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Anxiety Disorders and the Brain’s 5
Resting State Networks: From Altered
Spatiotemporal Synchronization

to Psychopathological Symptoms

Georg Northoff

Introduction

Anxiety and depression are among the most common symptoms. According to the
World Health Organization (WHO), 20 million North Americans suffer from
depression which also causes major economic burden with an estimated €92 billion
[1]. Importantly, depression and anxiety can be associated with different disorders.
Most typically, depression and anxiety occur in those psychiatric disorders that are
classified as anxiety disorders in DSM V; these include mainly panic disorder (PD),
generalized anxiety disorder (GAD), social anxiety disorder (SAD), agoraphobia,
and specific phobias — our review focuses on GAD, PD, and SAD.

In addition to cognitive and affective symptoms, subjects suffering from PD,
GAD, and SAD often also show (i) reduced heart rate variability (HRV) [2—4]; (ii)
abnormal perception of their own heart beat [5-8]; (iii) somatic and especially car-
diac symptoms like racing heart rate, heart palpitations, and chest pain [2, 3, 7, 8];
and (iv) increased risk for coronary artery disease and atrial fibrillation [9]. Taken
together, the combination of both affective and somatic-cardiac symptoms in anxi-
ety disorders suggests abnormal coupling of the brain’s neural and the heart’s car-
diac activity.

The present paper focuses on how the brain’s resting state and its functional con-
nectivity process and monitor the cardiac inputs from the heart. The main and over-
arching hypothesis is that abnormalities in the brain’s resting state activity lead to
dysfunctional coupling between the heart and brain in anxiety disorders. That, as we
elaborate on the basis of recent findings in both healthy and anxiety subjects, can be
traced to alterations in those mechanisms that allow for spatiotemporal synchroni-
zation between neural and cardiac activity within the brain’s resting state.
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The first part of the paper focuses on recent findings in healthy subjects on how
neural and cardiac activity are coupled and synchronized both spatially and tempo-
rally within the brain’s ongoing resting state activity. We will establish various
hypotheses about various mechanisms of spatiotemporal synchronization of neural
and cardiac activity within the brain’s spontaneous activity. That provides the basis
for the second part about anxiety disorders. We here review recent findings on rest-
ing state abnormalities in various networks in anxiety disorders. That provides the
basis for suggesting abnormal expression of spatiotemporal synchronization of neu-
ral and cardiac activity within the brain’s spontaneous activity in these disorders.
We thus establish a set of experimentally testable hypothesis about abnormal spatio-
temporal brain-heart synchronization in anxiety disorders which provide direct link
to the psychopathological symptoms like anxiety, unstable self, and increased
bodily awareness.

The here suggested approach sets anxiety disorders within the framework of the
recently introduced  “‘Spatiotemporal  Psychopathology.”  Spatiotemporal
Psychopathology suggests primarily spatiotemporal (rather than affective or cogni-
tive) mechanisms to provide the link between the brain’s neural changes and the
mind’s psychopathological symptoms [10-16].

Part I: Brain-Heart Coupling - Spatiotemporal Synchronization
in the Healthy Brain

Spatial Relationship Between Neural and Cardiac Variability

Initial investigations using brain imaging with functional magnetic resonance imag-
ing (fMRI) during the so-called resting state (i.e., absence of specific tasks or stim-
uli) show close coupling between the heart and brain in healthy subjects [17].
observed direct relation between heart rate variability (HRV) and resting state func-
tional connectivity in the brain, specifically in the insula, amygdala, and dorsal ante-
rior cingulate cortex (dACC) see also [18, 19].

Others have observed close coupling of neural activity in ventromedial prefrontal
cortex (VMPFC) (and adjacent perigenual anterior cingulate cortex (PACC)),
somatosensory and somatomotor cortex, and subcortical regions (like periaqueduc-
tal gray (PAG), thalamus, and lentiform nucleus as part of the so-called central
autonomic network (CAN)) with the high-frequency content of HRV recordings
[18-20].

Other investigations of the brain using magnetoencephalography (MEG, a tech-
nique with high temporal resolution) show direct temporal coupling between the
brain’s oscillatory activity and heart rhythm during the brain’s resting state [21-26]
(see below for mechanistic details). Such coupling can specifically be observed in
the insula, the somatosensory cortex, and the PACC and VMPFC — the MEG (which
cannot capture subcortical regions) thus confirm the cortical regions involved in
brain-heart coupling.
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The very same regions and SN are also recruited during task-evoked activity
related to the awareness of the heartbeat, i.e., interoceptive awareness (see [27, 28]
for the recent distinction between interoceptive accuracy, sensitivity, and awareness
as well as physiological interoception). Studies by others [29, 30] and our group [5,
31, 32] demonstrated strong involvement of the insula, dACC, thalamus, and
somatosensory/motor cortex during heartbeat counting which requires awareness of
one’s own heart. Moreover, VMPFC and PACC are less deactivated (in fMRI) dur-
ing interoceptive awareness of the own heartbeat [31].

