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Abstract

Functional Neurological Disorder (FND) is characterized by symptoms such as motor or sensory
dysfunction or functional/dissociative seizures. Unfortunately, the mechanisms behind the disorder are
still incompletely understood, leading to a lack of specific treatment. Interoception, the processing of
internal bodily signals, has been considered a potential site where the processing of sensory signals
might deviate. However, empirical findings on interoceptive functions in FND remain inconsistent,
largely due to methodological variability and the lack of comprehensive, multimodal assessments. The
present dissertation addresses these limitations by comprehensively investigating interoception across
multiple domains in a large and mixed cohort of FND patients. Furthermore, the project explores the
oxytocinergic system as a potential biological vulnerability factor, given its role in modulating stress
responses - a key risk factor for FND - and assigning salience to interoceptive inputs.

Interoceptive functioning was assessed across trait, behavioral, physiological, and neural levels,
comparing a mixed symptom cohort of patients with FND to a sex-aged matched healthy controls (HC).
Self-reported interoception was measured using both the Multidimensional Assessment of
Interoceptive Awareness (MAIA) and the Interoceptive Accuracy Scale (IAS). Interoceptive accuracy was
evaluated using the Heartbeat Counting Task (HCT) both in its traditional form and in a novel aroused
condition induced via breath-hold instruction. Respiratory interoceptive sensitivity and metacognition
were measured using the Respiratory Resistance Sensitivity Task (RRST), introducing breath as a newly
studied interoceptive modality in FND. Neural processing of cardiac signals was assessed via Heartbeat-
Evoked Potentials (HEPs), focusing specifically on attentional modulation. Finally, the oxytocinergic
system was examined through salivary oxytocin (OXT) levels, genotyping of the OXT receptor OXTR, and
its methylation rates, and linked to resting-state functional connectivity to explore neurobiological
correlates of the biological vulnerability candidate.

FND patients self-reported being significantly less interoceptive using both questionnaires, compared to
the HCs. No group differences emerged in cardiac accuracy using the HCT; however, we identified
reduced respiratory sensitivity in patients. Metacognition in FND was intact, while both sensitivity and
metacognition correlated with self-reported somatoform dissociation symptoms. Further, EEG data
revealed lower HEP responses in patients, and interactions of brain network activation with group and
attentional focus conditions. Finally, the presence of the A allele at the OXTR was associated with FND,
and with increased OXTR methylation, which was then positively associated with salivary OXT uniquely
for patients with FND. Salivary OXT also correlated with altered functional connectivity of the amygdala
with other regions in patients.

This work presents compelling evidence that there is an interoceptive and oxytocinergic dysregulation
in FND. Having measured interoception comprehensively across various dimensions and different
modalities, the interoceptive system should be considered both a clinical marker and a therapeutic
target. Electrophysiological and neuroimaging markers, such as lower HEPs and resting-state
connectivity, point to potential neural signatures of the disorder. Meanwhile, impairments in
interoceptive self-report and attention, along with their association with somatoform dissociation,
suggest mechanisms through which symptoms may arise or persist. The observed alterations in the
proposed vulnerability system of OXT suggest a neuroendocrine contribution. The group-specific
differences of the various levels possibly reflect a gene—environment interactions or compensatory
processes. Given oxytocin's role in modulating limbic circuits and sensory integration, such disruptions
may underlie maladaptive salience attribution in FND. Together, these findings offer a deeper
understanding of FND pathophysiology and point toward integrated intervention strategies targeting
both interoceptive and neuroendocrine systems.
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General Introduction

1.1. Functional Neurological Disorders (FND)

Functional Neurological Disorder (FND) is a complex condition at the intersection of neurology and
psychiatry, where altered brain network activities lead to symptoms such as tremor, gait disturbances,
hypo- or hypersensitivity, and functional/dissociative seizures (Espay et al., 2018). FND Hope, the leading
online patient and clinician resource, defines the disorder as “a problem with the functioning of the
nervous system: the brain’s inability to send and receive signals properly, rather than disease.” (FND
Hope, 2020). While historically, the associated symptoms were classified as “medically unexplained”
(Stone, Carson, Duncan, et al., 2009), FND has since been formally recognized as a rule-in diagnosis with
specific clinical features since 2013. This step towards recognition in the medical field is crucial, as the
disorder is not only psychologically and physically burdensome, but also frequent and costly (Aybek &
Perez, 2022; Foley et al., 2022). Community registry data indicate an approximate prevalence of 0.05%
(1 case per 2’000 individuals) within the population (Espay et al., 2018), representing the second most
frequent referral reason to neurology services (Carson & Lehn, 2016). Accurate diagnosis and prevalence
estimation present non-trivial challenges, demanding specialized expertise from neurologists,
particularly given the substantial heterogeneity of FND’s symptomatology and the diverse array of
potential differential diagnoses and comorbidities (Espay et al., 2009).

Diagnosis of FND

In the current Diagnostic and Statistical Manual of Mental Disorders, the DSM-5, FND is diagnosed with
criteria specific to each subtype (Diagnostic and Statistical Manual of Mental Disorders, 2013). FND-
specific positive signs are only a recent, yet essential, addition to the diagnostic process, as before 2013,
FND was identified through the absence of any other diagnosis, so to speak, “by exclusion”. The motor
type of FND, classified as F44.4, includes symptoms of weakness, paralysis, and/or abnormal movement.
Here, positive signs include the observable phenomena of distractibility or variability, demonstrating
that the abnormal movement changes or disappears while engaging the patient in another task. For gait,
monoplegic leg dragging or falling toward a support serves as a positive sign suggesting motor FND.
Further signs like the give-way weakness, co-contraction, a drift without pronation, and/or a positive
Hoover sign can often be observed, when specifically testing affected limbs during the neurological
examination (Aybek & Perez, 2022). Another common subtype of FND is the functional/dissociative
seizure, classified as F44.5. Here too, there are established positive signs that the trained eye can detect
to make a rule-in diagnosis, instead of simply observing the absence of epileptic-typical markers during
an ongoing seizure. A functional seizure, contrary to an epileptic seizure, can last > 2 minutes, showing
the patient to exhibit a pattern of waxing and waning behavior, arching back, eyes closed, side-to-side
head movements, and/or asynchronous limb movements (Aybek & Perez, 2022). Finally, the sensory
subtype is classified as F44.6, covering symptoms such as anaesthesia, sensory loss, but also visual,
olfactory, and hearing disturbances. Further subtypes, also include functional cognitive disorder or
persistent postural-perceptual dizziness (PPPD). In reality, these symptom subtypes also often appear
together, leading to the classification as a mixed symptom FND, which is classified as F44.7 in the DSM
(Aybek & Perez, 2022).

(Historical) Battles of FND

Throughout history, FND has encountered significant diagnostic and conceptual obstacles. Early
accounts date back to ancient Egypt (circa 1900 BC) and ancient Greece (circa 500 BC), where the
condition, then believed to affect only women, was attributed to a malfunctioning uterus. Herbs,
tinctures, leeches, sex, or punishment were considered treatments (or purification) of the affected
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women (Tasca et al., 2012). This condition, previously known as “hysteria”, gradually began shifting from
a uterine to a neurological explanation by the 18" century. This transition culminated in the late 19th
century with Sigmund Freud's theory of conversion, which proposed that repressed psychological
stressors (often of a sexual nature) could manifest as physical symptoms. For decades, this trauma-based
understanding of FND dominated, despite current evidence indicating that psychological trauma is
neither necessary nor sufficient for the development of the disorder (Nicholson et al., 2011; Stone et al.,
2010). In the 20th century, the rise of a dualistic framework in medicine separating mind and body,
further complicated FND’s classification. Psychiatry and neurology became distinct disciplines, and FND
was left to fall between them, often misunderstood and marginalized (Baker et al., 2002). Modern
neuroscience attempts to bridge this divide, positioning FND at the intersection of the two disciplines
(Cretton et al., 2020). But with evolving understandings of FND’s etiology, affected population, and
terminology, a high rate of misunderstanding, misdiagnosis, and maltreatment is inherent to the history
of FND (Stone et al., 2005). Unfortunately, stigma surrounding FND remains widespread, not only among
healthcare providers and legal systems but also within society and even among patients themselves
(Rommelfanger et al., 2017). This ongoing stigmatization underscores the critical need for better
communication and education about the disorder (Brenninkmeijer, 2020). But despite growing interest
and research, the underlying pathophysiological mechanisms of FND are still not fully understood, which
contributes to a lack of consistently effective treatments (Finkelstein et al., 2022). The most promising
interventions to date combine physical and occupational therapy with psychological support (Aybek &
Perez, 2022), yet the limited understanding of the predisposing, precipitating, and perpetuating factors
continues to generate frustration and disbelief, and seems to further reinforce historical stigmas faced
by patients with FND (Foley et al., 2022).

Current Understanding of FND

Recent research suggests that the onset of FND symptoms may be triggered by a combination of
biological vulnerability and unexpected changes in physiological or emotional states (Keynejad et al.,
2019). The involvement of adverse or traumatic life experiences (Nicholson et al., 2016; Weber et al.,
2023) and emotional distress (Indranada et al., 2018; Jungilligens et al., 2022) has been broadly
recognized. Additionally, physical events such as injury, illness, vaccination, or adverse drug reactions
have been implicated in symptom onset (Hallett et al., 2022; Schrag et al., 2004; Souza et al., 2023;
Stone, Carson, Aditya, et al., 2009a; Tinazzi et al., 2021). Current research is increasingly moving beyond
a dualistic framework, advocating for a comprehensive view that acknowledges the complex interplay
of multiple contributing factors (Stone et al., 2024). These factors can indeed be biological (e.g., genetics
or responsiveness to stress), psychological (e.g., depression, anxiety, trauma), and social (e.g., from
psychological and physical stressors) and seem to play a predisposing, precipitating and perpetuating
role in FND (Hallett, 2024). What can be concluded from that is the altered brain processing as a
consequence from these factors might form FND symptoms. Alteration in brain volume and specific
networks could be associated with both the risk factors, compensatory mechanisms as well as symptom
severity (Begue et al., 2019; Drane et al., 2021; Perez, Williams, et al., 2017; Perez et al., 2018). Of
particular relevance seems to be the salience network, including the cingulate cortex, the insula and
amygdala and the periaqueductal gray. Here, especially the amygdala has been shown to be hyperactive,
enhanced coupled to motor areas and altered in volume (Demartini et al., 2021; Ospina et al., 2019). An
overview of the main brain networks and the related construct involved in FND pathophysiology are
illustrated in Figure 1.



