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MRI-related anxiety in healthy participants is often characterized by a dominant
breathing frequency at around 0.32Hz (19 breaths per minute, bpm) at the
beginning but in a few cases also at the end of scanning. Breathing waves at
19bpm are also observed in patients with anxiety independently of the scanned
body part. In patients with medically intractable epilepsy and intracranial
electroencephalography (iEEG), spontaneous breathing through the nose varied
between 0.24 and 0.37Hz (~19bpm). Remarkable is the similarity of the observed
breathing rates at around 0.32Hz during different types of anxiety states (e.g.,
epilepsy, cancer, claustrophobia) with the preferred breathing frequency of
0.32Hz (19bpm), which is predicted by the binary hierarchy model of Klimesch.
This elevated breathing frequency most likely reflects an emotional processing
state, in which energy demands are minimized due to a harmonic coupling ratio
with other brain—body oscillations.
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Introduction

Magnetic resonance imaging (MRI) examinations in patients have often been aborted due
to claustrophobia or strong anxiety. The results of a meta-analysis (Munn et al., 2015) and a
review of claustrophobia incidence in MRI (Hudson et al., 2022) have shown that about 1-2%
of people who undergo MRI scanning of different body parts experienced a claustrophobic
reaction. In about 1% of all examinations, the claustrophobic reaction has led to a premature
termination of the scan. With about 1.3 million MRIs performed in Australia in 2020
(Homewood and Hewis, 2023), this amounts to around 13.000 aborted examinations. This is
a high number causing high costs and delays of the diagnosis in patients that needs further
intensive examination.

The recently introduced term scan-associated anxiety (“scanxiety”) was coined to describe
anxiety or distress, which emerge when subjects have to undergo an imaging procedure (with,
e.g., positron emission tomography, computed tomography, magnetic resonance imaging, or
magnetic resonance mammography). There are at least two main sources that induce anxiety.
One is related to the possible diagnosis of a serious disease, such as cancer, the other is related
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to the specific examination method, which in extreme cases can lead
to claustrophobia or panic attacks (Harris et al., 2001). The importance
of “scanxiety” is underlined in the reviews by Bui et al. (2021) and
Derry-Vick et al. (2023). Scanxiety is heightened during a pre-scan
period and during the time in which people have to wait for the results
of the diagnosis.

In a study with 44 patients, who were MRI scanned at different
locations (e.g., knee, shoulder, lumbar spine, cervical spine and head)
and who were tested with the State-Trait Anxiety Inventory (STAIL
Spielberger et al.,, 2009), three subjects (7%) were withdrawn from the
study due to strong anxiety or an onset of a panic attack (Dziuda et al.,
2019). While the anxiety score was evaluated before and after the
scanning procedure, breathing rate (BR) was acquired by a fibre-optic
sensory system for 2 min immediately after the begin of scanning and
2 min before the end of scanning. The anxiety score decreased from a
mean value of 36.9 before to 34.4 after scanning, and the mean BR
decreased significantly from 18.7 to 17.4bpm. In summarizing, this
study (Dziuda et al., 2019), showed that (i) abortion rate was around
7%, (ii) BR increased during scanxiety to about 19bpm (0.32Hz) on
average and in some cases up to 30 bpm, (iii) anticipated scanxiety was
relatively independent of the scanned body part, and (iv) there was no
correlation between anxiety level tested with STAI and BR values.

This relatively high rate of MRI abortions needs special attention
and further research. Therefore, a study in healthy subjects without
any former MRI experience with scanning periods over a number of
resting states was performed (Pfurtscheller et al, 2018). One
important point of this study was a focus on the dynamics of the
anxiety level with habituation effects, and the “switch-off” of
respiratory sinus arrhythmia (RSA) also known as negative RSA
(Rassler et al., 2018, 2023). Another point was the investigation of the
information flow (directed coupling) between brain and body in the
high frequency band (0.2-0.4 Hz) close to the enhanced BR of 19bpm
(corresponds to 0.32 Hz) reported in patients (Dziuda et al., 2019).