Taken together, the regions mediating brain-heart coupling in the healthy brain
can be subsumed under three main neural networks as they have been identified in
the brain’s resting state [33]. (i) The insula, amygdala, dACC, and thalamus form
the salience network (SN) [34]; (ii) the somatosensory cortex and its associated
regions are at the core of the somatosensory-motor network (SMN); and finally (iii)
VMPEFC and PACC are part of the default-mode network (DMN) [35, 36].

The involvement of these networks in brain-heart coupling raises the question for
the exact mechanisms how the neural activity of these regions couples to the ongo-
ing cardiac input. The findings suggest that neural variability in the brain’s resting
state activity is related to cardiac variability, e.g., heartrate variability (HRV). That
is further supported by the fact that the frequency range in which fMRI resting state
neuronal variability is typically measured (0.01-0.1 Hz) corresponds well to the
frequency range of slow and fast HRV (0.01-0.1). Our first neuro-cardiac hypothe-
sis is thus that there is a direct relationship between neural and cardiac variability in
the brain’s resting state activity in regions of SN, SMN, and DMN. The coupling
between neural and cardiac variabilities raises the question for the underlying tem-
poral mechanisms which shall be the focus in the following.

Phase-Based Temporal Synchronization of the Heart and Brain

We so far discussed the regions/networks and their resting state and task-evoked
activity implicated in brain-heart coupling in anxiety disorders. This leaves open (i)
the neuronal mechanisms underlying brain-heart coupling and (ii) how the latter can
account for the psychopathological symptoms observed in anxiety disorders. Let us
start with the first point, the neuronal mechanisms of brain-heart coupling, for which
we briefly go back to the healthy brain.

As said above, the group around Tallon-Baudry conducted several MEG and
intracranial EEG studies on brain-heart coupling and how that is related to percep-
tion and our sense of self (see [37] for an excellent overview). Thereby we need to
understand two different mechanisms, first, the one that allows for the coupling
between neuronal and cardiac activity in the brain and, second, how that transforms
into mental features like perception, emotion, and self. Let us start with the first
mechanism, that is, neuro-cardiac coupling.

Park et al. [21-24] conducted several studies using MEG or intracranial EEG
(iEEG) while at the same time recording the heartbeat with ECG. It is well known that
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the heartbeat induces an event-related potential in the brain which is described as heart-
beat-evoked potential (HEP) [38]. Since the HEP is time-wise related to the heartbeat,
it must reflect the coupling of the brain’s ongoing neuronal activity, e.g., its so-called
resting state or spontaneous activity, with the heart-related rhythmic activity.

The brain’s ongoing neuronal activity, that is, its spontaneous or resting state
activity, can be characterized by continuous fluctuations and oscillation with vary-
ing phase onsets [39, 40]. Various investigations demonstrated that the brain can
shift its phase onsets according to the onset of external stimuli as in music — this is
described as entrainment [41] or alignment [42]. Phase shift can thus be seen as
mechanisms by means of which the brain can actively align its own neural activity
to external stimuli. This raises the question whether such active alignment also
underlies the resting state’s activity coupling to the continuous cardiac input.
Specifically, one may now want to investigate whether the phase onsets in the brain’s
spontaneous activity are temporally coupled and ultimately synchronized with the
onsets of the heartbeats (and ultimately the amplitude of the HEP) as they are pro-
cessed by the brain.

[21-24] observed that the phase onset of the brain’s ongoing neuronal fluctua-
tions is locked to the timing of the ongoing heartbeat, e.g., the R-peak as measured
in ECG. The phase onset in the brain’s ongoing neuronal fluctuations was coherent
across numerous heartbeats and thus temporally phase-locked to the latter — this
could be measured by and was reflected in high values of the brain’s intertrial coher-
ence (ITC) (as in the frequency range between 4 and 7 Hz) relative to the heartbeat
onset [24]. This strongly suggests that the timing of both the brain, e.g., phase onset
as measured by ITC, and the heart, e.g., heartbeat onset including HRYV, is coupled
and thus synchronized with each other.

The ITC, in turn, was directly related to the amplitude of the HEP with higher
ITC leading to higher amplitude in the HEP [24] therefore concluded that the ampli-
tude of HEP can, at least in some major part, be linked to the phase shift, i.e.,
ITC. The ITC reflecting the coupling between the brain’s phase onsets and the tim-
ing of the heartbeat (as processed by the brain) can thus be conceived a marker of
brain-heart coupling. Moreover, as ITC mediates the amplitude of HEP, the latter
can be conceived a second marker. That needs to be distinguished from mere power
changes as measured by event-related spectral perturbation (ERSP) as these do not
mediate the amplitude of HEP [24].

