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Abstract— Brain-heart interactions (BHI) are critical for
generating and processing emotions, including anxiety.
Understanding specific neural correlates would be instru-
mental for greater comprehension and potential therapeutic
interventions of anxiety disorders. While prior work has
implicated the pontine structure as a central processor
in cardiac regulation in anxiety, the distributed nature
of anxiety processing across the cortex remains elusive.
To address this, we performed a whole-brain-heart analysis
using the full frequency directed transfer function to study
resting-state spectral differences in BHI between high
and low anxiety groups undergoing fMRI scans. Our find-
ings revealed a hemispheric asymmetry in low-frequency
interplay (0.05 Hz - 0.15 Hz) characterized by ascending
BHI to the left insula and descending BHI from the right
insula. Furthermore, we provide evidence supporting the
“pacemaker hypothesis”, highlighting the pons’ function
in regulating cardiac activity. Higher frequency interplay
(0.2 Hz - 0.4Hz) demonstrate a preference for ascending
interactions, particularly towards ventral prefrontal corti-
cal activity in high anxiety groups, suggesting the heart’s
role in triggering a cognitive response to regulate anx-
iety. These findings highlight the impact of anxiety on
BHI, contributing to a better understanding of its effect
on the resting-state fMRI signal, with further implications
for potential therapeutic interventions in treating anxiety
disorders.
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I. INTRODUCTION

THE experience of anxiety is not only a mental phe-
nomenon, but also a physiological one [1], [2], [3]. It is

often characterized by feelings of apprehension, worry, and
fear [2]. Anxiety can trigger a range of bodily responses,
including increased heart rate, rapid breathing, dry mouth,
dizziness, and muscle tension [3], [4], [5], [6]. One important
proxy of cardiovascular dynamics is heart rate variabil-
ity (HRV) series, which refers to the variation in time between
successive heartbeats. HRV has been shown to be a sensi-
tive indicator of the balance between the sympathetic and
parasympathetic branches of the autonomic nervous system,
and to be linked to anxiety-related responses [17], [18], [19].
These bodily responses are regulated by the autonomic nervous
system, a complex network of nerves that controls involuntary
functions such as heart rate, blood pressure, and digestion [7].
Research has highlighted the bidirectional signaling between
the brain and the autonomic nervous system in regulating
anxiety [8], [9], [10], [11]. In particular, the vagus nerve,
which connects the brain and the autonomic nervous sys-
tem, plays a critical role alongside the pontine structure in
modulating anxiety-related responses. Still, little is understood
about the distributed brain-heart interactions (BHI) across the
cortex. Understanding the physiology of interactions between
the brain and body during anxiety regulation is essential for
characterizing the physiological networks that sustain emo-
tional and mood states, as well as for developing effective
interventions that target the autonomic nervous system, such
as biofeedback and heart rate variability training [36].

Anxiety can be particularly acute for individuals undergoing
a magnetic resonance imaging (MRI) scan [12], [13], [14].
The confined space, loud noise, physical discomfort, con-
cern about harm, fatigue from examination duration, and
unfamiliar environment can all trigger anxiety-related bodily
responses [9], [15], [16], such as increased heart rate and
sweating. Understanding the advent of anxiety in MRI imaging
is fundamental in abetting claustrophobic conditions in clinical
settings. A systematic meta-analysis revealed in approximately
12 out of 1000 people (1 - 2 %) scanned in an MRI machine
succumbed to a claustrophobic reaction and demanded a
premature termination of the scan [41]. Such abortions not
only raise the costs of fMRI examinations, but also delay
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essential diagnoses for patients. In this respect, quantifying
MRI-related anxiety levels, like in [42], is of interest, where
there is first an initial increase of anxiety, followed by a
subsequent decrease in the middle of the scanning, culminating
in a final increase of anxiety towards the end of scanning.