Sensorimotor & TP) networks: deficits in motor execution and feedforward signaling leading to impaired self-agency
I Salience network: altered homeostatic balance, interoception, multimodal integration and emotional/self-awareness
Limbic network: impaired emotion regulation, fear extinction, value-based viscerosomatic processing
Dorsal attention network: altered goal-directed attentional mechanisms
BN Ventral attention network: altered stimulus-driven attentional mechanisms
I Cognitive control and motor planning networks: motor planning deficits

Figure 1: Brain Network and related construct involved in FND's pathophysiology taken from Drane et al., (2021.)

All these altered brain networks underline how sensory inputs may be processed and integrated in a
dysfunctional way, potentially leading to FND. In particular the attention and salience networks—
systems that are essential for focusing on and detecting important stimuli—and are thought to play a
central role in FND pathophysiology (Drane et al., 2021; Edwards et al., 2012). Indeed, patients with
FND often exhibit reduced registration of sensory input, lowered sensitivity, and a tendency to avoid
sensory experiences (Ranford et al., 2020). Taken together, disruptions in sensory processing,
attentional control, and emotion regulation are increasingly understood within the framework of
predictive coding, which will be shortly discussed in detail. Crucially, among sensory modalities
implicated in this framework, interoception — the perception and interpretation of internal bodily signals
— has emerged as particularly relevant to FND (Drane et al., 2021; Jungilligens & Perez, 2024).

1.2. The Modality of Interest: Interoception

A consensus definition of interoception emerged from the first Interoception Summit in November 2016,
characterizing it as the nervous system's process of perceiving, interpreting, and integrating internal
bodily signals to provide a continuous representation of the body's internal milieu, which encompasses
both conscious and unconscious aspects (Khalsa et al., 2018). Internal organs, such as the heart, lungs,
and gastrointestinal system, are the key sources of such interoceptive signals, but also sensations like
pain, temperature, itch, visceral discomfort, emotional experience, and the sense of self are considered
part of this sensory modality (Khalsa et al., 2018; Quigley et al., 2021). Interoception plays a crucial role
in maintaining a living body by regulating and anticipating bodily needs (i.e., homeostatis and allostasis)
(Engelen et al., 2023). In this regard, it is distinct from exteroception, describing the perception of
external stimuli through senses such as vision, audition, touch, olfaction, and gustation, and also
different from proprioception, which involves sensing the position and movement of the body and limbs
(Tsay et al., 2015).

Conceptual Framework: Interoceptive Predictive Coding

The predictive coding framework is a component of the Bayesian brain hypothesis, recently applied for
the interoceptive modality. It is utilized to address complex psychosomatic conditions such as fatigue
(Petzschner et al., 2017; Stephan et al., 2016), and has been argued to also apply to FND (Edwards et al.,
2012; Fiorio et al., 2022; Jungilligens & Perez, 2024; Stone et al., 2024). This model posits that perception
arises not merely from sensory input, but from the brain’s inferences based on expectations (priors),
which are continually updated through prediction errors (Parr & Friston, 2018; Seth & Friston, 2016).
In FND, it has been proposed that these priors are overweighted, while incoming sensory signals—
particularly interoceptive ones—are downweighed, leading to altered perception and action (Edwards
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et al., 2012; Fiorio et al., 2022; Pareés, Kassavetis, et al., 2012). This imbalance may result in the brain
acting to fulfill its own predictions rather than responding adaptively to actual bodily signals, a process
known as active inference (Friston, 2010; Friston et al., 2021). See Figure 2 for an illustration of the
Bayesian brain.

For example, motor symptoms such as tremor or weakness might emerge as the body’s way of resolving
mismatches between expected and actual sensory input. According to Friston et al., (2010), movement
can be defined as “what we want to see or feel, rather than what we want to do”, in other words,
movement is driven by what we want to perceive. This idea is central to active inference in the motor
domain, where the motor system automatically generates movements to fulfil those sensory predictions
(Edwards et al., 2012). And as leading experts on FND would frame it: “Functional neurological disorder
is arguably what might be expected to happen when predictive processing in the brain goes awry”

(Hallett et al., 2022).
-
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Figure 2: lllustration of the Bayesian Brain taken from Haker et al., 2016. When the unpredicted environment,
here the view of the world, enters our system bottom-up via visual sensory input, a surprise signal and
physiological/emotional/cognitive stress can be perceived given this would not be congruent to what was expected
to be seen. In that situation, there is a prediction error because the internal model, that is stored and acts as
prediction about the world, is different. Followingly, learning can occur (change in prediction; “true, the world looks
different from the other side” or action can follow, to make sure the sensory input will represent the prediction (in
this case; the globe that is being looked at, can be turned, so that the predicted view can be viewed). Note, that the
unpredicted environment or the world in that sense could be anything entering our system, for example also be the
inner world (interoceptive signals), and that this active inference might not be as consciously done most cases.

The concept of shaping Interoceptive Precision

Patients with FND have been shown to rapidly jump to conclusion after fewer sensory evidence, to
change their decision primarily based on recent evidence (Pareés, Kassavetis, et al., 2012), and
overreport their actual tremor (Pareés, Saifee, et al., 2012), which suggests the influence of strong priors
and symptom formation potentially produced as a consequence. The process of re-evaluating and
updating priors — instead of acting upon the prediction error — depends on the precision of the sensory
input and on how salient information can adaptively be given more weight (Ainley et al., 2016).
Hyperarousal can be considered as a constant noise (Feldman & Friston, 2010), stressing the
involvement of stressful experiences in such a proposed disease model. A stressfull life-event can
formulate a generalized expectation or predictions about incoming sensory inputs, with the
consequence that resulting prediction error are overridden which might lead to FND (Jungilligens &
Perez, 2024).

Smith and colleagues (2021) presented intriguing evidence from a study in healthy volunteers,
demonstrating how the experience of a high-intensity stimulus, would alter following interoceptive
processing. In fact, participants who first experienced stronger interoceptive signals (via a vibrating
capsule) were less sensitive to subtler signals, suggesting that interoceptive expectations may be shaped
by early stimulus intensity (Smith et al.,, 2021). Extrapolating this to FND, it is conceivable that
overwhelming or inconsistent experiences, especially in early life in the form of emotional neglect or
abuse, may shape interoceptive learning by increasing the threshold for precision. Since young children
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depend on caregivers to interpret and respond to their internal states, repeated mismatches (e.g.,
hunger not being properly answered with providing food) could lead the nervous system to form the
prior that only very strong interoceptive signals are reliable enough. An example from prior
extrapolation in the context of feeding, this could result in individuals not perceiving hunger until it
becomes extreme, potentially leading to metabolic energy deficits. Over time, such experiences may
contribute to the development of rigid priors that require high-certainty sensory input in order to be
updated in general (Paulus et al., 2019). Note that this proposed mechanism would not only have to be
restricted to the experience of childhood trauma, even though it poses as a crucial candidate due to the
sensitivity in this developmental period. Yet, this mechanism or concept can also be expanded to any
physical or psychological stressor later in life leading to an interoceptive precision or hyperarousal to
rigidify priors and neglect subtle interoceptive input (Jungilligens & Perez, 2024). Thus, how can we
measure whether people are less interoceptive than others, without manipulating the crucial internal
organs involved in these signals?

Measurement of Interoception across different dimensions

Traditionally, interoception has been conceptualized and measured along three main dimensions:
interoceptive accuracy, referring to objective performance in detecting internal signals (e.g., heartbeat
counting tasks); interoceptive self-report, reflecting subjective beliefs about bodily awareness (assessed
via questionnaires); and interoceptive insight into interoceptive performance, i.e., metacognition
(Garfinkel, Tiley, et al., 2016). However, there is considerable variability in how these three traditional
interoceptive dimensions are assessed and interpreted.

Several methods have been developed to assess interoceptive accuracy, each targeting slightly different
aspects of the dimension. One of the most commonly used is the heartbeat counting task (HCT), in which
participants are instructed to silently count their perceived heartbeats over a fixed time interval,
following Schandry's protocol (1981). In contrast, the heartbeat detection or discrimination task (HDT)
requires participants to judge whether a series of exteroceptive cues (e.g., tones or visual flashes) are in
sync with their heartbeat (Whitehead et al., 1977). A hybrid of both approaches is the heartbeat tapping
task, where participants tap in synchrony with their perceived heartbeat (Ludwick-Rosenthal & Neufeld,
1985). More recently, the phase adjustment task has been introduced, which involves adjusting the
phase of a tone until it aligns with the perceived heartbeat (Plans et al., 2021). However, weak
correlations between these tasks suggest that they may not assess a common underlying construct of
interoceptive accuracy. Alternatively, each task may be influenced by specific cognitive demands, such
as guessing strategies in the counting task, the cross-modal comparison load in detection and phase
adjustment tasks, or dual-motor demands in the tapping task. These task-specific measures may
confound “true” underlying interoceptive accuracy (Hickman et al., 2020; Ring & Brener, 2018).
Regarding the use of questionnaire for the interoceptive self-report, various questionnaires have been
discussed and come in use. The Multidimensional Assessment of Interoceptive Awareness (MAIA) was
found to be central to this dimension, while Interoceptive Accuracy Scale (IAS), targets a distinct aspect
of self-report (Gabriele et al., 2022; Todd et al., 2022).

Finally, interoceptive insight is ideally assessed as the correspondence between interoceptive accuracy
and confidence. This is typically measured on a trial-by-trial basis and quantified using the area under
the curve (AUC) metric (Garfinkel et al., 2015). However, some studies assess only confidence ratings
without measuring accuracy, while others omit the dimension of interoceptive insight entirely. In
conclusion, a stricter use of terminology and a standardized, comprehensive assessment would aid the
interoceptive research and interpretation (Khalsa et al., 2018).