Taken together, the data suggest that temporal synchronization is a central mech-
anism in coupling neural and cardiac activity in the brain. Specifically, as such syn-
chronization is mediated by coherence or phase, we speak of phase-based temporal
synchronization between the rhythms of both the brain and the heart — this is mani-
fested in the amplitude of HEP. Low temporal synchronization, e.g., low ITC, will
reduce HEP amplitude, while high degrees of temporal synchronization with high
ITC will enhance the amplitude of HEP (see Fig. 5.1a).

We can thus formulate yet another neuro-cardiac hypothesis. The temporal coupling
of neural and cardiac activity in the brain’s resting state activity is mediated by phase
shift resulting in neuro-cardiac phase entrainment or alignment as it can be measured
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Phase-based temporal synchronization: Intertrial coherence (ITC)
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Fig. 5.1a Neuro-cardiac phase-based temporal synchronization and the heartbeat-evoked poten-
tial (HEP)

by intertrial coherence (ITC). The phase shift, in turn, mediates the amplitude of the
heartbeat-evoked potential (HEP). The temporal phase alignment thus modulates the
amplitude the cardiac input can induce in the brain’s resting state activity.

Spatiotemporal Brain-Heart Synchronization Shapes Mental
Functions (Emotion, Bodily Awareness, and the Sense of Self)

We identified phase-based temporal synchronization as core mechanism in coupling
neural and cardiac activity. This allows us to proceed to our second question,
namely, how temporal synchronization impacts and shapes mental features like per-
ception, emotion, bodily awareness, and sense of self. To test that, Park included
tasks for visual perception [21, 22], body awareness [24], and sense of self [23, 25,
26] and related them to neuro-cardiac coupling, namely, the HEP, as investigated in
various MEG or iEEG studies (see [37] for an overview).

[21, 22] observed that visual perception, e.g., visual consciousness, is directly
dependent upon the degree of neuro-cardiac temporal synchronization in specifi-
cally visual cortex and insula. The same holds for bodily awareness: different
degrees in the amplitude of HEP in the insula (as region of SN) and the somatosen-
sory cortex (as part of SMN) were related to different degrees of bodily awareness
(as tested for by synchronous vs asynchronous brush stroke) [24].

Finally, [25, 26] and [23] could show that the subjects’ experience of their own
self as either “I” or “me” is directly related to the amplitude of the HEP and its
underlying neuro-cardiac temporal synchronization in specifically the VMPFC as
part of DMN. The DMN is well known to be involved in our sense of self [43, 44],
the SMN has been related to bodily awareness [45], and the SN is central in mediat-
ing both sense of self [46, 47] and emotions [48]. Given the findings by the group
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Fig.5.1b Neuro-cardiac phase-based temporal synchronization in different networks and related
psychological functions

Phase-based temporal synchronization

around Tallon-Baudry, one may now want to assume that these regions’/networks’
involvement in mental features like emotions, bodily awareness, and sense of self
may, in part, be related to phase-based temporal synchronization between neural
and cardiac activity (see [37] who makes this point) (see Fig. 5.1b).

In sum, the findings by the group around Tallon-Baudry shows that phase-based tem-
poral synchronization in specific networks like SN, SMN, and DMN between neuronal
and cardiac rhythms may not only allow for brain-heart coupling but, at the same time,
also strongly shape mental features like perception, bodily awareness, and sense of self.
We therefore speak of spatiotemporal synchronization as mechanism of brain-heart cou-
pling which (i) allows connecting, e.g., synchronizing neuronal and cardiac activity, and
(i1) shaping mental features like emotions, bodily awareness, and sense of self.

One would consequently expect that changes in these networks, e.g., DMN, SN,
and SMN, as in anxiety disorders, are (i) based on altered phase-based temporal
synchronization between neuronal and cardiac activity, which, in turn, (ii) should
lead to abnormalities in the respective mental features like emotion, bodily aware-
ness, and sense of self with the corresponding psychopathological symptoms. That
is indeed the case in anxiety disorder as we will discuss in the following.

Part II: Brain-Heart Coupling - Spatiotemporal Hypo-
and Hyper-synchronization and Its Psychopathology
in Anxiety Disorders

Resting State Abnormalities in SN, DMN, and SMN

Several studies on resting state functional connectivity in PD have been conducted
(see [3, 49-51] for reviews). [52] reported increased rsFC in the midline regions
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including perigenual and posterior cingulate cortex (PACC, PCC) as typical default-
mode network (DMN) regions. Corresponding changes in midline regions of DMN
were observed by [53] who found increased rsFC especially in the PCC and precu-
neus (see also [54]).