Anxiety and distress are not only a problem associated with
scanning, but are also observed during intracranial
electroencephalographic (iEEG) recordings in patients with medically
intractable epilepsy. Remarkably, also in this situation with iEEG
recording and breathing cycle control by piezoelectric manometer
within a nasal cannula device (Zelano et al., 2016; Herrero et al,,
2018), the breathing rate varied between 0.24-0.37 Hz close to 19 bpm.

Autonomic and emotional breathing
in humans

Neurons in the PreBétzinger complex, located in the brainstem,
act as pacemaker for respiration (Menuet et al., 2020). Two different
conditions should be distinguished, autonomic breathing during a
relaxed resting situation, and “emotional” breathing when subjects are
confronted with emotionally unpleasant situations (Homma and
Masaoka, 2008). Whereas autonomic breathing rate (aBR) varies
between about 0.20-0.25Hz (12-15bpm) (Ebert et al., 2000; Rassler,
2000; Rassler and Raabe, 2003; Fleming et al., 2011), the emotional
breathing rate (eBR) is around 0.32Hz (19 bpm).

A nice example for the differences between aBR and eBR can
be found in a study by Kato et al. (2017). Healthy subjects were sitting
on a chair, wearing a facemask connected to a respiratory monitor in
a quiet room. Respiratory rate and their parameters were measured
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breath by breath, and the anxiety level was monitored by Spielberger’s
STAL The subjects were divided into two groups, one with lower state
anxiety and aBR=15.0bpm as compared to a group with higher state
anxiety and eBR=17.2bpm. The difference of the BR was significant
(p<0.01). This is a good example to demonstrate the susceptibility and
power of BR to monitor anxiety or scanxiety.

Problem-related comments on data
processing

When studying scanxiety in patients and MRI-related anxiety in
healthy people by analyzing cardiac RR intervals (RRI) and respiration,
itis not sufficient to investigate brain-heart interactions (Silvani et al.,
2016; Candia-Rivera et al., 2022) or cardiorespiratory coupling
(Friedman etal., 2012; Abreu et al., 2023). What is additionally needed
are blood oxygen level dependent (BOLD) data without standard
preprocessing (global signal regression, independent components
analysis and retrospective correction), as respiration-related neural
activity is typically considered noise and often removed (Goheen et al.,
2023). An interesting type of coupling, which supports the validity of
the binary hierarchy model of Klimesch (2018) is cardioventilatory
coupling (Elstad et al., 2018). This type of coupling refers to the
number of heart beats within a breathing cycle. Quite often it is found
that heart rate is fourfold the breathing rate (Tzeng et al., 2003). With
respect to emotional breathing, this tight cardiorespiratory coupling
may be considered an important mechanism of emotional control.
BOLD, RRI and respiration signals can be studied by calculating the
Directed Transfer Function (DTF), which is based on the Granger
causality principle (Granger, 1969; Kaminski and Blinowska, 1991).
Therefore, this approach was used in the studies by Pfurtscheller et al.
(2022, 2023).

Breathing rate in healthy participants
with MRI-related anxiety

The results of a resting state study with repeated measurements
of physiological signals (electrocardiogram, respiration, BOLD)
within four resting states in 23 healthy participants have been
published elsewhere (Pfurtscheller et al., 2018, 2020, 2021, 2022,
2023). The main findings were: (i) The majority of MRI-naive
participants showed the highest anxiety score (AS) in the first resting
state with a subsequent decrease of anxiety. A few participants
displayed an increase in anxiety at the end of the sessions similar to
a study reported by Chapman et al. (2010). (ii) Participants with
relatively high anxiety in the first but also in a few of the last resting
states displayed a high percentage of emotional breathing oscillations
around 0.32Hz +0.03 (Rassler et al., 2023). In six subjects, eBR of
about 0.32 Hz was dominant in 63-97% of the resting state epoch.
(iii) Anxiety processing is not only associated with a slightly
enhanced eBR of 0.32Hz (19bpm) but in some cases also with very
slow breathing waves (BR <0.2 Hz). (iv) The measurement of the
information flow revealed a strong upwards flow from pontine
structures in the brainstem to the prefrontal cortex in the 0.1-0.2 Hz
band centered at 0.15/0.16 Hz (Pfurtscheller et al., 2020, 2022) and
a strong flow from cardiac to respiratory systems in the 0.2-0.4 Hz
band (Pfurtscheller et al., 2023).
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Interaction between cardiac RR
interval oscillations and breathing
waves