Yet, this three-dimensional framework has been challenged and needed to be expanded to include
further dimensions that better represent the interoceptive modality in its various aspects and more
comprehensively. Therefore, contemporary models include a broader range of dimensions, discussing
also signal strength, preconscious processing, neural representation, attentional focus, and attribution
of internal sensation (Suksasilp & Garfinkel, 2022). The signal strength was included in the model as it
can influence the processing of the interoceptive signals and thus might be involved in the consequences
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their associated perception, emotional experience, cognition, or even clinical symptoms (Azzalini et al.,
2019). Also, preconscious impact should not be neglected, as temporal information in relation to
interoceptive signaling play a key role for processing, perceiving and even acting. For example, it has
been shown that signals are differently processed, depending on whether they are processed in the
systolic or diastolic phase of the heartbeat, underlining the fast and preconscious processing of
interoceptive signals such as the heartbeat (Skora et al., 2022). While self-report about attending and
being aware of interoceptive signals may be useful as its own dimension, it is important to add neuronal
representation and the objectively measurable effects of guiding attention towards the interoceptive
signals on a neuronal level, which has been largely neglected so far (Petzschner et al., 2019; Suksasilp &
Garfinkel, 2022). Finally, the way interoceptive signals are interpreted, beyond just their detection, plays
a crucial role. Disorders such as anxiety and panic disorder have long been associated with this
dimension, where individuals tend to be hyperaware of bodily sensations and interpret them either as
benign or as threatening. (Ehlers, 1993). This thesis adopts this review’s recent developments in
terminology and conceptualization to dimensions and in that, also interprets findings from this but also
from previous studies accordingly. The definitions of the dimensions that will be discussed in this thesis,
are listed for in Table 1 according to Suksasilp & Garfinkel (2022). The implemented specific
measurements are further added listed as an overview, yet more detailed information will be given in
the section of Main Measures.

Table 1: Terminology of Interoceptive Dimensions and their Measurements

Dimension Definition
Measurement
Neural representation? Central nervous activity associated with interoceptive processing, including the coupling of
central activity with afferent physiological signals.?
Heartbeat evoked Neuronal response, measured via the EEG, time-locked to the R-peak
potential (HEP)
Interoceptive accuracy?! Correct and precise monitoring i.e., the correspondence between objectively measured

physiological events and individuals’ reported experience of those events, ascertained
through behavioral tests.!
Heartbeat Counting Task Shandry’s protocol of counting the perceived heartbeats in various time intervals
(HCT) (traditionally; 25s, 35s, 45s)

Heartbeat Detection Task Whitehead’s protocol of detecting whether or not the sounds were in synchrony with the
(HDT) heartbeat.

Respiratory Resistance Individual sensitivity threshold of obstruction needed for the participant to detect the
Sensitivity Task (RRST) difference between obstructed or non-obstructed breath using the RRST set up by
(Nikolova et al., 2022)

Self-report and Interoceptive ~ Measures of beliefs, both available to and beyond conscious access, concerning individuals’
Beliefs?! interoceptive sensations and experiences. Includes self-report measures, such as
questionnaires and confidence ratings, and task-based measures of (implicit) prior beliefs
thought to influence interoceptive perception.!
MAIA Self-reported total of questionnaire on Multidimensional Assessment of Interoceptive
Awareness (Mehling et al., 2018)

IAS Self-reported total scale on Interoceptive Accuracy (Murphy et al., 2020)

Interoceptive insight!? Metacognitive evaluation of experience/performance e.g., the correspondence between
accuracy during an interoceptive task, and (self-reported) perceived accuracy or
confidence during the task.!

AUC Area under the Receiver Operating Curve calculated from the confidence and accuracy
scores of performance task, trial-by-trial

Confidence rating Rating of the confidence for the performance of detecting or counting the heartbeat



(continued Table 1)
Dimension Definition
Measurement

Interoceptive attention? Observing internal bodily sensations. Includes purposefully attending to interoceptive
sensations when instructed, as well as habitual tendency to attend to interoceptive
sensations, relative to exteroceptive sensations.!

Attentional guiding; Increase of neuronal markers of HEP when guiding attention towards the heart
measured as altering HEP (Petzschner et al., 2019)

Note: This table is based on the dimensional framework proposed by Suksasilp and Garfinkel (2022)1. Only those dimensions
relevant to the present thesis are included. The specific tasks and measures applied in this project have been added under the
corresponding dimensions. Please note that this table is not intended to be comprehensive but rather serves as an overview of
the interoceptive constructs and assessment methods used in this thesis.

Current findings on Interoception in FND

While interoceptive functioning in patients with FND has started to be of researcher’s attention a decade
ago, the findings to date remain still heterogeneous. Several studies report reduced interoceptive
accuracy, typically assessed using the traditional heartbeat counting task (HCT), in various FND subtypes
(Koreki et al., 2020; Ricciardi et al., 2016, 2021; Williams et al., 2021). Additionally, lower interoceptive
self-report (Millman et al., 2023; Pick, Anderson, et al., 2020; Ricciardi et al., 2021; Williams et al., 2021)
and diminished interoceptive confidence or insight (Koreki et al., 2020; Pick, Anderson, et al., 2020) have
been observed in FND populations compared to healthy controls. However, other studies have found no
significant group differences, either in HCT performance (Demartini et al., 2016; Jungilligens et al., 2020;
Sojka et al., 2021) or in interoceptive self-report (Sojka et al., 2021; Spagnolo et al., 2025).
Neurophysiological investigations remain limited: only two studies have examined neural markers of
interoceptive processing in the context of functional/dissociative seizures, but neither included healthy
control comparisons (Elkommos et al., 2023; Flasbeck et al., 2024). Moreover, only one study has
explored interoception-specific neural networks in FND, revealing potential dysfunctions in attention-
related interoceptive processing (Spagnolo et al., 2025). An overview of existing studies, demonstrating
the findings of group comparisons, along with information on study design and population, is provided
in Table 2. The so far inconclusive findings underscore the need for more comprehensive,
multidimensional assessments of interoception within the same clinical cohort, so that more
understanding of the overall interoceptive involvement can be obtained and the different assessments
and dimensions can be discussed more meaningfully and robustly.



Table 2: Overview of Interoception Studies in with Functional Neurological Disorders

Accuracy Sensibiltiy Metacognition Neuronal Represenation Population
objective score SUPJeCtIYe rating on insight about performance neuronal act!wty / cone.nctlylty n
questionnaire (sub)scores response to interoceptive signals
Demartini et al. . N =60
(2016) 3intervals HCT n.a. n.a. n.a. (N =20 FMD vs N = 20 FS vs N = 20 HC)
Ricciardi et al. . N =33
(2016) 3intervals HCT n.a. n.a. n.a. (N'=16 FMD vs N = 17 HC)
Koreki et al no info on # of intervals HCT BPQ: subscale Awareness TPE na N=71
(2020) no info on # of intervals HDT ) AUROC o (N=41FSvs N =30HC)
int Is HCT HCT fi ti
3 iit?r\‘/ez:l\;aHSCT 55 MAIA: subscales Trusting and confidence rating na N =39
Not-distracti i i o N=19 FND vs N = 20 HC
Pick et al (2020) dissociation (via mirror gazing) ot-distracting AR ( Ve )
Jungilligens et al . N =40
(2021) 3intervals HCT n.a. n.a. n.a. (N =20 DS vs N = 20 HC)
Al ED e BPQ n.a in!c-lecg-lt:ifyn ?rZ;EiEZL:;\W'II'gJ f;:)bui;:ﬁuennd;d N =76
Sojka et al (2021) (adapted to no guessing) thalamus (N=21FSvs N=17 FMD vs N = 38 HC)
3intervals HCT N =53
Williams et al 3.|nterv.als HCT post stress EPS-25 n.a. n.a. (N=26 FND vs N=27 HC)
(2021) induction (cold pressor)
Ricciardi et al . . . N =45
(2021) 3intervals HCT BAQ HCT confidence rating n.a. (N =22 FMD vs N = 23 HC)
Millmann et al 3 intervals HCT MAIA: subscales Trusting and HCT confidence ratin na N=34
(2023) (adapted to no guessing) Not-distracting & o (N=17 FMD vs N = 17 FC)
HDT corr with cardiac modualtion, N = 62
Koreki et al 20 trials HDT n.a. n.a. cardiac modulation corr with FS (N =32 FSvs N = 30 HC)
(2023) symptom severity
Elkommos et al . N =44
(2023) n.a. n.a. n.a. F8 & C4 HEP before seizure (N = 25 FS vs N = 19 epilepsy)
Flasbeck et al . . N =20
.a. .a. .a. 2 <
(2024) n.a n.a n.a F8 & Fz: HEP baseline < HEP seizure (N = 20 FS pre vs at seizure)
. . (co)activation in right anterior insula, same Sojka 2021: N = 76
Sojka et al (2025) same Sojka 2021 same Sojka 2021 n.a. bilateral dorsal ACC, dIPFC, TPJ (N =21FSvsN=17FMD vs N = 38 HC)
PCC, precuneus, caudate nucelus and
na. MAIA na. insula for focus interoception > N =76

Spagnolo et al
(2025)

exteroception, MAIA subscale Noticing
corr with activity in right mid-insula

(N'=38 FND vs N = 38 HC)

ACC = Anterior Cingulate Cortex, adapted to no guessing = the instructions were not done as traditionally assigned by Schandry, but the participants were explicitly encouraged NOT to
guess, AUROC = Area under the Receiver Operator Curve, BAQ = Body Awareness Questionnaire, BPQ = Body Perception Questionnaire, C4 / F8 / Fz = electrode names, DLPFC =
dorsolateral Prefrontal Cortex, EPS-25 = Emotional Processing Scale, FMD = Functional Motor Disorder (motor symptom subtype of FND), FND = Functional Neurological Disorder, FS =
Functioanl Seizure (functional/dissociative seizure subtype of FND), HC = healthy controls, HCT = Heartbeat Counting, HDT = Heartbeat Discrimniation/Detection task, HEP = Heartbeat-
evoked potential, TPE = Trait Prediction Error, MAIA = Multidimenstional Assessment of Interoceptive Awareness, PCC = Posterior Cingulate Cortex, TPJ = temporal parietal junction