In addition to midline DMN regions, other studies observed major changes in
sensory and motor regions that are included in the salience network (SN) and, in
part, the sensorimotor network (SMN). A whole-brain approach observed increased
rsFC between the thalamus and postcentral cortex, i.e., sensory cortex which also
correlated with the degree of anxiety (as measured in the Spielberger trait-state
anxiety) [7] (see also [55]).

The SN is also a major focus in PD. Various resting state fMRI studies of the
brain’s functional connectivity in PD demonstrate alterations in the regions of the
SN with changes in the amygdala and MPFC, dACC, and insula being most promi-
nent [7, 49, 56-58]. Moreover, [59] demonstrated abnormal change in resting state
functional connectivity in the amygdala and medial prefrontal cortex during induc-
tion of perseverative cognition (i.e., excessive worry) in PD patients.

A recent review by [3] (see also [51]) compared resting state functional connec-
tivity (rsFC) in panic and social anxiety disorders. They demonstrate that SAD and
PD share abnormalities, e.g., reductions in rsFC, in DMN in specifically PACC and
VMPEC that are closely connected to the insula [47]. At the same time, SAD and
PD also differ from each other. In addition to DMN changes, SAD exhibits increased
rsFC in SN including especially the amygdala, insula, and dorsal anterior cingulate.
PD, in contrast, while sharing abnormal rsFC in DMN with SAD, exhibits addi-
tional rsFC changes, e.g., increases, in specifically the SMN with a specific focus on
primary and secondary somatosensory cortex.

In sum, the resting state data in anxiety disorders like PD, SAD, and GAD show
shared rsFC abnormalities, e.g., reductions, in DMN including anterior midline
regions like PACC and VMPFC that are known to be closely connected to the insula
[47, 48]. At the same time, rsFC changes, e.g., increases, can be observed in other
networks like salience network and somatosensory network that, unlike DMN, are
rather restricted to one of the anxiety disorders (see Fig. 5.2).

Insum, anxiety disorders show abnormalities in DMN, SN, and SMN. Specifically,
DMN rsFC is reduced in all anxiety disorders, whereas connected networks like SN
and SMN exhibit rsFC increases that are more specific to GAD, PD, or SAD. This
suggests that the resting state balance of each of these networks, e.g., SMN and SN,
relative to the DMN may be abnormal in the different anxiety disorders: the balance
shifts away from the generally shared reduction in DMN toward increases in either
SN (SAD) or SMN (PD). We will see later that such abnormal DMN/SMN or DMN/
SN balances may be central in yielding both shared and differential psychopatho-
logical symptoms in GAD, SAD, and PD (see also [3]).

Most interestingly, these networks also mediate the brain’s processing of the
cardiac input (see above). Given the supposed relationship between neural and car-
diac variability (see above), these findings in anxiety disorders raise the question
whether the abnormalities in their resting state’s functional connectivity go along
with abnormal neuronal variability in the same regions. Following our neuro-cardiac
hypothesis in healthy subjects (see above), one would expect first that neuronal
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Fig. 5.2 Changes in resting state functional connectivity (FC) in different neural networks in
anxiety disorders

variability in regions of DMN, SN, and SMN is abnormal and, second, that abnor-
mal neuronal variability is related to abnormal HRV in anxiety disorders.

There is indeed some support for abnormal neuronal variability in DMN, SN,
and SMN in anxiety disorders which though is tentative given the low number of
studies [60—62]. Moreover, as indicated in the introduction, HRV is abnormal, e.g.,
reduced in anxiety disorders [2, 3]. What remains unclear is whether the potentially
altered neuronal variability in DMN, SN, and SMN is related to the reduced HRV in
anxiety disorders.

Hence, future investigation may want to (i) investigate neuronal variability in
resting state activity of DMN, SMN, and SN; (ii) demonstrate relationship between
altered rsFC and resting state neuronal variability in DMN, SMN, and SN in anxiety
disorder; (iii) connect potentially altered neuronal variability to the changes in HRV;
and (iv) investigate neuronal variability in different infraslow frequency ranges
(slow 5, 0.01-0.027 Hz; slow 4, 0.27-0.073 Hz; slow 3, 0.073-0.198 Hz; slow 2,
0.198-0.2 Hz) as they are related to different frequency ranges of HRV (very slow,
slow, fast). This may allow for detecting frequency-specific alterations in coupling
between neuronal and cardiac variability in anxiety disorder (which may vary from
patient to patient as well as between the different anxiety disorders).

Task-Evoked Abnormalities of Brain-Heart Coupling in SN, DMN,
and SMN

Task-evoked activity during brain-heart coupling can be measured by employing the
abovementioned paradigm of interoceptive awareness of the own heartbeat (see
above). While this has been done in healthy subjects [29, 31, 32], there is only one
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recent study in anxiety disorders like GAD, SAD, and PD (see though [63] in pho-
bia) measuring task-evoked activity during interoceptive awareness of the own
heartbeat [8]. As we here only focus on task-evoked studies that specifically test for
the neural correlates of interoceptive awareness of the own heart, we leave out oth-
ers that investigate task-evoked activity during emotional processing in anxiety dis-
orders (see [50] for a recent review).