The pons and amygdala are two important regions of the
brain that are known to be instrumental for emotional and
anxiety processing [1], [20], [21], [22], [28], [29], [30]. The
amygdala is involved in the detection and processing of
emotionally salient information [23], [24], while the pons,
a structure that runs rostro-caudally anterior to the cerebel-
lum [25], is responsible for regulating autonomic functions
such as heart rate, blood pressure, and respiration [5], [26] with
specific nuclei such as the locus coeruleus and parabrachial
brachial nucleus that affect the arousal and the cardiovascular
system [27]. Though the exact mechanism by which anxiety
is elicited by the pons is not well understood, specific nuclei,
namely the locus coeruleus, has been shown to be involved
in arousal through its release of the neurotransmitter nore-
pinephrine into the brain for anxiety regulation [31], as well
as receiving input from the vagus nerve involved in parasym-
pathetic regulation of visceral signals [32], [33]. Furthermore,
previous studies performed stimulations to identify the direct
interactions between the midbrain, comprising structures such
as the amygdala and hippocampus, and the heart, both in
humans and in rodents [34], [35].

It has been shown that cortical areas also play a role
in anxiety processing. There is evidence for the posterior
insular cortex as a potential mediator of bottom-up cardiac
interoceptive processing, and that inhibition of this brain
region attenuates anxiety-like behavior induced by cardiac
pacing [39]. Indeed, the insular cortex has been shown to be
tightly interwoven with the autonomic system, demonstrating
hemisphere specific ascending and descending streams of
interactions [8], [40]. These findings suggest that there is a
close relationship between cardiac interoceptive processing
and anxiety-related behavior, and that the posterior insular
cortex particularly may be a target for addressing anxiety
disorders.

Given these previous findings and implications, single
participant fMRI scans can provide a new methodological
framework to understand the effects of anxiety on the brain-
heart axis. Does coupling between the heart and brain signals
as measured in an fMRI scan differ when a participant is
undergoing levels of high anxiety (beginning of fMRI scan)
compared to low anxiety (middle of fMRI scan)? If so, are
there differences in coupling patterns involving the insular
cortex, pons, amygdala, or other brain regions involved in
interoception and anxiety regulation? The body and the brain
must be considered together to understand the origins of
emotional states [43], demanding analysis of coupling between
the heart and the whole brain, as opposed to isolated regions,
which may subsequently be important in elucidating the com-
plex interplay between the body and the brain in emotional
processing. Therefore, exploring the causal coupling between
the heart and the whole brain may provide a more com-
prehensive understanding of the neurobiological mechanisms
underlying anxiety and other affective states. Developing a

methodological framework for studying these effects would
allow for a more comprehensive understanding of the neural
substrate underlying anxiety and how they may be related to
interoceptive processing in the body.

Therefore, to investigate the links between the heart and
the brain in individuals with high and low anxiety, we here
propose a methodological framework relying on full frequency
directed transfer function (ffDTF) [44]. Granger causality
is a statistical technique that allows inference of causal
relationships between time series data [45], such as the heart
rate and brain signals acquired during fMRI scans. The ffDTF
is a variant of Granger causality that allows for the detection
of causal relationships at multiple frequencies [44], [46],
providing a more comprehensive picture of the interactions
between the heart and the brain. To parcellate the brain into
meaningful regions of interests for brain-heart interplay (BHI)
analysis, we utilized the AAL2 atlas [47]. To specify pons
specific structures in the upper brainstem on this atlas,
we used nearby anterior cerebellar regions of interest such as
vermis III to V, cerebellar lobules III to V, and posterior cere-
bellar regions of interests such as cerebellar lobules IX and X.
By applying the ffDTF with multiple comparisons corrections
to data obtained from subjects entering an MRI machine with
either high or low anxiety, we aimed to uncover differences
in the strength of ascending (heart to brain) and descending
(brain to heart) causal interactions in these two groups.
The fMRI-based proposed methodology may in turn reveal
potential neurobiological markers of anxiety and inform the
development of targeted interventions for anxiety disorders.

II. METHODS AND MATERIALS

A. Study Approval
The protocol of the study was approved by the local Ethics

Committee at the University of Graz (number: GZ. 39/75/63
ex 2013/14), and all participants provided written informed
consent. Our research adhered to the ethical standards outlined
in the 1964 Declaration of Helsinki.

B. Study Design
To study anxiety processing during scanning in healthy

fMRI participants, it is necessary to first categorize individ-
uals into groups based on their anxiety levels. This requires
defining two groups: one with high anxiety (HA) and another
with low or no anxiety (LA). The foundation for this catego-
rization was established through a fMRI study that included
four resting states, recording of respiration and ECG during
scanning, as well as a questionnaire administered within the
scanner.