Abbreviations

no info on # of trials = no information on the number sof trials in the mansucript, and no repsonse by the corresponsing author

COLOR LEGEND | FND < HC

| FND = HC

| FND > HC

indirect associations




1.3. The Biological Component : Oxytocin

The neuropeptide Oxytocin (OXT) is synthesized in the magnocellular neurons of the mammalian
hypothalamus and has such broad implications for health that it has been termed “nature’s medicine”
(Carter et al., 2020). OXT has been shown to have relevant functions regarding coping with and
responding to physiological and psychological stress, and may even buffer the maladaptive response to
traumatic experience (Engel et al., 2020; Jurek & Neumann, 2018; Young Kuchenbecker et al., 2021).
With stress and trauma being central risk factors known to contribute to the pathophysiology of FND
(Apazoglou et al., 2017; Kozlowska et al., 2015; Weber, Biihler, et al., 2022), OXT already emerges as a
crucial hormone to be investigated as a candidate to explore a biological risk factor or a biomarker. Yet,
OXT is also discussed to be involved in the homeostatic control and interoceptive processing (Onaka &
Takayanagi, 2019; J. A. Smith et al., 2022; Takayanagi & Onaka, 2022).

Oxytocin as a Modulator of Interoceptive Salience

OXT has been tested to be a biological modulator of interoceptive salience, and has been shown to
facilitate interoceptive processing at both behavioral and neural levels (Zhou et al., 2024). Here, double-
blindly, placebo-controlled intranasal administration of OXT to healthy male participants would show
increased accuracy, assessed using the traditional HCT, while also demonstrating larger HEP amplitudes
in central and frontocentral regions (Zhou et al., 2024). According to Quattrocki and Friston (2014), OXT
may regulate the precision weighting of interoceptive signals within the predictive coding framework,
shaping generative models of the embodied self. Further experimental findings support this role:
intranasal OXT has been shown to enhance attentional flexibility (Betka et al., 2018), facilitate switching
towards salient signals (Yao et al., 2018), improve the encoding of prediction errors (Martins et al., 2022),
and modulate amygdala reactivity based on threat certainty and individual anxiety levels (Xin et al.,
2020). These OXT-induced changes would align with the Bayesian account of FND, suggesting that
impaired modulation of signal salience—potentially mediated by OXT—may contribute to dysfunctional
inference processes in symptom generation. However, no studies to date have systematically
investigated endogenous OXT levels or the genetic and epigenetic architecture of the oxytocinergic
system in individuals with FND. Preliminary work by our research group has identified increased
methylation of the OXT receptor gene (OXTR) promoter region in a small sample of FND patients
(Apazoglou et al., 2018), and ongoing investigations now suggest that a specific single nucleotide
polymorphism (SNP) of OXTR may be associated with FND diagnosis, with the A allele of SNP rs53576
emerging as a potential genetic risk factor (Weber et al., 2025).

Oxytocin and Developmental Risk Pathways

As previously discussed in the context of interoceptive predictive coding, high precision thresholds for
interoceptive signals may develop within cortical hierarchies within early life experiences (Ainley et al.,
2016; Quattrocki & Friston, 2014). During this period, interoception is effectively "outsourced," as infants
rely on caregivers to accurately interpret and respond to their bodily needs. The quality of this early
caregiving is associated with OXT, which has been linked to the perception of received care in childhood
(Mizuki & Fujiwara, 2021; Suzuki et al., 2020). These findings suggest the existence of a sensitive
developmental window in which the salience and processing of interoceptive signals can be shaped
(Oldroyd et al., 2019). Notably, studies have shown that childhood adversity, including maltreatment and
insecure attachment, is associated with altered OXT signaling, such as increased methylation or reduced
expression of the OXTR (Fujisawa et al., 2019; Krause et al., 2018). Insecurely attached individuals may
even show increased attachment security following OXT administration (Buchheim et al., 2009),
suggesting a modulatory role of OXT in experience and sensory processing.



Conclusively, before testing the direct role of OXT in interoceptive processing in FND, a solid groundwork
for both the interoceptive and the oxytocinergic system is needed in FND. This requires a comprehensive
exploration of the oxytocinergic system, encompassing genetic and epigenetic markers, peripheral OXT
levels, and their associations with both clinical symptoms and neural correlates of interoception.

1.4. Hypothesis and Aim of the Thesis

The hypothesized model that forms the conceptual basis of this thesis is illustrated in Figure 3. The
model proposes that a biological vulnerability in the oxytocinergic system—whether peripheral, genetic,
or epigenetic—interacts with a psycho-social experience of high intensity (e.g., physical or emotional
trauma, neglect, injury, infection). Childhood trauma can be considered as such a typical experience of
high intensity. Especially as in early childhood interoception is outsourced, which makes this phase in
particularly sensitive for adaptive learnings. The learned consequence may be that interoceptive signals
need to exceed a high threshold of precision (i.e., high intensity for high precision, or low uncertainty
from low noise) to be integrated and to enable the update of priors. In the case of noisy, uncertain
signals or a constant hyperarousal, priors cannot be updated, and prediction errors might be solved via
active inference. Over time, this altered processing and maladaptive active inference could promote
symptom formation characteristic of FND. This mechanism aligns with predictive coding models
discussed in theory before (Edwards et al.,, 2012; Fiorio et al., 2022; Stone et al., 2024), but now
specifically ties it to the interoceptive modality and a biological vulnerability of the oxytocinergic system.
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Figure 3: lllustration of the hypothesized model underlying this PhD thesis. The biological vulnerability in the oxytocinergic
system interacts with earlier experiences of high intensity (for example in childhood) and with that shape interoceptive
processing. Note, that while here the illustration shows childhood trauma (e.g., physical or emotional abuse), the model should
not be limited to trauma or to early life alone; similar effects may also result from intense arousal or physical injury at later
stages. The learned consequences from such high-intensity experiences may alter perceptual thresholds within a predictive
coding framework according to the Bayesian Brain hypothesis, potentially contributing to symptom formation in Functional
Neurological Disorder (FND) via maladaptive active inferences. The biological vulnerability including its association to early life
experience and the clinical manifestation, including both interoceptive and symptom-related assessment will be empirically
investigated in this thesis. The illustration of the Bayesian brain as learned consequences represent the theoretical framework
linking them. lllustration created in https.//BioRender.com.
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Aims of this thesis

In Part | and Il, the aim was to establish a biological vulnerability marker by assessing the oxytocinergic
system in order to later test its involvement in the dysfunctional interoceptive system (investigating the
component of Biological Vulnerability illustrated in Figure 3). Genetic, epigenetic, and peripheral
measurements were considered in Part . In Part ll, the same but extended cohort was tested to confirm
the identified genetic vulnerability in the larger dataset and thus explore the biological vulnerability
through genetic association. Part V served as a validation study for the peripheral assessment of OXT in
saliva to ensure the correct interpretation of the results in Part 1. We hypothesized that patients with
FND would show lower levels of OXT in their periphery (i.e., salivary measures), which would interact
further with the genetic and epigenetic availability of its receptor, the OXTR (i.e., genetic allelic
distribution and methylation rates). We also hypothesized that oxytocinergic variables would correlate
with risk factors such as the experience of childhood trauma, or structural and functional brain
alterations in the regions of interest (e.g. insula, amygdala).

Addressing the discussed lack of research committed to measuring interoception across multiple
dimensions in a large and mixed FND population, Part Il and IV of this PhD project aimed to assess
interoception more comprehensively (investigating the component of Clinical Manifestation illustrated
in Figure 3). Specifically, in Part lll, cardiac interoception was evaluated using both the traditional and
an adapted HCT, interoceptive self-report measures, and metacognitive assessments. Additionally, the
project examined neural representations through EEG by analyzing HEPs and manipulated attentional
focus toward the heartbeat. Recognizing the limitations of focusing solely on cardiac interoception, Part
IV extended this investigation to the respiratory domain using a novel and reliable task designed to
assess respiratory sensitivity, metacognition, and to model the accumulation of evidence before
reaching a decision. We hypothesized that patients with FND would show lower interoceptive processing
in all these dimensions, which would be measured as lower accuracy scores in the cardiac behavioral
task, lower sensitivity in the respiratory task, lower neuronal representation of interoceptive processing
in the brain (as indexed by a reduced HEP measure), lower insight in the respiratory task, faster decision
taking with less sensory evidence accumulation, more difficulty focusing on the interoceptive signal, and
less pronounced difference between attention towards interoceptive and exteroceptive signal in the
HEP. Furthermore, lower interoceptive scores would be correlated with higher symptom severity or self-
reported dissociation scores.

In conclusion, this thesis aims to advance understanding of interoceptive and oxytocinergic involvement
in the pathophysiology of FND. Part | and Il was tested in a different population, from a previous study
visit that assessed biomarkers for a stress-diathesis model of FND, while Part Ill and IV was conducted
in another population, within the same interoceptive study. Finally, Part V was conducted as a quality
control study concerning the oxytocinergic system and was measured in cows. A summary of the study
aims, assessment variables, and hypotheses is provided in Table 3.

