Analysis of Narrow Band Theta and Alpha
Frequencies. Int. ]. Clin. Exp. Hypn. 2001, 49, 185-206. [CrossRef]

Klimesch, W. Alpha-Band Oscillations, Attention, and Controlled Access to Stored Information. Trends Cogn. Sci. 2012, 16,
606—617. [CrossRef]

Novikov, N.A.; Bryzgalov, D.V.; Chernyshev, B.V. Theta and Alpha Band Modulations Reflect Error-Related Adjustments in the
Auditory Condensation Task. Front. Hum. Neurosci. 2015, 9, 673. [CrossRef]

Prochnow, A.; Eggert, E.; Miinchau, A.; Mitickschel, M.; Beste, C. Alpha and Theta Bands Dynamics Serve Distinct Functions
during Perception—Action Integration in Response Inhibition. J. Cogn. Neurosci. 2022, 34, 1053-1069. [CrossRef]

Hanslmayr, S.; Gross, J.; Klimesch, W.; Shapiro, K. The Role of « Oscillations in Temporal Attention. Brain Res. Rev. 2011, 67,
331-343. [CrossRef] [PubMed]

Jausovec, N.; Jausovec, K.; Gerlic, I. Differences in Event-Related and Induced EEG Patterns in the Theta and Alpha Frequency
Bands Related to Human Emotional Intelligence. Neurosci. Lett. 2001, 311, 93-96. [CrossRef]

Jensen, O.; Mazaheri, A. Shaping Functional Architecture by Oscillatory Alpha Activity: Gating by Inhibition. Front. Hum.
Neurosci. 2010, 4, 186. [CrossRef] [PubMed]

Mathewson, K.; Lleras, A.; Beck, D.; Fabiani, M.; Ro, T.; Gratton, G. Pulsed Out of Awareness: EEG Alpha Oscillations Represent
a Pulsed-Inhibition of Ongoing Cortical Processing. Front. Psychol. 2011, 2, 99. [CrossRef] [PubMed]

Pscherer, C.; Miickschel, M.; Summerer, L.; Bluschke, A.; Beste, C. On the Relevance of EEG Resting Theta Activity for the
Neurophysiological Dynamics Underlying Motor Inhibitory Control. Hum. Brain Mapp. 2019, 40, 4253-4265. [CrossRef] [PubMed]
Gratton, G.; Cooper, P.,; Fabiani, M.; Carter, C.S.; Karayanidis, F. Dynamics of Cognitive Control: Theoretical Bases, Paradigms,
and a View for the Future. Psychophysiology 2018, 55, €13016. [CrossRef] [PubMed]

Mathewson, K.E.; Gratton, G.; Fabiani, M.; Beck, D.M.; Ro, T. To See or Not to See: Prestimulus Alpha Phase Predicts Visual
Awareness. J. Neurosci. Off. J. Soc. Neurosci. 2009, 29, 2725-2732. [CrossRef]

Carp, J.; Compton, R.]J. Alpha Power Is Influenced by Performance Errors. Psychophysiology 2009, 46, 336-343. [CrossRef]
Mazaheri, A.; Nieuwenhuis, I.L.C.; van Dijk, H.; Jensen, O. Prestimulus Alpha and Mu Activity Predicts Failure to Inhibit Motor
Responses. Hum. Brain Mapp. 2009, 30, 1791-1800. [CrossRef]

Van Driel, J.; Ridderinkhof, K.R.; Cohen, M.X. Not All Errors Are Alike: Theta and Alpha EEG Dynamics Relate to Differences in
Error-Processing Dynamics. J. Neurosci. Off. . Soc. Neurosci. 2012, 32, 16795-16806. [CrossRef]