C. Experiment Paradigm
The study employed four resting states each lasting 5 min-

utes embedded in a larger 45 minute recording session. A state
anxiety score was evaluated through within-scanner question-
naires completed before first and third resting state session,
and after the second and fourth resting state session. The
questionnaires took approximately 5 minutes to fill out. The
state-trait anxiety and depression inventory (STADI was used
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to measure state anxiety, with the items displayed on a screen
within the scanner and answered via a trackball.

To further elaborate, our categorization of state anxiety
was grounded in both theoretical assumptions and practical
considerations. Initially, we specifically chose cases that exhib-
ited successful anxiety regulation, as evidenced by a linear
decrease during resting phases. This approach ensured that
all individuals demonstrated a healthy response trajectory,
aligning with what could be reasonably expected (habitu-
ation). Subsequently, the classification into high and low
anxiety categories relied on normative values obtained from
the questionnaire. It is important to note that the normative
mean of the state anxiety scale is 16.68, and we made the
decision to include cases both below and above this mean.
A score of 15 (LA) corresponds to a percentile rank of 48%,
indicating that approximately half of the normative sample
displayed values equal to or lower than 15. Conversely, a score
of 16 has a percentile rank of 64%. Therefore, we were able
to effectively identify anxiety scores that were relatively low
and high, resulting in equal sample sizes for both categories.
Additional information can be found in [29].

D. Participants
The data were taken from an openly available dataset (at

https://osf.io/vdkjs/) collected from a previous fMRI study
involving 23 participants (12 females, 11 men) aged between
19 to 34 years, of whom a total of 22 subjects were right
handed. The participants had no prior experience with MRI
and had no history of neurological or psychiatric disorders.

The participants were instructed to keep their eyes open
and to focus on a black screen during the resting state. Out
of the 23 participants, 14 demonstrated successful anxiety
processing, with a decline in anxiety from the first to the
last resting state [29]. Four participants exhibited prevailing
or increasing anxiety, and no clear pattern was found in five
participants. One participant had technical issues with the
scanning sequence, and four participants had unusable ECG
recordings, resulting in their exclusion from further analysis.
In a previous study, anxiety processing was studied for these
14 subjects [29], where there were significantly higher anxiety
differences from initial resting state (HA14: 21.9±4.1) to the
last resting state (LA14: 12.4 ± 1.5).

E. Physiological Signal Recording and RRI
Time Courses

Inside the scanner, both the electrocardiogram (ECG) and
respiration were recorded at a sampling rate of 400 Hz. The
RRI time series were obtained by performing QRS detection
and computation using the fMRI plug-in for EEGLAB [48]
To enhance the RRI signals, the Kubios HRV Premium Pack-
age [49] was utilized. For more comprehensive information,
refer to [50].

F. Resting State fMRI and ROI Selection
The study utilized a 3 T scanner (Magneton Skyra, Siemens,

Erlangen, Germany) to obtain functional images. The images
were acquired using a multiband GE-EPI sequence [51],
which allowed for a simultaneous six-band acquisition.

The imaging parameters were TE/TR = 34/871 ms, 52o flip
angle, 2 × 2 × 2mm3 voxel size, 66 contiguous axial slices
(11 × 6), acquisition matrix of 90 × 104, and a FOV of 180 ×

208mm2. Time courses for 116 ROIs of interest were extracted
using the AAL2 atlas [47]. Analysis epochs of 53 seconds
were used. For additional information, please refer to [30].

G. Computing of Causal Coupling and Statistic
The Directed Transfer Function (DTF) is a measure of

directional influence between two signals, which is often
used in the context of time-series analysis [46]. In the field
of neuroscience, DTF can be used to estimate the causal
interactions between different regions of the brain, based on
their time-series recordings [52]. The novelty of this study
is incorporating R-R intervals as an auxiliary signal, as done
in previous work in [28], but furthermore considering whole
brain analysis to assess brain-heart interactions (BHI) beyond
only isolated regions.

To calculate the DTF for whole brain analysis, we can use
a k-channel Granger Causality (GC) model, which is a variant
of the traditional GC model that allows for multiple channels
of input and output. The k-channel GC model estimates the
causal interactions between all pairs of channels (AAL2 brain
parcels and R-R Intervals) simultaneously, by fitting a multi-
variate autoregressive (MVAR) model to the time-series data.