Applying fMRI, [8] investigated both rsFC and task-evoked activity during
interoceptive awareness in drug-naive subjects with GAD [8]. They firstly observed
that GAD subjects showed an abnormally increased sensitivity in their body percep-
tion (as measured with the Body Perception Questionnaire, BPQ) which concerned
dimensions as autonomous nervous system, awareness, and stress. These findings
confirm that these subjects (and that applies to PD and SAD too) suffer from an
abnormally increased perception related to their own vegetative or autonomous ner-
vous system that monitors the vegetative input to the brain from the body including
the heart.

The same subjects also underwent task-evoked and resting state activity in
fMRI. Task-evoked activity was measured during the abovementioned interoceptive
awareness task where subjects are required to monitor and count their own heartbeat
(when compared to the monitoring and counting of an external tone). Most interest-
ingly, the GAD subjects showed increased task-evoked activity in various subregions
of the insula including both the anterior insula (as closely connected to the PACC and
VMPFC) and the posterior insula (as closely connected to the secondary somatosen-
sory cortex and thus the SMN). The abnormally increased task-evoked activity in spe-
cifically left anterior insula was positively correlated with the severity of symptoms
such as “psychic anxiety.” In addition to task-evoked activity, the same subjects also
underwent rsFC. RsFC from anterior and posterior insula to other regions such as
VMPFC was reduced which was related negatively to the severity of somatic anxiety.

Taken together, this study in GAD demonstrates abnormally increased task-
evoked activity in regions of SN and SMN during interoceptive awareness (of the
own heartbeat) (see also Fonzo et al. 2015 for more or similar regions being involved
in task-evoked activity of positive and negative emotions) while, at the same time,
rsFC from these regions to those of the DMN (VMPFC) is reduced. Importantly,
both increased task-evoked activity in SMN and SN regions as well as their reduced
rsFC to DMN correlated with psychopathological symptoms, e.g., psychic and
somatic anxiety. Confirming and extending the resting state data, these findings
further point out the central role of an abnormal balance of DMN with SN and/or
SMN in anxiety disorders like GAD, SAD, and PD.

Moreover, these findings support the above suggested assumption that the resting
state abnormalities in these networks are related to abnormal brain-heart coupling
and HRV in anxiety disorders. Future investigations may thus want to demonstrate
(i) how resting state neuronal variability in SMN, DMN, and SN changes during
specifically task-evoked activity related to interoceptive awareness; (ii) how HRV
changes during the transition from rest to task; and (iii) how the frequency ranges of
neuronal variability change during the transition from rest to task including their
relationship to the HRV changes.
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Spatiotemporal Hypo- and Hyper-synchronization in DMN, SMN,
and SN

The findings show abnormal resting state and task-evoked activity in regions of
DMN, SMN, and SN in anxiety disorders (see above). At the same time, we demon-
strated that the very same regions and networks are central in mediating phase-
based temporal synchronization between neuronal and cardiac activity in the healthy
brain (see above). This raises the question whether, and, if so, how the changes in
resting state and task-evoked activity in these networks in anxiety disorders are
related to abnormal phase-based temporal synchronization between neuronal and
cardiac activity.

The resting state findings in anxiety disorders are mostly based on functional
connectivity, e.g., rsFC. RsFC describes the correlation between two or more
regions’ time series [36]. Importantly, recent investigation in both fMRI [39, 64]
and iEEG [65] show that rsFC is based on phase and, more specifically, phase-based
coherence or synchronization between the different regions’ time series: the more,
for instance, two regions’ phase are coherent and thus synchronized, the higher their
resulting rsFC [39] which directly probed and compared different ways of calculat-
ing rsFC.

The phase-based nature of rsFC carries far-reaching implications for interpreting
the abnormalities of rsFC in anxiety disorders. All anxiety disorders share the
decrease of rsFC in DMN. Given the presumably phase-based nature of rsFC, one
would now assume that the DMN regions are less synchronized with each other in
anxiety disorders resulting in their decreased spatiotemporal synchronization with
reduced rsFC. One can thus speak of “spatiotemporal hypo-synchronization” of
DMN resting state activity in anxiety disorders. The converse seems to hold in SMN
and SN. The findings suggest that SN and SMN show increased rsFC and thus
increased spatiotemporal synchronization in SAD and PD, respectively — we there-
fore speak of “spatiotemporal hyper-synchronization” of SMN and SN resting state
activity in SAD and PD.