Table 3: Aims, Assessment Variables and Hypothesis of the PhD Thesis

Aim Variables assessed for a Group Hypothesis
Differences
Part] | Toassess the e Peripheral Oxytocin in Saliva i. Patients with FND show lower levels of OXT
oxytocinergic system | o Genetic profile of OXTR ii. OXTR allelic distribution and availability
(OXT & OXTR) as a e Epigenetic profile of OXTR (through methylation) is modulated
biologica! .ma‘rker of methylation iii. Oxytocinergic markers correlate with
vulnerability in FND e Childhood trauma questionnaire childhood trauma experience
(cTQ)
Part 1l | To confirm the e Genetic profile of rs53576 at i.  Patients with FND show higher odds ratio
genetic vulnerability OXTR for the A allele in OXTR
of the OXTR in the e Sex specific analysis in ii. The A allele is associated with structural
full sample association of genetic brain changes around the amygdala, insula
contribution to structural brain and hippocampus
alteration iii. This association might be sex specific
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Aim

Variables assessed for a Group
Differences

Hypothesis

Part To investigate

m interoception across
multiple dimensions
as an aberrant
sensory system

Cardiac Accuracy (HCT)
Self-report (IAS and MAIA)
Neuronal markers (HEP)
Attentional changes of neuronal
markers (focused HEP)

Patients with FND show lower interoceptive
performance (accuracy, self-report)
Patients with FND show reduced
interoceptive processing, i.e., a lower HEP
Attentional focus towards the heart would
not lead to a rise in HEP in patients, as it
does in HCs

Part To investigate

v respiratory
sensitivity as a newly
assessed
interoceptive domain

Respiratory Sensitivity (RRST)
Metacognition (RRST)
Response Time and Sensory
Accumulation (RRST)
Self-report (IAS and MAIA)

Patients with FND show lower interoceptive
performance (sensitivity and metacognition)
Patients show altered way of information
processing (faster evidence accumulation)
Correlation of interoceptive measurements
with clinical symptoms (symptom severity,
SDQ-20)

PartV | To validate the Blood and saliva samples of i. Both measurement of OXT in saliva and in
measurement of cows in response to milking and plasma mirror the change in OXT in response
Oxytocin in Saliva OXT injections to milking and OXT injections
1.5. Main Measures

Following sections will be used to introduce the measures and methods applied in more detail.

1.5.1. Peripheral Oxytocin (OXT)

Oxytocin (OXT) is a neuropeptide released in and acting as a neuromodulator in the brain. When
released into the bloodstream, it acts as a hormone in various regions on the body. Due to the complex
interactions, its ability to change chemical forms and bind to other molecules or receptors in the bodily
system, as well as its context dependency, OXT is difficult to work with and measure precisely (Carter et
al., 2020). Especially source of extraction should be considered before measuring and comparing results,
as OXT from different sources (i.e., plasma vs. saliva) may not reflect the same physiological processes.
To test OXT’s diverse roles across bodily systems (i.e., brain vs breast cells), Part V aimed to validate OXT
measurements in both plasma and saliva and in response to endogenous vs. exogenous increase of OXT.
For that purpose, dairy cows were injected with OXT, or underwent machine milking and their peripheral
OXT was measured in both plasma and saliva in specific temporal windows.

To understand the mechanisms and meaning behind the peripheral measurements in different
extraction fluids (e.g. plasma vs saliva), we can also turn to the oxytocinergic system. Magnocellular
neurons, where OXT is synthesized, also have axons and/or dendrites located near cerebrospinal fluid
(CSF)-containing cells. This proximity suggests that OXT neurons may function as biochemical sensors or
directly release OXT into the CSF (Jurek & Neumann, 2018). CSF levels of OXT correlate more strongly
with salivary OXT than with plasma, suggesting differential mechanisms for OXT entry into these systems
and transport to specific organs (Martin et al., 2018; Martins, Gabay, et al., 2020; McCullough et al.,
2013). As this project focuses on the neuronal effects of OXT (i.e., on the brain’s sensory processing),
and not peripheral hormonal functions (e.g., lactation), OXT was measured in saliva using a simple cotton
swab protocol, pooling two salivettes to ensure sufficient volume (Part I).

1.5.2. Oxytocin Receptor Gene (OXTR)

For OXT to exert effects, it must bind to its receptor, which is encoded by the oxytocin receptor gene
(OXTR). The OXTR gene encodes a G-protein-coupled receptor and contains various transcription factor
binding sites important for regulating its expression. In the intron region of the OXTR gene is a well-
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studied single-nucleotide-polymorphism (SNP), rs53576, which has been explored in clinical populations
for its potential involvement in pathophysiology (R. Feldman et al., 2016). SNPs are common and simple
DNA variations that contribute to individual diversity and may serve as risk factors in complex
pathophysiological processes (Shastry, 2009).

For rs53576, the AA, AG, and GG allelic variants appear to influence receptor efficiency and OXT
signaling, with potential relevance to information processing. In addition to genetic variation, expression
is also regulated epigenetically, specifically via DNA methylation inhibiting gene transcription (R.
Feldman et al., 2016). Here, preliminary findings suggest already increased methylation of the OXTR
promotor region in FND (Apazoglou et al., 2018), and early - but insignificant - results of a negative
association on plasma OXT when having experienced to childhood trauma (Ornek et al., 2021). This study
investigated salivary OXT in an FND population for the first time, in conjunction with genetic and
epigenetic modifications (Part I). As not all participants were able to provide enough saliva to be
included in the salivary OXT analysis, some participants had to be excluded from this study.
Consequently, Part Il investigates the genetic frequency in the entire population and further tests the
genetic vulnerability at the OXTR along with sex and structural changes that are associated with FND.

1.5.3. Functional and Structural Alterations of the Amygdala

The amygdala was selected as a primary region of interest due to its central role in and both stress-
related and oxytocinergic signaling processing. Structural and functional alterations in the amygdala
have been repeatedly observed in patients with FND, including changes in volume and connectivity
patterns, partly related to dysfunctional stress regulation (Aybek et al., 2014; Demartini et al., 2021;
Nasrullah et al., 2023; Weber et al., 2023). OXT has been shown to modulate amygdala activity and
connectivity in a context-dependent manner (Lancaster et al., 2018; Xin et al.,, 2020). Given this
background, we examined the relationship between salivary OXT levels and amygdalar structure and
functional connectivity in FND. Structural MRl was used to assess amygdalar volume, in addition to
computing resting-state functional connectivity (FC) using the amygdala as a seed region to explore its
interaction with other brain areas, particularly those within the salience and default mode networks
(Part 1). This approach aimed to clarify whether the established amygdalar alterations in FND might be
influenced by the oxytocinergic system, which would then offer new avenues to assess treatment
options. Further, for Part Il also the insula and hippocampus were selected as regions of interest, in
addition to the aymgdala, to test further the genetic vulnerability associated with FND in terms of
structural alteration, and see whether there si a sex-specific effect.

1.5.4. Cardiac Interoceptive Accuracy: Heartbeat Counting Task (HCT)

Since Schandry’s introduction of the HCT, it has been widely used as a method to assess interoceptive
accuracy in an easy and fast way (Schandry, 1981). Over a broad population of psychiatric and
neurological patients, patients seem to register lower accuracy and often reduced confidence,
compared to HCs (Critchley et al., 2023). Unfortunately, the validity of the HCT been largely criticized for
the scores being contaminated by heart rate itself (Zamariola et al., 2018), or cognitive processes such
as informed guessing (Desmedt et al., 2023). While the original instruction of Schandry supported
participants in making informed guesses, adapted instructions were applied to motivate participants to
avoid informed guessing and only count the heartbeats they actually perceive, yielding more reliable
results of actual interoceptive accuracy (Desmedt et al., 2020; in FND research: Millman et al., 2023;
Sojka et al., 2021).

A recent adaptation further included the addition of an arousal condition, implemented by instructing
the participants to hold their breath for as long as they could tolerate. A recent study has before
implemented that same arousal condition on a heartbeat tapping task, and found no change in accuracy
for a variety of psychiatric patients, while the healthy control group would increase accuracy during
arousal (Smith et al., 2020). As sympathetic arousal is generally apparent in patients with FND, this
arousal condition was added to our study design of measuring interoceptive accuracy via the HCT, in line
with the majority of previous FND research on interoception.
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While acknowledging the limitations associated with HCT, building upon previous findings — which
remain too heterogenous for a conclusive statement — seems of key relevance, especially when
measuring other dimensions in the same population. Individual ratings on confidence, difficulty, and
intensity of the perceived heartbeat were further collected as a control (Part 111).

1.5.5. Respiratory Interoceptive Accuracy: Respiratory Resistance Sensitivity Task (RRST)

While most clinical studies on interoception have concentrated on the cardiac domain, only a limited
number have extended their focus to other modalities (Jenkinson et al., 2024). Among these, the
respiratory domain has emerged as a particularly promising avenue for assessing interoceptive
processes, due to its amenability to controlled manipulation and its compatibility with psychophysical
and signal detection approaches (Garfinkel, Manassei, et al., 2016; Harver et al., 1993; Nikolova et al.,
2022). Nikolova et al., (2022) introduced an innovative, low-cost, and customizable tool for studying
respiratory interoception. The device can be assembled using 3D-printed components with basic
technical knowledge and implements an adaptive algorithm to calibrate task difficulty and generate
participant-specific psychometric functions. The task also allows to extract variables, such as the alpha
parameter, reflecting an individual’s perceptual threshold (i.e., point of subjective equality), while the
beta parameter indicates perceptual precision, i.e., the degree of certainty for taking decisions (Part 1V).
Moreover, the task yields trial-by-trial data on response times and accuracy, enabling the application of
drift diffusion modeling. This approach allows researchers to go beyond surface-level measures like
accuracy and response time, offering deeper insight into the mechanisms driving perceptual decisions,
such as the efficiency of evidence accumulation or individual differences in response caution. Even
though this is not directly discussed and listed as one of the dimensions in the current model of the
multi-dimensional framework (Suksasilp & Garfinkel, 2022), these measures provide a more nuanced
understanding of how decision-making strategies may differ between groups. Assessing differences in
interoceptive information accumulation seems in particular relevant for FND, as recent evidence on
exteroceptive modalities have suggested altered information processing and a jumping-to-conclusion
bias (Pareés, Kassavetis, et al., 2012; Ranford et al., 2020; Sadnicka et al., 2020).

This task was first validated in a healthy population and, within the scope of the present PhD project,
applied for the first time to patients with FND to explore alterations in respiratory interoceptive
processing (Part 1V).