The MVAR model is typically specified as follows:

X (t) =

p∑
i=1

A(i)X (t − i) + E(t), (1)

where X (t) is a k-dimensional vector of time-series measure-
ments at time t , A(i) is a k × k matrix of autoregressive
coefficients for lag i , and E(t) is a k-dimensional vector of
residual errors at time t . The order p of the model determines
the number of lagged time points used in the regression.
We select the appropriate order p for the MVAR model based
on the Akaike Information Criterion (AIC).

Once the MVAR model has been estimated, a Fourier
transform can be utilized to convert from time-domain to
frequency domain:

A( f )X ( f ) = E( f ) (2)

where the components of A( f ) are:

A( f ) = −

p∑
i=0

A(i)e− j2π f i (3)

where A(0) is the identity matrix I . Eq. 2 can be manipulated
to obtain a transfer function H( f ) of the inputs E( f ) to
outputs X ( f ) as follows:

X ( f ) = A−1( f )E( f ) = H( f )E( f ) (4)

Once H( f ) is obtained, we can compute the DTF using the
following formula:

DT Fi j ( f ) =
|Hi j ( f )|2∑k

n=1 |Hin( f )|2
, (5)

where Hi j ( f ) is the transfer function from channel j to
channel i at frequency f , and k is the total number of channels.
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The DTF can be normalized for a band of interest to obtain
the full frequency DTF (ffDTF) [44]:

f f DT Fi j ( f ) =
|Hi j ( f )|2∑

f
∑k

n=1 |Hin( f )|2
, (6)

The ffDTF indicates the causal impact from channel j
to channel i at a given frequency f in comparison to
the overall impact from all channels. To measure coupling
strength, ffDTFs were combined across frequency bands of
interest, namely LF (0.05–0.15 Hz), IMF (0.1–0.2 Hz) and
HF (0.2-0.4 Hz), and averaged over epochs. This approach
enabled the determination of Ci j =

∑ fhigh
f = flow

f f DT F( f ),
which reflects the strength of coupling between signals j and i
in the selected frequency range, as calculated from the ffDTF.
We measured the ffDTF for each of the 53 second epochs
extracted for each resting state session. Then, prior to sta-
tistical analysis, we computed the mean value of the ffDTF
over the epochs for each session before performing statistical
analysis to account for nonstationarity of the resting state
signal [53].

H. Statistical Analysis
To obtain significance statistics, we performed bootstrapped

permutation analysis as described in [29]. To paraphrase,
the statistical analysis aimed to detect significant differences
in average coupling values C j i between high arousal (HA)
and low arousal (LA) samples in selected frequency bands
using the bootstrap approach. As the theoretical distribution
of C j i is unknown, we compared its values with surrogate
data distributions obtained through bootstrapping. The study
focused on three frequency bands: 0.05–0.15 Hz, 0.1–0.2 Hz,
and 0.2–0.4 Hz. The null hypothesis (H0) states that there
is no difference (D j i = 0) between HA and LA samples,
whereas the alternative hypothesis (H1) states that a difference
(D j i ̸= 0) exists, where D j i = C H A

ji − C L A
ji . To obtain the

distribution of D j i under the null hypothesis, we followed
these bootstrap steps:

1) We created a common pool of subjects from both
samples.

2) We randomly selected (with replacements) two subsets
of 14 subjects (with 8 epochs each) and marked them
as type 1 and type 2.

3) We computed D j iboot = C j i t ype1−C j i t ype2 for each i, j .
4) We repeated steps 1–3 for 10,000 times and saved

each obtained D j iboot value. This gives an empirical
distribution of D j i to use for obtaining p-values.

5) For robust inferences, we identified the connections for
which the original values of connectivity difference D j i
were significant after correcting for multiple compar-
isons using the false discovery rate according to the
Bejamini-Horschberg procedure [54] with q = 0.05.

I. Data and Code Availability
All code used to obtain the results in this study

can be found at https://github.com/lemiceterieux/Brain-Heart-
Interplay-in-Anxiety-Processing. Furthermore, ROI parcel-
lated fMRI and R-R interval data is available publicly at
https://osf.io/vdkjs/.