The dynamics of breathing waves around 0.32Hz are best
documented by a wave-by-wave analysis shown as sequential plots
(Figure 1). At least two types of interactions between cardiac and
breathing waves are possible, the superposition and the period
duration (PD) transition (Rassler et al., 2022). In the former case, the
waves of both physiological signals are phase-locked, whereby on
average two, three or four breaths appear in one cardiac cycle (one RRI
wave). For example, Figure 1A shows three breaths superimposed on
one RRI wave in the first 60s of the record. Figure 1B shows an
example of PD transition, where the cardiac signal drives respiration.
The term PD transition denotes an abrupt switch in the PD of a
biological rhythm. The change in PD may comprise several cycles or
even only one cycle. Concomitant or subsequent PD transitions in
simultaneous rhythms occur when the rhythms are coupled. Both
phenomena, superposition as well as PD transitions, indicate coupling
between simultaneous rhythmic processes, which is one interesting
and important way to reduce energy demand.

Respiratory sinus arrhythmia (RSA or better, positive RSA) is a
typical phenomenon of the interaction between heart rate (HR) and
respiration at rest. It is most dominant during slow conscious
breathing with HR increase during inspiration and HR decrease
during expiration (Eckberg, 1983; Hayano et al., 1996). In this case,
respiration is the leading force and drives HR. Increased state
anxiety promotes abnormal coupling patterns between respiration
and cardiac activity. In fact, negative RSA (nRSA; Rassler et al.,
2018, 2022) refers to the condition where increased state anxiety

10.3389/fnins.2024.1384993

induces a complete reversal of the phase relationship between
respiration and cardiac activity where the HR decreases during
inspiration and increases during expiration. During nRSA, phase
coupling analysis showed a reduced dominance of the respiratory
rhythm over the RRI rhythm (see also Figure 1), and DTF revealed
a significant information flow from RRI to respiration (Rassler
etal., 2023).

Preferred breathing rate of 0.32 Hz
(19 bpm) — the binary hierarchy model
of Klimesch

Klimesch’s theory (Klimesch, 2013, 2018; Rassi et al., 2019) is
based on the fact that phase coupling between oscillations depends on
frequencies (f (1), f (2)) with a frequency relationship r that equals an
integer (r=f (2)/f (1)=integer; f (2)>f (1)). Thus, if different
frequencies are spaced as closely as possible, r equals 2 for any
frequency, relative to its closest slower integer neighbor. In this way, a
binary hierarchy of frequencies emerges. This theory predicts that HR
with a value of 1.25 Hz is the basic frequency for brain and other body
oscillations. For delta, theta, alpha, beta, gamma 1 and gamma 2, the
predicted frequencies are 2.5, 5, 10, 20, 40, and 80 Hz. For breathing,
the predicted frequencies are 0.32, 0.16 and 0.08 Hz (the equivalent
breathing rates are 20, 10 and 5bpm).

The importance of HR, as basic frequency, is underlined by
findings showing that mechanosensitive pyramidal neurons respond
directly to heartbeat-induced pressure pulsatility (Hamill, 2023). As a
consequence, heartbeat with a frequency around 1.25Hz may
be considered a sort of “pacemaker” for brain oscillations (Hamill,
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FIGURE 1
Examples of respiration and RRI time courses at ~0.32 Hz (~19 bpm) through 100 's from two MRI participants with high anxiety level. Upper panel:
Sequential plot of period duration (PD) of respiratory (@) and RRI (O) waves, given in seconds; abscissa: breath number. Lower panel: records of
respiratory (upper trace in arbitrary units (a.u.); 1 in: inspiration, | ex: expiration) and RRI waves (lower trace; RR intervals in seconds); abscissa: time in
seconds. (A) #14: The synchronous behavior of breathing waves in both signals is marked by red broken lines and indicates a 1.3 ratio (three breaths
during one RRI wave). (B) #24: The changes in the PD of RR intervals precede the PD of breathing waves (marked by red broken lines) indicating a
dominance of the RRI rhythm over the respiratory rhythm. Modified from Rassler et al. (2022).
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2023; Klimesch, 2023) including oscillations in the respiratory centers
of the brain stem (Pfurtscheller et al., 2020).