1.5.6. Interoceptive Insight or Metacognition

Interoceptive insight or metacognition is typically assessed through self-reported confidence in task-
specific performance. This can be done by assessing the areas under the receiver operating characteristic
curve (AUROC). The AUROC is a non-parametric measure that quantifies how well the confidence ratings
can discriminate correct vs incorrect responses trial-by-trial. This thus yields a score that is independent
of actual performance and indicates how well subjective confidence aligns with interoceptive accuracy,
i.e., how well a person can internally monitor their performance (Garfinkel et al., 2015).

The Trait Prediction Error (TPE) has been used as a similar concept, yet it is less validated. Arguably, the
TPE should mirror interoceptive beliefs, quantified as the mismatch between objectively measured
interoceptive ability and an individual’s subjective report of that ability. Yet, the TPE, as opposed to
metacognition, represents the discrepancy of performance to the overall self-reported trait, regardless
of the exact task, making it arguably less specific due to the lack of moment-to-moment assessment of
metacognitive confidence ratings. Moreover, the TPE is not only dependent on the exact task, but
crucially also on the questionnaire used to measure interoceptive self-report — unlike the traditional
insight score via confidence of task performance and operationalized via the area under the curve. As
there are numerous concerns about the use of the TPE (Gabriele et al., 2022), we only used the
metacognition score derived from the AUROC of the respiratory task (Part 1V).
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1.5.7. Electroencephalogram (EEG)

The EEG is a non-invasive imaging technique that records the electrical activity generated by firing
neurons, measuring the summed electrical activity at the scalps surface in great temporal resolution.
After the discovering that the brain forms electrical currents in its communication, the EEG has been
used to measure large pyramidal neurons that fire together (mainly parallel to the cerebral cortex) using
metal electrodes and a conductive media on the head of the participant (Teplan, 2002).

Such EEG signals can be analyzed as event related potentials (ERPs), where a stimulus is used to epoch
the data time-locked to this reoccurring event. This enables the measurement of neuronal activity in
response to a repetitive sensory or cognitive stimulus, and, through a large number of repetitions, the
remaining noise will be cancelled out, leaving only the stimulus-specific processing (Sur & Sinha, 2009).
Individual traces can thus be looked at, by regionally focusing on one or a group of electrodes. Yet,
incorporating the physical underpinnings of the electrical signal, the software RAGU can also be used to
analyze not only local changes, but look at the neuronal activity in response to a stimulus more globally:
The global activity strength can be measured as Global Field Power (GFP), and the differential
topographies (i.e., altered neuronal networks) can be detected via the topographical ANOVA (tANOVA)
(Koenig et al., 2011). If such topographical differences need to be reduced to one value, to further
calculate correlations for example, the Global Map Dissimilarity (GMD) can be extracted for specific time
windows, similar to the extraction of the overall GFP (Delorme & Makeig, 2004).

Finally, by the nature of the derived EEG signal, spatial resolution is not equally good as with other
neuroimaging techniques, such as magnetic resonance imaging (MRI). In fact, many EEG signals
measured at the scalp can be a product of a variety of source origins and are thus labelled the inverse
problem. Yet, the software of SLORTEA allows researchers to estimate the source most likely to generate
a given topography by applying the inverse solution (Pascual-Marqui et al., 2002). Hence, even with EEG,
we can derive different brain sources that are either activated or deactivated, leading to a specific
topography (Part 1lI).

1.5.8. Heartbeat Evoked Potentials (HEP)

The heartbeat could be considered as a stimulus, and thus the ERP of the heartbeat can be measured
reliably over a time span of continuous EEG measurement. Thus, the EEG signal will be recorded time-
locked to the electrocardiography (ECG), allowing the measurement what then is called the heartbeat
evoked potential (HEP). The first description of going from the heart-to-the brain signal occurred some
time ago (Schandry et al.,, 1986) and has since been explored in relation neuronal substrates and
interoceptive pathways (Critchley & Harrison, 2013).

While the exact pathway from the heart to the brain is still not fully understood, the HEP has been
acknowledged as a reliable and useful method to assessing interoception at the brain level (Coll et al.,
2021; H.-D. Park & Blanke, 2019). For individuals with higher interoceptive accuracy, a higher HEP
amplitude has been observed (Pollatos & Schandry, 2004), with within-person increases after cardiac
awareness training (Schandry & Weitkunat, 1990), or following attentional focus toward the heart
(Petzschner et al., 2019).

For FND, only two studies have investigating HEP as a neuronal marker of interoception. Both focused
on the subtype of functional/dissociate seizures and neglected the more frequent sensory or motor
subtypes. While they identified lower HEP amplitude just prior to, (Elkommos et al., 2023), or during a
functional/dissociative seizure (Flasbeck et al., 2024), no evidence has been collected for altered HEP as
a trait marker for FND, independent of momentary symptom expression or subtype. As altered
attentional networks are another key component involved in FND pathophysiology (Drane et al., 2021),
HEP measurement in this study included conditions of attention toward the heartbeat to assess
attentional modulation of the HEP, as previously reported in healthy volunteers (Part IV).
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2.1. Abstract

Individuals diagnosed with functional neurological disorder experience abnormal movement, gait,
sensory processing or functional seizures, for which research into the pathophysiology identified
psychosocial contributing factors as well as promising biomarkers. Recent pilot studies suggested that
(epi-)genetic variants may act as vulnerability factor, for example on the oxytocin pathway.

This study set out to explore endogenous oxytocin hormone levels in saliva in in a cohort of 59 functional
neurological disorder patients and 65 healthy controls comparable in sex and age. First, we examined
the association between salivary oxytocin levels with the genetic allelic variant (rs53576) of the oxytocin
receptor gene (OXTR), its epigenetic changes indicated by methylation rates and clinical variables —
including childhood trauma. Second, due to previous reported effects of oxytocin changing the volume
and functional connectivity of the amygdala, as well as the known involvement of the amygdala in the
pathophysiology of functional neurological disorders, we further looked at both structural and
functional imaging of the amygdala.

While patients did not significantly differ from healthy controls in their peripheral oxytocin levels, there
was a specific interaction of OXTR methylation and peripheral oxytocin dependent on group: Higher
methylation rates correlated with higher salivary oxytocin in patients only, while this was not the case
in healthy controls (F(1,109) = 8.92, P = 0.003, d = 0.541). Moreover, patients with the AA-genotype
(minor allele) of the rs53576 genetic variant of the OXTR gene presented with higher OXTR methylation
levels (F(2,106) = 10.25, P < 0.0001, d = 0.58). Lastly, amygdalar connectivity to the hippocampus, the
posterior cingulate cortex, the inferior parietal cortex, and the inferior temporal cortex; as well as
smaller amygdalar volume were correlated to peripheral oxytocin levels in patients only (F(2,38) =5.36,
P =0.025, d =0.431), but not in healthy controls. No significant interactions with childhood trauma were
identified.

Our study revealed a significant interplay between peripheral oxytocin and OXTR methylation in patients
only, potentially influenced by genotype. One could hypothesize that higher peripheral oxytocin denotes
a compensatory mechanism for the increased methylation of the oxytocin receptor, which might affect
amygdalar functional connectivity. These findings help to further understand underlying
pathophysiological mechanisms, considering oxytocin’s involvement in functional patients and could
offer a potential site of treatment for future studies.

2.2. Introduction

The pathophysiology underlying functional neurological disorder (FND) has been extensively studied
(Aybek & Perez, 2022). Contributing factors such as exposure to psychosocial stressors are of relevance
(Ludwig et al., 2018) and some biomarkers were recently identified though neuroimaging: State markers
such as a reduced resting brain metabolism in frontal regions (Conejero et al., 2022) or trait markers
such as reduced amygdalar and hippocampal volumes may play a role in FND (Weber et al., 2023). How
these contributing factors and brain changes are interrelated is still unknown and a promising new area
of research in FND is looking at the potential role of genetic and epigenetic changes (Asadi-Pooya &
Sperling, 2015; Spagnolo et al., 2020). Preliminary results identified increased oxytocin receptor gene
(OXTR) methylation in a small cohort of patients with FND (Apazoglou et al., 2018), suggesting a potential
involvement of the oxytocinergic system in the pathophysiology of FND. Indeed, the hormone oxytocin
(OXT) plays an important role in many physical and psychological health-related processes in humans,
including autonomic, emotional and behavioral changes (Carter et al., 2020). Current hypothesis
postulate that OXT has an inhibitory effect on the corticotrophin-releasing factor (CRF) gene expression
and may therefore help to prevent chronic manifestation of stress-symptoms (Carter et al., 2020; Jurek
& Neumann, 2018) which is of high interest in stress-related neuropsychiatric disorders such as FND
(Quintana et al., 2013).
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Endogenous OXT is released from the posterior pituitary and might buffer the stress-response by
decreasing activity in the hypothalamus-pituitary-adrenal (HPA) axis (Jurek & Neumann, 2018). Previous
studies showed that salivary OXT levels not only correlated with parasympathetic activity (as measured
using heart rate variability) (Martins, Davies, et al., 2020; Qoishi et al., 2017), but also exerted a
regulatory effect on the HPA axis (Li et al., 2017; Lindholm et al., 2020), through neuroimmunological
processes (Danese & Baldwin, 2017; Engel et al., 2020). While OXT’s involvement has been discussed in
disorders such as anxiety, borderline personality, schizophrenia and autism spectrum disorder (Cochran
et al., 2013; Hurlemann & Grinevich, 2018), only one study looked at the correlation of peripheral levels
in OXT and clinical variables of FND. They discussed the interaction of lower blood OXT being associated
with a history of childhood trauma in patients with FND (Ornek et al., 2021). Having endured an early
life threat exposure appears to contribute to general psychopathology, particularly in subjects carrying
the A allele of the rs53576 single nucleotide polymorphism (SNP) of the OXTR gene (Byrd et al., 2021;
Cataldo et al., 2018a). Other studies support the finding that being carrier of this allele can contribute
to depressive symptomatology (Cataldo et al., 2018a; Chagnon et al., 2015; Saphire-Bernstein et al.,
2011b; Thompson et al., 2014; J. Wang et al., 2020), or increased vulnerability in the context of stress
(Bahiji et al., 2021a).