III. RESULTS

The present study investigated BHI during anxiety process-
ing using ffDTF applied to synchronized fMRI and cardiac
signal (RRI) data, with a subset of results seen in table I.
Among the 116 regions of interest (ROIs) examined, only
a small subset displayed statistical significance. Specifically,
these included ROIs located in the upper brainstem (pons),
such as CER4_5, CER8, CER9, (left side), and CER9, CER10
(right side); ROIs within the limbic system, including the hip-
pocampus (HIP) and amygdala (AMYG); ROIs in the insular
cortex (INS); and ROIs in the prefrontal cortex, consisting
of the left precentral gyrus (PCG), left middle frontal gyrus
(MFG), left medial frontal gyrus (MFG), and ventromedial
prefrontal cortical areas (PFCventmed).

In figs. 1 and 2, we show a cortical surface plot of the mean
values of ascending or descending BHI coupling strengths
respectively that survived false discovery rate multiple correc-
tions for all the frequency bands. The range of connectivity
strengths was shown to be lower in descending interactions
from the brain to the heart compared to ascending interactions
from the heart to the brain. Most significant coupling strengths
were observed in the 0.05 Hz to 0.15 Hz band, where
ascending interactions preferred the left hemisphere. There
were a similar amount of significantly different descending
interactions in both hemispheres. The insular cortex highlights
interesting results, where the left insula comprised ascend-
ing BHI and the right insula comprised descending BHI.
In the highest frequency band (0.2 Hz to 0.4 Hz), there
were more interactions ascending from the heart to brain than
descending from the brain to the heart. Moreover, in low
frequencies (0.05 Hz to 0.15 Hz), the brain to heart interactions
are primarily negative valued, while in higher frequencies
(0.2 Hz to 0.4 Hz) it is positive valued. Negative values in the
frequency band of 0.05 Hz to 0.15 Hz indicates brain-heart
interactions (measured between BOLD and R-R interval)
amplitudes are lesser in high anxiety resting state sessions
vs low anxiety sessions. The positive values in the frequency
band of 0.2 Hz to 0.4 Hz indicates that brain-heart interactions
have increased amplitude in high anxiety resting state sessions
as compared to low anxiety sessions.

IV. DISCUSSION AND CONCLUSION

In this study, we describe an fMRI-based methodological
framework to assess the different spectral patterns modulating
BHI dynamics between high and low anxiety groups entering
an MRI scanner. Particularly, we exploited the full frequency
directed transfer function (ffDTDF) to glean statistical con-
trasts between high anxiety and low anxiety groups in the
frequency ranges of 0.05 Hz to 0.15 Hz, 0.1 Hz to 0.2 Hz, and
0.2 Hz to 0.4 Hz. From this analysis, we aimed to explore the
intricate feedback loops that govern how the brain regulates
responses in the heart, and how the heart in return evokes
activity in the brain that is instrumental in processing anxiety
in an MRI scanner.

We exploited R-R intervals revealed by ECG measurements
as a time-varying measure that reflects the complex autonomic
activity, then showed how these intervals corresponded to
ascending streams of interactions to the brain. We particularly
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TABLE I
TABLE OF RESULTS FOR WHICH COUPLING INTERACTIONS BETWEEN HEART AND BRAIN SURVIVED MULTIPLE COMPARISONS CORRECTIONS.

THE NUMBERS N OF SIGNIFICANT COMPARISONS ARE INDICATED FOR EACH FREQUENCY BAND, HEMISPHERE AND COUPLING DIRECTION
(N = 0, 1, 3, 4, 6, 10, 11, 12, 17, 21 AND 23). ODD ROIs ARE LEFT HEMISPHERE INTERACTIONS WITH THE RRI SIGNALS, WHILE EVEN

ROIs ARE RIGHT HEMISPHERE INTERACTIONS WITH THE RRI SIGNALS. OTHER IMPORTANT ROIs IDENTIFIED IN THE WHOLE BRAIN
ANALYSIS ARE THE AMYGDALA (41,42), AND THE HIPPOCAMPUS (37,38), THE PRECG (1, 2), THE PFCVENTMED (25, 26),