http://doi.org/10.1016/j.neuroimage.2008.07.056
http://www.ncbi.nlm.nih.gov/pubmed/18778779
http://doi.org/10.1016/j.neubiorev.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22178086
http://doi.org/10.1111/psyp.12319
http://www.ncbi.nlm.nih.gov/pubmed/25160649
http://doi.org/10.3389/fnins.2019.00530
http://www.ncbi.nlm.nih.gov/pubmed/31293365
http://doi.org/10.3390/brainsci11060750
http://doi.org/10.1212/01.CON.0000299964.20642.9a
http://doi.org/10.1038/s41598-019-54547-7
http://doi.org/10.1016/j.clinph.2021.10.019
http://www.ncbi.nlm.nih.gov/pubmed/34953334
http://doi.org/10.1016/S0167-8760(03)00073-4
http://doi.org/10.1016/j.neuropsychologia.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24561034
http://doi.org/10.1016/j.ijpsycho.2010.07.011
http://doi.org/10.1016/S0926-6410(00)00086-0
http://doi.org/10.1016/0301-0511(95)05122-Q
http://doi.org/10.1080/00207140108410070
http://doi.org/10.1016/j.tics.2012.10.007
http://doi.org/10.3389/fnhum.2015.00673
http://doi.org/10.1162/jocn_a_01844
http://doi.org/10.1016/j.brainresrev.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21592583
http://doi.org/10.1016/S0304-3940(01)02141-3
http://doi.org/10.3389/fnhum.2010.00186
http://www.ncbi.nlm.nih.gov/pubmed/21119777
http://doi.org/10.3389/fpsyg.2011.00099
http://www.ncbi.nlm.nih.gov/pubmed/21779257
http://doi.org/10.1002/hbm.24699
http://www.ncbi.nlm.nih.gov/pubmed/31219652
http://doi.org/10.1111/psyp.13016
http://www.ncbi.nlm.nih.gov/pubmed/29044552
http://doi.org/10.1523/JNEUROSCI.3963-08.2009
http://doi.org/10.1111/j.1469-8986.2008.00773.x
http://doi.org/10.1002/hbm.20763
http://doi.org/10.1523/JNEUROSCI.0802-12.2012

Brain Sci. 2022, 12, 740 16 of 16

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Cavanagh, J.F,; Frank, M.]. Frontal Theta as a Mechanism for Cognitive Control. Trends Cogn. Sci. 2014, 18, 414—421. [CrossRef]
[PubMed]

Clayton, M.S.; Yeung, N.; Cohen Kadosh, R. The Roles of Cortical Oscillations in Sustained Attention. Trends Cogn. Sci. 2015, 19,
188-195. [CrossRef] [PubMed]

Cohen, M.X.; Donner, T.H. Midfrontal Conflict-Related Theta-Band Power Reflects Neural Oscillations That Predict Behavior. J.
Neurophysiol. 2013, 110, 2752-2763. [CrossRef] [PubMed]

Cooper, PS.; Darriba, A Karayanidis, F.; Barcel6, F. Contextually Sensitive Power Changes across Multiple Frequency Bands
Underpin Cognitive Control. Neurolmage 2016, 132, 499-511. [CrossRef]

Cohen, M.X. A Neural Microcircuit for Cognitive Conflict Detection and Signaling. Trends Neurosci. 2014, 37, 480-490. [CrossRef]
Womelsdorf, T.; Johnston, K.; Vinck, M.; Everling, S. Theta-Activity in Anterior Cingulate Cortex Predicts Task Rules and Their
Adjustments Following Errors. Proc. Natl. Acad. Sci. USA 2010, 107, 5248-5253. [CrossRef]

Atchley, R.; Klee, D.; Oken, B. EEG Frequency Changes Prior to Making Errors in an Easy Stroop Task. Front. Hum. Neurosci. 2017,
11, 521. [CrossRef]

Braver, T.S. The Variable Nature of Cognitive Control: A Dual Mechanisms Framework. Trends Cogn. Sci. 2012, 16, 106-113.
[CrossRef]

Clements, G.M.; Bowie, D.C.; Gyurkovics, M.; Low, K.A; Fabiani, M.; Gratton, G. Spontaneous Alpha and Theta Oscillations
Are Related to Complementary Aspects of Cognitive Control in Younger and Older Adults. Front. Hum. Neurosci. 2021, 15, 106.
[CrossRef]