Further, epigenetic fine-tuning of the OXTR is important as the effect of endogenous OXT depends on
the OXTR methylation levels (Carter et al., 2020). In other words, in order for OXT to bind to its receptor,
the oxytocin receptor gene OXTR must be expressed, whereas higher methylation rates can lead to a
reduced expression (Dadds et al., 2014; Danoff et al., 2021; Kusui et al., 2001). OXTR expression was
found to be upregulated (i.e., increased expression rates) in A-allele carriers, as well as survivors of
childhood abuse, indicating a genetic but also psychosocial involvement in the regulation of OXTR
(Almeida et al., 2022).

On the other hand, methylation levels were also found to be higher in children exposed to maltreatment,
and correlated with smaller orbitofrontal cortex (OFC) volumes (Fujisawa et al., 2019). A systematic
review focusing on the contribution of OXTR methylation to psychopathologies, showed evidence that
indeed higher rates of methylation are linked to abnormal social behaviours while only two studies
looked also at the correlation between OXTR methylation and peripheral OXT levels (Dadds et al., 2014;
Rubin et al., 2016a). So far, a negative correlation between peripheral (blood-derived) levels of OXT and
OXTR methylation rates was found in adolescents which interacted with their callus-unemotional traits
(Dadds et al., 2014). Further, the correlation of OXTR methylation and peripheral (blood-derived) OXT
levels where found to be negative for males, while a positive correlation was found for female psychotic
patients (Rubin et al.,, 2016a). Additional sex-specific association of OXTR methylation show that
female’s higher OXTR methylation levels were correlated with higher early life adversity (Gouin et al.,
2017a).

On a neurobiological level, peripheral OXT in plasma seems to correlate with the right amygdala both
structurally and functionally, as higher endogenous levels were associated with reduced central or
lateral amygdalar volume (Andari et al., 2014; Lancaster et al., 2018) and reduced activation following
aversive stimuli (Lancaster et al., 2018). Animal studies confirmed that the central amygdala is rich in
OXT receptors and may be selectively affected by changes in the oxytocin system (Veinante & Freund-
Mercier, 1997) and that OXT receptors in the central amygdala modulate the fear response (Andari et
al., 2014; Huber et al., 2005a). This is remarkable as more nuanced brain imaging studies in females with
functional seizures have shown a reduced volume of right lateral amygdala, but an enlarged volume of
the right central amygdala compared to controls (Nasrullah et al., 2023). Also, peripheral levels of
salivary OXT correlated with low interregional functional coupling between the amygdala and
hippocampus (Alaerts et al., 2019), while enhanced strength of amygdala-hippocampal functional
connectivity has been associated with emotional abuse (Fan et al., 2015). The activity and reactivity of
the amygdala seems highly dependent on OXT, especially considering context and valence (Grace et al.,
2018a; Kirsch et al., 2005; D. Wang et al., 2017; Xin et al., 2020).
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Studying the contribution of OXT as an endogenous hormone, along with its genetic and epigenetic
contribution to a stress-related disorder like FND is highly relevant (Perez et al., 2021), even though
genetic and epigenetic studies require large cohorts (Hong & Park, 2012). Thus, in this study we aimed
to look at the peripheral levels of salivary OXT, taking into account the genotype variant at rs53576 SNP
of the OXTR gene, the oxytocin receptor’s methylation rates, and neuroimaging data (both structural
and resting-state functional connectivity) in a well characterized population of patients with mixed FND
symptoms compared to healthy controls (HC).

We hypothesized that patients with FND would show lower levels of salivary OXT and higher OXTR
methylation interacting with the occurrence of childhood trauma. Further, we hypothesized that
peripheral, epigenetic and genetic markers of the oxytocin system would correlate negatively with
amygdalar volume and connectivity.

2.3. Methods

Participants

The study was carried out at the University Hospital Inselspital Bern, Switzerland. For the exact study
design and procedure on the assessment of demographic, and clinical characteristics, we kindly refer
the reader to our previous work (Weber et al., 2023; Weber, Biihler, et al., 2024). Genetic data of the
same cohort has previously been published elsewhere (Weber, Rey Alvarez, et al., 2024). The study was
approved by the local Ethics Committee of the Canton Bern (SNCTP000002289) and conducted
according to the Declaration of Helsinki. Written informed consent was provided by all subjects. All
participants underwent a magnetic resonance imaging (MRI) scan, provided blood and saliva samples,
and completed questionnaires on depression (Beck’s Depression Inventory [BDI (Beck et al., 1961)]),
state and trait anxiety (State-Trait Anxiety Inventory [STAI(Spielberger et al., 1970)]), and childhood
trauma (Childhood Trauma Questionnaire [CTQ(Bernstein et al., 2003a)]).

To determine the sample size of required participants to obtain results that we can reliably interpret in
its significance, we conducted two independent sample size calculations based on previous findings in
FND. For our main outcome, the peripheral levels of OXT mediated through experience of childhood
trauma, we based our sample size calculation on the results of Ornek et al. (Nchiighood rrauma ves = 14, Nehitdhood
rama no = 13, effect size = 0.682) (Ornek et al., 2021).This indicated a required sample size of N =96, i.e.,
48 per group, when using an alpha error score of 0.05, and a power set at 0.95 in an independent t-test.
For the secondary variable of interest, the methylation rates of OXTR, we based our calculation on
preliminary results from Apazoglou et al. (Nep = 16, Nuc = 15, effect size = 0.98), in which overall
methylation rates (the sum of the two sites) were used (Apazoglou et al., 2018). This indicated a required
sample size of N = 48, split in two groups, when using an alpha error score of 0.05, and power set at 0.95
in an independent t-test.

Salivary Oxytocin

Salivary OXT measurements are physiologically validated (Bernstein et al., 2003a) even though the
precise mechanisms behind OXT entering peripheral saliva have not been entirely understood.
Nonetheless, saliva presents arguably the easiest and most reliable measurement option, even without
extraction of potentially interfering molecules (MacLean et al., 2018, 2019) as compared to plasma,
there is high protein interference (Leng & Sabatier, 2016) as well as high dependency on the exact
methods (MacLean et al., 2018). Moreover, salivary OXT levels correlate better with central OXT in the
cerebrospinal fluid, compared to plasma measurements, thus it probably mirrors more likely the OXT
active in the brain (Martin et al., 2018; Martins, Gabay, et al., 2020; McCullough et al., 2013). To account
for some of the potential timely variance, and to provide sufficient saliva volume per subject, saliva
samples were collected from each participant before entering the MRI scanner as well as after
completion of the MRI scan. Salivette collection devices (Sarstedt, Germany) were used and the two
samples per subject were pooled before analysis. Salivary OXT was measured using an ultra-sensitive
ELISA by Enzo Life Sciences, with a sensitivity of 15pg/mL OXT (https://www.enzolifesciences.com/ADI-
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https://www.enzolifesciences.com/ADI-901-153A/oxytocin-elisa-kit/

901-153A/oxytocin-elisa-kit/), which is one of the most commonly used assay kit for saliva when looking
at OXT related studies in a recent the meta-analysis (Engel, Laufer, et al., 2019). Before measuring
individual patient samples, the ELISA kit was validated using pooled saliva samples spiked prior to the
extraction steps, with oxytocin standards to achieve concentrations of 10, 20, 50, and 100 pg/ml, in
addition to the concentration in the native pool. Recovery ranged from 110 to 120%, as predicted for
saliva samples in the kit manual. Because native concentrations were very low and often below the
detection limit, we performed a 4-fold up-concentration by using 1ml of saliva for the extraction to be
reconstituted in 250ul of buffer.

DNA samples

15ml whole-blood using two 7.5ml EDTA S-Monovette tubes (Sarstedt, Nimbrecht, Germany) was
withdrawn from each participant, and frozen at -20°C. DNA was extracted according to the
manufacturer’s protocol using the QlAmp DNA Blood kit (Qiagen, Hilden, Germany). In each sample,
DNA concentration was quantified using Quant-it dsDNA Broad-Range Assay Kit (Invitrogen, Thermo
Fisher Scientific, Massachusetts, United States) according to the manufacturer’s protocol, and further
normalized to 60ul with a double-stranded DNA concentration of 20ng/ul. Genotyping and methylation
analysis were conducted at the Spanish National Center for Genotyping (CeGEN, Santiago de
Compostela, Spain).

Selection of regions and primer design

CpG islands of the oxytocin receptor (OXTR) genes were selected based on previous findings in patients
with FND, in which increased methylation was identified compared to HC (Apazoglou et al., 2018).
Furthermore, all participants were genotyped for the rs53576 SNP of the OXTR gene. The assay design
for the methylation analysis was created using EpiDesigner software (https://www.epidesigner.com/).
Specificity of the design was tested using an in silico assay prediction performed in R statistical software
(MassArray package), and primer design was tested using Primer Design and Search Tool available at
http://bisearch.enzim.hu/.

Genotyping analysis

DNA samples were genotyped using iPLEX Assay (Oeth et al., 2005) followed by mass spectrometry
analysis using the MassARRAY System (Agena Bioscience, San Diego, California). The analysis included
the following steps 1) PCR amplification, 2) Shrimp Alkaline Phosphatase (SAP) treatment to remove
unincorporated nucleotides, and 3) single base extension (SBE) to create nucleotide-mass specific
products. Processed samples were then dispensed on a 384-element SpectroCHIP bioarray and further
analysed using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) technique within
the MassARRAY Workstation. The genotyping (rs53576 of OXTR gene) reactions were performed using
the following primers: F: TGGAAAGGAAAGGTGTACGG; R: GTAGAATGAGCTTCCCAGCC; SBE primer:
TTTCTGTGGGACTGAGGA. The forward and reverse primer sequences contained all the following
preceding TAG sequence ACGTTGGATG. Primers were designed using the MassARRAY Assay Design
Software.