Putting all together, one may want to speak of a spectrum of different possible
degrees of spatiotemporal synchronization. What we observe as “normal” degree of
spatiotemporal synchronization, e.g., rsFC, in the healthy brain may reflect an inter-
mediate or average value. In contrast, the abnormally high or low degrees of rsFC,
indexing spatiotemporal hypo- or hyper-synchronization, may reflect extreme val-
ues on the spectrum of different possible degrees of spatiotemporal synchroniza-
tion. Accordingly, future phase-based analysis of rsFC in DMN, SN, and SMN in
anxiety disorders is needed to support our hypothesis.

Abnormal Cross-Frequency Coupling in DMN, SMN, and SN
Based on the data on healthy subjects, we now traced rsFC abnormalities in DMN,

SN, and SMN anxiety disorders to an underlying abnormal phase-based coherence
or synchronization. Interestingly, as pointed out above, the same networks that show
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rsFC in anxiety disorders are also central to processing in temporal synchronization
between neuronal and cardiac activity. This raises the question whether abnormal
spatiotemporal hypo- or hyper-synchronization, e.g., rsFC, in DMN, SN, and SMN
is related to abnormal temporal synchronization between neuronal and cardiac
activity in anxiety disorders. We thus search for connecting rsFC-related spatiotem-
poral (hypo- and hyper-) synchronization with neuro-cardiac temporal (de)
synchronization.

We first and foremost have to say that both rsFC-based spatial synchronization
and neuro-cardiac temporal synchronization operate in different frequency ranges.
The rsFC findings were obtained in fMRI which operates in the infraslow frequency
domain between 0.01 and 0.1 Hz, whereas the ITC and HEP findings were observed
in MEG/iEEG that operate in a much faster frequency domain from 1 to 180 Hz
with the ITC being observed between 4 and 7 Hz (while the slower frequencies
around the heartbeat itself and its HRV (e.g., 1 Hz and lower) were filtered for meth-
odological reasons). Due to such difference in frequency ranges, we cannot directly
link and relate rsFC-related spatial (hypo- or hyper-)synchronization to neuro-
cardiac temporal (de)synchronization in anxiety disorders.

However, impossible direct linkage does not preclude indirect connection. One
mechanism could be cross-frequency coupling (CFC) [66]. For instance, the phase
of the slower frequency around 0.01-0.1 Hz (as measured with rsFC in fMRI) could
bind and thus synchronize with the amplitude of the faster frequencies (0.1-4 and
7 Hz) (as measured in MEG/iEEG) which indeed has been demonstrated in com-
bined fMRI-EEG studies [67]. Moreover, as shown by [39], there is also cross-
frequency coupling within the infraslow frequency range as measured with
fMRI. Accordingly, CFC seems to be important in synchronizing neuronal activity
between different frequency ranges.

Such temporal synchronization between different frequency ranges within the
neuronal activity itself in terms of CFC raises the question whether analogous CFC
also occurs between neuronal and cardiac activity. For instance, CFC could mediate
temporal synchronization between the infraslow frequencies (0.01-0.1 Hz) of the
ongoing brain’s resting state activity and the faster frequencies of the heartbeat
(0.1-1 Hz). This is especially important in anxiety disorders. The clearly observed
resting state abnormalities in the infraslow range of 0.01-0.1 Hz may alter CFC
within the brain’s neuronal activity which, in turn, may alter temporal synchroniza-
tion between neural and cardiac activity. The resting state FC abnormalities would
then directly impact neuro-cardiac temporal synchronization. That remains to be
tested though.

We therefore hypothesize that anxiety disorders can be characterized by abnor-
mal cross-frequency coupling between infraslow and faster frequency ranges as that
is important for temporal synchronization of neural and cardiac activity. Specifically,
following rsFC and its spatial hypo- and hyper-synchronization, we hypothesize
decreased CFC in DMN but increased CFC in SMN and SN in anxiety disorders.
That, in turn, as it needs to be investigated in the future, may strongly impact neuro-
cardiac temporal synchronization in the 0.1/4-7 Hz range including its measures
like ITC and HEP. Specifically, one would expect that decreased CFC leads to
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decreases in both ITC and HEP, as we assume it to be the case in DMN, while
increased CFC should lead to increases in both ITC and HEP as it may be the case
in SN and SMN in anxiety disorders.

Spatiotemporal Hypo-synchronization in DMN and Instability
of Self

We demonstrated that rsFC is most likely related to spatiotemporal synchronization
reflecting phase-based coherence between different regions within a specific net-
work like DMN. Decreased rsFC in DMN, as observed in anxiety disorders, may
thus reflect spatiotemporal hypo-synchronization such that the various DMN
regions are no longer as strongly tied and connected together as network. Due to
such spatiotemporal hypo-synchronization, the DMN as one phase-based coherent
network may thus become more instable, e.g., less synchronized, on neuronal
grounds. This carries major neuronal and psychological implications.