Lee, D.; Kwon, W.; Heo, ].; Park, ].Y. Associations between Heart Rate Variability and Brain Activity during a Working Memory
Task: A Preliminary Electroencephalogram Study on Depression and Anxiety Disorder. Brain Sci. 2022, 12, 172. [CrossRef]
Mabhjoory, K.; Cesnaite, E.; Hohlefeld, FU.; Villringer, A.; Nikulin, V.V. Power and Temporal Dynamics of Alpha Oscillations
at Rest Differentiate Cognitive Performance Involving Sustained and Phasic Cognitive Control. Neurolmage 2019, 188, 135-144.
[CrossRef] [PubMed]

Magosso, E.; Ricci, G.; Ursino, M. Modulation of Brain Alpha Rhythm and Heart Rate Variability by Attention-Related Mechanisms.
AIMS Neurosci. 2019, 6, 1-24. [CrossRef] [PubMed]

Albinet, C.T.; Boucard, G.; Bouquet, C.A.; Audiffren, M. Increased Heart Rate Variability and Executive Performance after Aerobic
Training in the Elderly. Eur. J. Appl. Physiol. 2010, 109, 617-624. [CrossRef] [PubMed]

Albinet, C.T.; Abou-Dest, A.; André, N.; Audiffren, M. Executive Functions Improvement Following a 5-Month Aquaerobics
Program in Older Adults: Role of Cardiac Vagal Control in Inhibition Performance. Biol. Psychol. 2016, 115, 69-77. [CrossRef]
[PubMed]

Stenfors, C.U.D.; Hanson, L.M.; Theorell, T.; Osika, W.S. Executive Cognitive Functioning and Cardiovascular Autonomic
Regulation in a Population-Based Sample of Working Adults. Front. Psychol. 2016, 7, 1536. [CrossRef]

Duschek, S.; Muckenthaler, M.; Werner, N.; del Paso, G.A.R. Relationships between Features of Autonomic Cardiovascular
Control and Cognitive Performance. Biol. Psychol. 2009, 81, 110-117. [CrossRef]

Hovland, A; Pallesen, S.; Hammar, A.; Hansen, A.L; Thayer, ].E; Tarvainen, M.P.; Nordhus, I.H. The Relationships among Heart
Rate Variability, Executive Functions, and Clinical Variables in Patients with Panic Disorder. Int. ]. Psychophysiol. Off. J. Int. Organ.
Psychophysiol. 2012, 86, 269-275. [CrossRef]


http://doi.org/10.1016/j.tics.2014.04.012
http://www.ncbi.nlm.nih.gov/pubmed/24835663
http://doi.org/10.1016/j.tics.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25765608
http://doi.org/10.1152/jn.00479.2013
http://www.ncbi.nlm.nih.gov/pubmed/24068756
http://doi.org/10.1016/j.neuroimage.2016.03.010
http://doi.org/10.1016/j.tins.2014.06.004
http://doi.org/10.1073/pnas.0906194107
http://doi.org/10.3389/fnhum.2017.00521
http://doi.org/10.1016/j.tics.2011.12.010
http://doi.org/10.3389/fnhum.2021.621620
http://doi.org/10.3390/brainsci12020172
http://doi.org/10.1016/j.neuroimage.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30517844
http://doi.org/10.3934/Neuroscience.2019.1.1
http://www.ncbi.nlm.nih.gov/pubmed/32341965
http://doi.org/10.1007/s00421-010-1393-y
http://www.ncbi.nlm.nih.gov/pubmed/20186426
http://doi.org/10.1016/j.biopsycho.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26812613
http://doi.org/10.3389/fpsyg.2016.01536
http://doi.org/10.1016/j.biopsycho.2009.03.003
http://doi.org/10.1016/j.ijpsycho.2012.10.004

	Introduction 
	Materials and Methods 
	Subjects 
	Procedure 
	Data Acquisition 
	Data Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