The binary hierarchy not only comprises the traditional
electroencephalographic (EEG) center frequencies, but also body
frequencies and slow BOLD waves as well. The center frequency of
0.32Hz covers a range of 0.28-0.36 Hz (17-22bpm), and the center
frequency of 0.16 Hz covers a range of 0.13-0.19 Hz (see Table 1 in
Klimesch, 2018). Notably, we often observed a nRSA associated with
RRI oscillations at a frequency around 0.16 Hz, a dominance of the
RRI rhythm over the respiratory rhythm, and a cardio-respiratory
coupling ratio of 1:2.

Itis important to note that frequencies of the binary hierarchy must
not synchronize over prolonged time periods in a default mode or a
resting situation, because this would result in a loss of the variability of
the frequencies. It is assumed that synchronization occurs only task-or
state-related during specific processing demands (Rodriguez-Larios and
Alaerts, 2019; Soriano et al., 2023). With respect to emotional breathing,
this means that BRs of 0.32Hz or 0.16 Hz (which both belong to the
binary hierarchy) only emerge if subjects face emotionally
demanding situations.

Nasal respiration at 0.32 Hz (19 bpm)
entrains human limbic oscillations

The driving force of nasal respiration on neural oscillations has
been known for many years (Adrian, 1942). Several studies on the
rodent brain have documented oscillations in the olfactory bulb,
induced by nasal breathing (Biskamp et al., 2017; Heck et al., 2019;
Bagur et al.,, 2021; Girin et al., 2021). Tort et al. (2018) provide a timely
review of the growing body of respiration-entrained brain rhythms,
helping to co-ordinate the integration of distributed neural assemblies.
These respiration-entrained rhythms in animals are global, but often
overlooked although they are dominant in the delta and theta
frequency range due to the accelerated respiration rate. Studies in
patients with medically intractable epilepsy and slower respiration
rhythms of ~0.16-0.32 Hz revealed nasal respiration-entrained limbic
oscillations in the piriform (olfactory) cortex as well as in the
amygdala and hippocampus (Zelano et al., 2016; Herrero et al., 2018).
Most likely patients with high psychological stress and waiting for a
surgery have a spontaneous eBR around 0.32 Hz or 19 bpm on average,
only if they breathe through their nose.

In contrast to studies with rodents whose breathing frequency is
close to the theta rhythm, BR in humans is much slower with a peak
around 0.32 Hz, which is not always clearly documented. However,
studies on air flow through the oral and nasal breathing routes
confirmed that more than 80% of healthy subjects predominantly or
even exclusively breathe through their nose at rest (Niinimaa et al.,
1981; Amis et al., 1999). The challenging question is, how to test
whether nasal breathing is dominant or not, when only BOLD signals,
respiration recordings with a chest belt and electrocardiographic
(ECG) recordings from the thorax are available. From iEEG data
recorded from patients with epilepsy we know, that oscillatory power
peaks in the prefrontal cortex (PFC) during nasal inspiration-
entrained limbic oscillations. This, however, is not observed during
oral breathing (Zelano et al., 2016). Notably, an enhanced number of
oscillations centered at ~0.32Hz were associated with nasal
respiration-entrained human limbic oscillations. From this, one may
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conclude that a top-down information flow from the PFC and related
areas such as, e.g., the middle frontal gyrus (MEG) to the brainstem
with its respiratory and cardiovascular centers should operate in a
jump-like manner like a neural avalanche in PFC and a BOLD
avalanche, respectively. This “BOLD avalanche effect” during nasal
respiration is documented by the significant difference (p<0.001)
between large downwards projections from the MFG to respiration
(color blue, Figure 2A) and small upward projections from respiratory
centers to the cortex (color red, Figure 2A). Note, in this case of nasal
breathing, the cardiac RRI component acts as driving force for
respiration in the high frequency band (Rassler et al., 2023). In the
case of missing respiration-entrained oscillations in the PFC, no
significant differences (no BOLD avalanche effect) between the MFG
outflow and respiration inflow were found (Figure 2B). Notably,
besides the strong overlap between the two flows, respiration also
“acts” on the cardiac RRI signal.