Spatiotemporal hypo-synchronization means that the DMN as network becomes
more unstable in its neuronal activity as its various regions, being less synchronized
with each other, are “now more on their own” and independent of each other. That
introduces instability into DMN neuronal activity in the infraslow range of 0.01-
0.1 Hz. That very same infraslow neuronal instability may make the coupling of the
infraslow to faster frequencies more difficult resulting in decreased CFC. The
decrease in CFC, in turn, may also impair temporal synchronization between neuro-
nal and cardiac activity (in faster frequencies) such that both become desynchro-
nized from each other in regions like VMPFC and PACC as core regions of
DMN. The DMN’s spatiotemporal hypo-synchronization in the resting state’s rsFC
would then lead to reduction in neuro-cardiac temporal hypo-synchronization — the
latter should be manifested in lower phase locking with reduced intertrial coherence
(ITC) (in the 0.1/4-7 Hz range) in the brain’s resting state activity.

Accordingly, put in a nutshell, we assume that spatiotemporal hypo-
synchronization in DMN leads to neuro-cardiac temporal desynchronization in
anxiety disorders. The neuronal instability of DMN may thus affect the neuro-car-
diac coupling which, analogously, may then also become unstable if not resulting in
neuro-cardiac temporal desynchronization. While such neuro-cardiac temporal
desynchronization remains to be investigated in anxiety disorders, it has already
been reported in fMRI of posttraumatic stress disorders (PTSD) [18, 19]. Since
PTSD is also featured by strong anxiety, one would expect more or less analogous
findings in anxiety disorders.

The instability of both DMN network neuronal activity and neuro-cardiac cou-
pling may carry major psychological implications. As pointed out the DMN is cen-
tral in mediating internal cognition like sense of self [43], episodic simulation with
prospection into the future and retrospection into the past, and mind wandering [13,
68]. Moreover, the above-presented findings by the group around Tallon-Baudry
clearly demonstrate that neuro-cardiac coupling in VMPFC/PACC as core regions of
DMN is related to the sense of self, e.g., “T” vs “me” [25, 26] (see above for details).
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Given the DMN findings, one would expect the sense of self to be less synchro-
nized and thus instable as based on spatiotemporal hypo-synchronization within
DMN as manifested in reduced rsFC. Moreover, one would expect that the self can
no longer integrate different time scales as it has no access to different frequency
ranges beyond itself due to reduced CFC in DMN. Finally, one would expect that
the self is no longer aligned with the own body as related to decreased neuro-cardiac
temporal synchronization. Together, this leads to an increased spatial and temporal
instability in self as it is indeed a hallmark feature in anxiety disorders which may
be manifested in abnormal internal cognition as in episodic simulation (as in abnor-
mal foresight of the futures) [69] and mind wandering [68-70] (see Fig. 5.3a).

Spatiotemporal Hyper-synchronization in SMN/SN and Increased
Emotions/Anxiety (SAD) and Bodily Awareness (PD)

In addition to rsFC decrease in DMN, the findings show increased rsFC in SMN
(PD) and SN (SAD) (see above). One would consequently assume spatiotemporal
hyper-synchronization in SMN or SN accompanying DMN spatiotemporal hypo-
synchronization. Following the neuronal and psychological results of brain-heart
coupling in the healthy brain (see above), one would assume the following
hypotheses.

Spatiotemporal hyper-synchronization means that the SMN/SN as network
becomes more stable in its neuronal activity as its various regions, being more syn-
chronized with each other, are “now more with each other” and thus more dependent
on each other. That increases network stability in the infraslow range of 0.01-0.1 Hz.
Increased infraslow neuronal stability may make the coupling of the infraslow to
faster frequencies easier resulting in increased CFC. The increase in CFC, in turn,
may enhance temporal synchronization between neuronal and cardiac activity (in
faster frequencies) such that both become hyper-synchronized with each other in
regions like insula, amygdala, thalamus (SN), and somatosensory cortex (SMN).

The spatiotemporal hyper-synchronization of SMN/SN in the 0.01-0.1 Hz range
of rsFC should lead to higher CFC and ultimately higher neuro-cardiac temporal
synchronization in the 0.1/4—7 Hz range. The spatiotemporal hyper-synchronization
of SMN/SN in the 0.01-0.1 Hz range of rsFC should lead to higher CFC and
ultimately higher neuro-cardiac temporal synchronization in the 0.1/4-7 Hz range.
The increased rsFC indexing spatiotemporal hyper-synchronization in SMN/SN
should then be accompanied by increased neuro-cardiac temporal synchronization
as manifested in higher phase synchronization with increased intertrial coherence
(ITC) (in the 0.1/4-7 Hz range) in the brain’s resting state activity.