THE MFG (7, 8), THE INS (29, 30), THE ROSTRAL PONS (93, 94, 97, 98) AND THE CAUDAL PONS (105, 106). IN THE
HIGH-FREQUENCY BAND (0.2-0.4 Hz), THE HEART DOMINATES THE INTERACTION WITH THE BRAIN IN BOTH

HEMISPHERES (N=33 VS. 1), WHILE IN THE LOW-FREQUENCY BAND (0.05-0.15 Hz),
THE BRAIN DOMINATES THE INTERACTION WITH THE HEART (N=21 VS. 44)

measured the difference in coupling between high anxiety rest-
ing state sessions vs low anxiety sessions of participants in an
fMRI scanner. Positive valued results indicated that the ffDTF
coupling strength was greater in high anxiety resting state
fMRI sessions compared to low anxiety sessions. Otherwise,
negative values indicated that low anxiety sessions exhibited
higher coupling strength values than high anxiety sessions.
This method of analysis can give indicators for specific
brain regions that comprise the brain-heart anxiety processing
system, with suggestions for whether anxiety increases or
decreases ascending (from the heart to the brain) or descending
(from the brain to the heart) activity at a certain brain
region.

The slurry of significant results ascending from the heart
to brain, and descending from the brain to heart, especially
after correcting for multiple comparisons, indicates a close
bidirectional interaction between body and brain signals during
anxiety processing. Of note, as seen in table I, robust coupling
was observed between the left upper brainstem/pons ROIs
(CER9, CER8, CER4_5) and the cardiac signal (RRI). These
results provides additional evidence supporting the hypothesis
of a pacemaker-like structure in the pons that generates rhyth-
mic activity at approximately 0.15/0.16 Hz [29], [30]. This
finding on its own highlights the potential role of the pons
in regulating cardiac function and underscores the complex
interplay between brain and body signals during anxiety
processing.

Additionally, hippocampus (ROI 37,38) and amygdala
(ROI 41,42) were found to be bidirectional between the heart
and brain in low frequency interactions, but unidirectional
from the heart to the brain in high frequency interactions.
Both structures were previously found to be recruited during

“fast” nasal breathing in patients with medically intractable
epilepsy, and hypothesized to be a by-product of high-anxiety
levels [55], [56]. Such a result of this study may give clues
to the spectral dynamic of such high and low frequency
interactions in the limbic-heart axis of interactions, where
low frequency interactions may include cognitive control and
bodily feedback of anxiety responses, while high frequencies
provide a purely feedforward account of anxiety signalling
from the body to the brain.

Twenty ROIs in the AAL2 parcellation (ROIs 91 to 108)
were located in the pontine structures in upper brainstem with
ROI 109 (corresponding to the vermis 1, 2) most distal and
the pair 107, 108 (corresponding to the cerebellum 10). The
distance between the BOLD recordings from the pons was
approximately 2 mm. From these twenty BOLD signals only
5 survived multiple comparison corrections. The majority of
connectivity strengths in frequency in the band 0.1 to 0.2 Hz
were small. For example, there were descending brain-heart
interactions in high anxiety patients were greater than low
anxiety patients in the left brainstem (ROI 93, cerebellum 3) a
difference of 0.058. Ascending brain-heart interactions to the
left brainstem (ROI 99, cerebellum 7b) were greater in high
anxiety patients compared to low anxiety patients with a value
difference 0.045. Nonetheless, there were some exceptions;
namely large connectivity strengths (|D j i | > 1) in connections
from heart (RRI) to brain: RRI to left brainstem (ROI 105,
cerebellum 10) with −1.18, RRI to right brainstem (ROI 102,
cerebellum 8) with −2.07 and RRI to the rostral brainstem
(ROI 108, vermis 3) with 1.03.