Discussion and conclusions

One basic finding is the increase in BR with a dominant peak at
around 0.32Hz (19bpm). We assume that this elevated eBR, which is
part of the binary hierarchy of brain and body oscillations, reflects
increased emotional demands during a state that requires the control
of anxiety (scanxiety). This elevated eBR was found in healthy persons
during scanning, in patients with cancer and associated scanxiety
before scanning and in patients with medically intractable epilepsy
during intracranial EEG recordings. It is important to note that BR
shows a broad spectrum with preferred and distinct frequencies.
We assume that a state of relaxed but alert wakefulness with a
breathing rate of about 0.16 Hz reflects a phenomenon that may
be termed “default mode breathing (DMB)” Both preferred
frequencies (0.16 and 0.32 Hz) belong to the binary hierarchy of body
oscillations (Klimesch, 2018).

1. Scanxiety refers to enhanced anxiety and distress in patients
with a serious disease (e.g., cancer) undergoing MRI
examination. Scanxiety is observed before/ during scanning
and ranked as highly concerning for patients awaiting the scan
results (Derry-Vick et al, 2023). Characteristic for these
patients is often an eBR of 19bpm (~0.32Hz). In the case of a
panic reaction, a BR of 30bpm (0.50Hz) can be observed
(Dziuda et al., 2019; Homewood and Hewis, 2023).

2. Not only in patients but also in healthy study participants,
MRI-related anxiety is associated with an eBR of ~0.32Hz
(19bpm). Most likely, every MRI participant, either healthy or
patient, is confronted with some level of anxiety or in other
words, anxiety-free scanning is unlikely.

3. Spontaneous nasal human breathing close to 0.32 Hz (19 bpm)
entrains oscillations in the piriform (olfactory) cortex as well
as in limbic-related brain structures (including amygdala and
hippocampus), which are important for anxiety processing.
This phenomenon was studied not only in rodents (Tort et al.,
2018), but also in patients with medically intractable epilepsy
and iEEG recording (Zelano et al., 2016; Herrero et al., 2018).

4. Most likely, nasal breathing at ~0.32Hz (19bpm) in healthy
people with MRI-related anxiety also entrains oscillations in
the prefrontal cortex and the limbic system (Pfurtscheller et al.,
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FIGURE 2

(A) Directed coupling strengths for the high anxiety group (N = 6) in the 0.2—-0.4 Hz frequency band. Each box shows the strength of coupling on the
vertical scale. The height of bars is proportional to the mean error. The blue color shows the flow from the signal marked below the given column to
the signal marked at the left, and the red color the flow from the signal marked at left to the signal marked below. Significant differences between
couplings of inflow and outflow are marked by stars (p < 0.05; modified from Rassler et al., 2023). (B) Directed coupling without respiratory-entrained
oscillations in MFG from a single subject with dominant spontaneous respiration at 0.22 Hz.

2023; Rassler et al., 2023). Strong evidence for this is the
“BOLD avalanche effect”.

5. AneBRof 0.32Hz can be considered as important physiological
marker of emotional processing demands. This finding
supports the binary hierarchy model, which predicts a
dominant breathing frequency of 0.32Hz and of 0.16 Hz as
well. The frequency of 0.16 Hz is not only a second preferred
breathing frequency but also a common central pacemaker
frequency (Pfurtscheller et al., 2022).
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