Accordingly, put in a nutshell, we assume that spatiotemporal hyper-
synchronization in SMN/SN leads to temporal hyper-synchronization between the
brain and the heart in anxiety disorders. The increased neuronal stability of SMN/
SN may thus affect the neuro-cardiac coupling which, analogously, may then also
become increasingly stable resulting in increased neuro-cardiac coupling mediated
by phase-based temporal hyper-synchronization. Such neuro-cardiac temporal
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Fig.5.3a Altered default-mode network (DMN) and its psychopathological symptoms

hyper-synchronization remains to be investigated in SMN and SN in anxiety disor-
ders though. The increased stability of both SMN/SN network neuronal activity and
neuro-cardiac coupling may carry major psychological implications.

The SN and specifically the insula, thalamus, dACC, and amygdala including
their neuro-cardiac coupling are strongly associated with emotions like anxiety.
Increased stability of both SN and neuro-cardiac coupling in specifically amygdala
and insula may abnormally enhance emotions and especially anxiety — that is
exactly what one can observe psychopathologically in specifically SAD (see also
[71] and [39] as well as [57, 59, 72]) where increases in SN rsFC have been reported.
Moreover, since SN and especially insula are central in processing the heartbeat
(see above), one would expect abnormally increased SN function to go along with
increased neuro-cardiac coupling in this region resulting in increased perception or
awareness of the own heartbeat, e.g., increased interoceptive awareness (see [73,
74]), in specifically SAD (where the insula and SN are abnormal) (see Fig. 5.3b).

The SMN and its neuro-cardiac coupling are involved in proprioception and
awareness of the own body (see [24, 45]). Increased stability of both SMN and its
neuro-cardiac coupling may result in increased awareness of the own body’s pro-
prioceptive stimuli and ultimately in higher awareness of the own body, e.g.,
increased bodily awareness, and various somatic symptoms (see also [75]). This is
well compatible with the psychopathological symptoms of PD (where the SMN is
abnormally increased) where increased awareness of bodily sensation and the own
body as a whole are core symptoms (see, as described above, 8 for support).
However, the link between SMN spatiotemporal hyper-synchronization, increased
neuro-cardiac coupling, and increased bodily awareness remains to be demonstrated
(see Fig. 5.3¢).
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Spatiotemporal hyper-synchronization in SN: Increased rsFC

!
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Increased emotion and anxiety

Fig. 5.3b Altered salience network (SN) and its psychopathological symptoms. Altered somato-
motor network (SMN) and its psychopathological symptoms

Conclusion

We here reviewed recent rsFC and task-evoked findings, conducted mainly in fMRI,
in anxiety disorders. Core findings include altered rsFC in DMN, SN, and SMN
which suggests disbalances in their relationships with the tilting of DMN/SN and
DMN/SMN ratios toward the non-DMN networks. These findings suggest spatio-
temporal hypo-synchronization between the regions’ rsFC in the infraslow frequency
range in DMN (all anxiety disorders), while one may assume spatiotemporal hyper-
synchronization in SMN (PD) and SN (SAD). That, as we hypothesize, may be
related to increased or decreased neuro-cardiac coupling as mediated by phase-based
temporal synchronization (as demonstrated in healthy subjects in MEG and iEEG).

Taken together, we assume two spatiotemporal mechanisms to play a central role
in yielding psychopathological symptoms in anxiety disorders. First, the findings
suggest spatiotemporal hypo- and/or hyper-synchronization in the neural activity of
networks like DMN< SMN and SN. Secondly, based on clinical finding in anxiety
disorders and neuronal observations in healthy subjects, we suggest these network
abnormalities to lead to abnormal, e.g., increased or decreased, phase-based tempo-
ral synchronization of neuronal and cardiac activity. Together, spatiotemporal hypo-
or hyper-synchronization in the different resting state networks, e.g., DMN, SMN,
and SN, and associated increased/decreased neuro-cardiac temporal synchroniza-
tion are shown to most likely underlie core psychopathological symptoms such as
unstable self, increased emotions/anxiety, and/or increased interoceptive and/or
bodily awareness in anxiety disorders.
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Fig. 5.3c Altered somatomotor network (SMN) and its psychopathological symptoms

Psychopathological symptoms in the different domains of self (unstable self),

emotions (increased anxiety), and bodily awareness (increased interoceptive and
bodily awareness) may thus be based primarily on spatiotemporal mechanisms in
the brain’s neuronal activity, e.g., its resting state networks’ spatiotemporal syn-
chronization, and its neuro-cardiac coupling, e.g., phase-based temporal synchroni-
zation. Such spatiotemporal (rather than primarily affective or cognitive) basis of
psychopathological symptoms in anxiety disorders is well compatible with the
recent suggestion of “Spatiotemporal Psychopathology” [10-13, see also 14-16].
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