While ROIs 93, 99 (left cerebellum 3, left cerebellum 7b)
are peripheral to the left rostral pons, ROIs 102, 105 and 108
(right cerebellum 8, left cerebellum 10, vermis 3) are localized
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Fig. 1. Cortical surface plots displaying mean difference in ascending connectivity strengths from heart to brain between high and low anxiety
participants in the MRI scanner (i.e., the Dji calculated in the statistical analysis) that survived multiple comparisons correction using the false
discovery rate procedure. a.) displays the left hemisphere, and b.) displays the results on the right hemisphere. The first column is a lateral view, the
middle column is a medial view, and the last column is a ventral view. We show the frequency bands 0.2 Hz to 0.4 Hz (bottom row), 0.1 Hz to 0.2 Hz
(middle row) and 0.05 Hz to 0.15 Hz (top row).

near the caudal pons close to the medulla oblongata with
the cardiovascular center in lower brainstem. The medullary
cardiovascular center is responsible for altering heart rate

by sending nerve impulses to the cardiac pacemaker via
sympathetic fibers and vagus nerve [37]. It is assumed that
the rhythmic electrical activity of this center is accompanied
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Fig. 2. Cortical surface plots displaying mean difference in descending connectivity strengths from heart to brain between high and low anxiety
participants in the MRI scanner (i.e., the Dji calculated in the statistical analysis) that survived multiple comparisons correction using the false
discovery rate procedure. a.) displays the left hemisphere, and b.) displays the results on the right hemisphere. The first column is a lateral view, the
middle column is a medial view, and the last column is a ventral view. We show the frequency bands 0.2 Hz to 0.4 Hz (bottom row), 0.1 Hz to 0.2 Hz
(middle row) and 0.05 Hz to 0.15 Hz (top row).

by a rhythmic BOLD signal focused in the medulla but
spreading to the distal part of the pons. This may explain the
large coupling between RRI and BOLD signals. In contrast,
the descending interactions from brain to heart with small

connectivity strengths in ROI 93 (left cerebellum 3) and 99
(left cerebellum 7b) give further support on the existence of
a central pacemaker in the rostral pons (centered at ROI 93,
left cerebellum 3) modulating the RRI [9], [38].
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Of further note, in fig. 1 and fig. 2, we demonstrate the
ascending and descending connection strengths respectively,
where negative values correspond to the putative system
inducing a decreasing response and positive values correspond
to a putative system inducing an increasing response in the
brain-heart feedback loop. These figures illustrate how fast
waves of interaction (0.1 Hz to 0.2 Hz and 0.2 hz to 0.4 Hz) are
induced on the heart via the brain stem/pons ROIs, while the
cortical structures (such as the insula) suppress (decrease) slow
waves (0.05 Hz to 0.15 Hz) amplitudes in the heart rate. This
even further highlights the evidence of the pacemaker/regulator
function descending from the brain stem to the heart in
anxiety processing and while demonstrating the role of cortical
structures like the insula in cognitive control [29], [30], [39].

Beyond the pacemaker aspect, our findings indicate the
presence of ascending information transfer from the heart
to the left insula and descending information transfer from
the right insula to the heart in the low frequency band
(0.05-0.15 Hz). This supports the concept of hemispheric
differences in ascending and descending brain-body interplay
during anxiety processing, as previously reported in [8]. These
results suggest that the insula plays a critical role in integrating
cardiac and neural signals and highlights the importance of
bidirectional communication between the brain and body in
the context of anxiety and cognitive control. In fact, the
heart induces higher activity across the neocortex, especially
in the ventromedial prefrontal cortical areas such as the
inferior orbital cortex and middle frontal gyrus. This can
suggest that the heart is actually invoking cognitive control for
anxiety processing. This is indeed in line with recent literature
regarding the heart’s role in eliciting emotional responses [57].
In general, ascending interactions from the heart to the brain
preferred left hemispheric interactions, although at higher
frequencies the right hemisphere starts to be affected by the
heart intervals, with a similar amount of significantly different
connections between groups found in the 0.2 Hz to 0.4 Hz
frequency band.

A caveat of the current analysis is that although we mea-
sured interaction differences between participants undergoing
low and high levels of anxiety, the differential strength mea-
sure does not give any indicators for whether the increase or
decrease in coupling strength reflects in a possible change from
excitatory to inhibitory interactions or vice-versa. This kind of
analysis would comprise an assessment whether the increase or
decrease in coupling strength also comprises a zero-crossing.
For example, a pontine structure’s interaction with the heart
may be an effectively null or negative interaction during
low-anxiety sessions, but crosses into a positive coupling
interaction when the participant is exhibiting high levels of
anxiety. Thus, future analyses of similar datasets may attempt
to perform robust statistics to infer such phenomena.

The STADI was used for categorization of participants
in low and high anxiety states in the fMRI scanner. This
measure has been shown as a standard and reliable method
to evaluate anxiety. However, our analysis does not take into
consideration potential factors such as fatigue or drowsiness
that could be argued to affect regulation of the brain-heart
axis. Nonetheless, we maintain the validity of this analysis

given the attentiveness of the participants to respond to the
STADI inventory effectively to demonstrate distinct low and
high anxiety states in different sessions. Furthermore, such
aspects can instead be reflections of low-anxiety, with the
participant becoming relaxed during the study [60].

This study focused on three bands of interest, and their
physiological significance has been steadily growing in the
literature. Since the work of Perlitz et al., 2004 [61], paper
by Keller et al., 2020 [62], we have evidence suggesting the
existence of an intermediate band (IM: 0.12-0.18 Hz) related
to interoceptive perception. The origin of this IM band may be
located in the brainstem and be a part of the reticular system
capable of generating rhythmic activity with a center frequency
at around 0.15/0.16 Hz. Such a pacemaker in the brainstem is
also active during the processing of negative emotions [30].
BOLD spectra often display two power peaks around 0.1 Hz.
One peak, with a frequency less than 0.1 Hz, represents the
vascular BOLD, while the other peak, with a frequency greater
than 0.1 Hz, represents the neural BOLD component. The
vascular component of the BOLD signal could be separated
from the neural oscillations based on their timing, with the
former clearly preceding the latter [16].

On this note, it is worth mentioning that analyses were
performed directly on the BOLD signal rather than using a
deconvolutional approach of connectivity [58]. Indeed, such
approaches are crucial when assessing interactions between
within cortical components of the brain, as connectivity effects
may be confounded by the sluggish nature of the BOLD signal
with non-constant time-delays between the neural signal and
the BOLD signal [59]. However, we wish to point out that
such literature is specific for connectivity between brain areas
where the effects of hemodynamics wish to be regressed out
of the equations, and not for brain-heart interactions. However,
as [16] has shown, there are distinct components of the BOLD
signals that correspond various cardiac effects in our fre-
quencies of interest. Thus, we contend that a deconvolutional
approach could hamper interpretation of the results, as brain-
heart interactions may comprise effects which may reflect in
local variations of the hemodynamic response. Nonetheless,
we encourage future studies to intricately assess the effects of
the heart rate variability on the hemodynamic response, and
subsequently their effects on the latent neural signals.

We would like to further elaborate on the interac-
tions between the amygdala and hippocampus in rela-
tion to high-frequency brain-heart dynamics (ranging from
0.1 Hz to 0.4 Hz). The amygdala and hippocampus play piv-
otal roles in regulating fear and anxiety responses [63]. Our
investigation revealed a notable pattern: interactions predomi-
nantly involve the amygdala within the 0.1 Hz to 0.2 Hz range,
whereas hippocampal involvement is more pronounced within
the 0.2 Hz to 0.4 Hz range. Extensive literature has clarified
the distinct functions of these regions, with the hippocampus
primarily involved in approach-avoidance value computations
and the amygdala focused on fear processing [64]. On a
speculative note, our findings suggest that amygdala activ-
ity may correspond to fear-induced responses triggered by
entering the MRI machine, whereas hippocampal engagement
may relate to the evaluation of avoidance strategies while
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actively undergoing MRI scanning. However, it is imperative
to conduct further experimental manipulations to validate these
interpretations. Future studies should incorporate control mea-
sures to further elucidate the frequency-dependent dynamics
within the amygdala-hippocampal circuitry underlying fear
and anxiety.

V. CONCLUSION

Our study delves into the spectral dynamics between the
heart and brain during anxiety processing while participants
undergo MRI scans. We observe a pacemaking function
originating from the brainstem, eliciting cardiac responses,
aligning with existing literature detailing the neuroanatomy
of cardiogenic control. Additionally, our findings indicate that
the heart plays a pivotal role in eliciting cortical activity in the
prefrontal cortex associated with cognitive control. Moreover,
we identify hemispheric ascending and descending streams of
brain-heart interactions mediated by the insular cortex.

These results hold significant implications for enhancing
our comprehension and potential management of anxiety
factors frequently encountered in psychological experiments
conducted within MRI scanners. Furthermore, they shed light
on the intricate feedback loops between the brain and heart
that underpin anxiety disorders.
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