Methylation analysis

Quantitative DNA methylation analysis was performed using EpiTYPER (Ehrich & von den Boom, 2005)
within the MassARRAY System, including bisulfite treatment (EZ-96 DNA Methylation MagPrep kit, Zymo
Research) which converts non-methylated Cytosine (C) into Uracil (U), and a subsequent PCR
amplification using 7T-promoter tags. Melting time was adjusted according to each primer. The Cto U
transformation causes a methylation-dependent sequence variation from Cto T in the PCR amplification
products. Samples further underwent SAP treatment. Ultimately, RNA transcription was performed on
the reverse strand, followed by a U-specific cleavage. Using MALDI-TOF, mass spectrometry analysis
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produced a methylation-dependent signal pattern corresponding to the mass difference due to the
introduced sequence variation. All samples were analysed in duplicates. Samples with inconsistent
results were re-analysed. In all steps of the analysis samples, were processed in a randomized order to
avoid a group bias. The same methylation sites were selected as in Apazoglou et al., namely -944 and -
934 (hg19, chro3:8 810 729-8 810 845).

Neuroimaging

All subjects underwent an anatomical MRI scan using a sagittal-oriented T1-weighted 3D-MPRAGE
sequence (TR = 2330ms, TE = 3.03ms, Tl = 1100ms, matrix 256 x 256, FOV 256mm x 256mm, flip angle
8°, resolution 1mm? isotropic, TA = 5:27min) (Gallichan et al., 2016). Additionally, resting-state
functional imaging data were acquired using a whole-brain interleaved multi-slice BOLD echo-planar-
imaging (EPI) sequence (TR = 1300ms; TE = 37ms, flip angle = 52°, FOV = 230mm, voxel size = 2.2mm?
isotropic, TA = 6:39min, for a total of 300 functional volumes). Imaging data were pre-processed using
SPM12 (https://www.fil.ion.ucl.ac.uk/spm-statistical-parametric-mapping/) in MATLAB (R2017b,
MathWork Inc., Natick, USA). Functional images were realigned and co-registered to the anatomical T1
image. They were subsequently detrended and covariates of no interest were regressed out (including
constant, linear, and quadratic trends, average white matter/cerebrospinal fluid time courses, motion
artefacts, and global signal). Functional volumes were filtered using a high-pass filter at 0.01 Hz. Lastly,
functional images were normalized to MNI standard space and smoothed using a spatial Gaussian kernel
of 5mm full width at half maximum (Richiardi et al., 2011; Rogers et al., 2007).

Statistical analyses

Statistical analyses were performed using R software (version 4.2.0.) and MATLAB (R2017b, MathWorks
Inc., Natick, USA). Data were tested for normality using Shapiro-Wilk’s test. Normally distributed
demographic/clinical data were analysed using two-sample t-test, else using Wilcoxon rank sum test.
When applicable, data were corrected for multiple comparisons using false discovery rate (FDR). Alpha-
level was set at P < 0.05 to determine significance. Cohen’s d reports the effect size calculated for
analyses of variances.

Salivary oxytocin analyses

Group differences in salivary OXT data were calculated using an ANOVA on the fitted data using a linear
model, corrected for age, sex, psychotropic medication (dichotomized yes/no), BDI, STAI-S, menstrual
cycle, hormonal contraception, and menopause (details on selection of covariates, see Appendix A). For
menstrual cycle, the exact day of the cycle was calculated for menstruating women (between 0 — 35
days) to account for the specific fluctuation through the cycle. A meta-analysis summarized multiple
studies that tracked intra-individual OXT values across the cycles and showed a variability across days
that is best tracked as a continuous variable (Engel, Klusmann, et al., 2019). We further decided to set a
corresponding value for those that do not have a natural cycle, according to data-guided values (Bale &
Epperson, 2017; Engel, Klusmann, et al., 2019): Post-menopausal women as well as male participants,
were set at day =5 of the cycle as this corresponds to the standardized zero value from the meta-analysis
investigating OXT-measurement across women’s cycle. Please note that this decision was made by the
authors based on the existing literature and not a standardized method. There has unfortunately not
yet been a standardized method that still accounts for the variability across different subgroups, while
itis agreed upon thatitis important to both include different subgroups and account for these covariates
adequately (Engel, Klusmann, et al., 2019; Tabak et al., 2022). We thus decided to allow the menstrual
cycle to remain a continuous variable representing the dynamics across the cycle, while adding the
subpopulation without the menstrual-cycle based fluctuation into the same variable (Engel, Klusmann,
et al., 2019). Additionally, models including an interaction term with childhood trauma (CTQ total score)
as well as each individual subscore were implemented.
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Genotyping analyses

Genotype call rate, minor allele frequency (MAF), and Hardy-Weinberg equilibrium using chi-squared
test were calculated as quality control procedure. For sub analyses, participants were stratified into their
corresponding genotype of the rs53576 of the OXTR gene (GG vs. GA vs. AA).

Methylation analyses

Mean methylation rates were computed by averaging the methylation of the individual amplicons of the
2 CpG sites tested. Group differences in methylation data were calculated using an ANOVA on the fitted
data using a linear model, corrected for age, sex, psychotropic medication, BDI, STAI-S, menstrual cycle,
contraception, and menopause. Additionally, models including an interaction term with childhood
trauma (CTQ total score) as well as each individual subscore (emotional abuse, emotional neglect,
physical abuse, physical neglect, sexual abuse) were implemented. Lastly, a model with an interaction
term with sex was implemented based on prior evidence that sex differences might occur with regards
to methylation (Rubin et al., 2016a) (Appendix A, Figure A4).

Interaction between oxytocin, OXTR methylation and genotype

We investigated group differences in salivary OXT including an OXTR methylation interaction term in the
model in patients with FND and HC using an ANOVA on the fitted data using a linear model with age,
sex, psychotropic medication, BDI, STAI-S, menstrual cycle, contraception, and menopause as covariates
of no-interest. Secondly, the effect of genotype (rs53576 of the OXTR gene) on OXTR methylation was
investigated.

Oxytocin and structural brain alterations

Based on the a priori hypothesis that the amygdala would be the key region of interest from its
involvement in the oxytocinergic system (Alaerts et al., 2019, 2020; Andari et al., 2014; X. Chen et al.,
2020; Fan et al., 2015; Lancaster et al., 2018) as well as neurological or psychiatric involvement (Cochran
et al., 2013; Hurlemann & Grinevich, 2018), we investigated the association between salivary OXT on
the amygdalar brain volume. Total intracranial volume (TIV), age, sex, psychotropic medication, BDI,
STAI-S, menstrual cycle, hormonal contraception, and menopause were used as covariates of no
interest. Anatomical images were pre-processed using the Computational Anatomy Toolbox (CAT12 -
http://www.neuro.uni-jena.de/cat/) within SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software
/spm12/) according to standard voxel-based morphometry (VBM) procedures (Ashburner & Friston,
2000; Gaser et al., 2024). These steps include the application of a spatial adaptive non-local means
denoising filter (Manjon et al., 2010), bias correction, affine registration and subsequent segmentation
(Ashburner & Friston, 2005a). Furthermore, an adaptive maximum a posteriori (AMAP) segmentation
(Rajapakse et al., 1997a) step was applied, and fractional content of each tissue type was estimated
using a partial volume estimation (Tohka et al., 2004a). Images were normalized using DARTEL
registration (Ashburner, 2007a) and further smoothed using an isotropic FWHM kernel of 8mm. VBM
with CAT12 was chosen for its suitability in accurately analyzing subcortical volumes, like the amygdala,
due to its advanced segmentation and normalization capabilities, as well as its computational efficiency
(Gaser et al., 2024). Lastly, subject-wise estimates of mean amygdalar volume were extracted.

Oxytocin and resting-state functional connectivity

Seed-to-whole-brain resting-state functional connectivity (FC) using the amygdala as seed region was
calculated according to standard procedure (Lee et al., 2013; Richiardi et al., 2011; Rogers et al., 2007).
As such, the functional images were parcellated into the 90 cortical and subcortical regions of interest
according to the automatic anatomic labelling atlas (AAL). The region-averaged time courses were
extracted, and FC was computed using Pearson’s correlation coefficient between the time series of the
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seed with each of the regions. The correlation coefficients were further z-scored using Fisher z
transformation. First, significant differences in functional connectivity between patients and controls
were assessed using two-tailed multiple t-tests, corrected using false discovery rate (FDR) at a
significance threshold of P < a, where alpha level (a) was set to 0.05. Second, the correlation between
salivary OXT and amygdala-to-whole-brain functional connectivity was evaluated by computing
connection-wise Pearson’s correlation coefficient with salivary OXT data. Significance threshold was set
at P < a, where alpha level (a) was set to 0.05.

2.4, Results

Clinical and demographic characteristics

OXT was measured in saliva samples that have been collected within the framework of previous work
(Weber, Bihler, et al., 2024; Weber et al., 2023). Since the determination of OXT levels in saliva requires
sufficient volume, we were able to determine the salivary OXT levels in only 59 patients with FND and
65 HC (out of the total 86 patients with FND and 76 HC). But based on our two sample size calculations,
a sample of Nita = 124 still seems appropriate to claim the presented finding to be statistically valid,
with Nenp = 59 (76.3% female) and Nuc = 65 (73.8% female). Compared to HC, patients with FND scored
significantly higher in depression, state- and trait- anxiety levels as well as total CTQ score and CTQ
emotional neglect, Table I 1.

Table | 1: Demographic and clinical data

FND (N =59) HC (N = 65) Statistics
Age, mean (SD), years, [range] 37.7(14.2), [17 -77] 33.1(10.9), [18 —62] Z2=-1.93,P=0.053
Sex (females/males) 45/14 48/17 X2(1)=0.01, P=0.92
Hormonal Contraception (yes/no) 26/19 27/15 X2(1)=2.39,P=0.30
Menopause (yes/no) 12/33 10/38 X2(1)=0.54,P=0.77
14 anovulation 11 anovulation
7 follicular 3 follicular
Menstrual Cycle 16 luteal 30 luteal Two-tailed P=0.17
2 menstruation 1 menstruation
6 ovulation 3 ovulation
Disease severity (CGIl, median, quantile) 3 [1-4] NA
Duration of illness (in months) 60.12 (71.46) NA

31 sensorimotor
18 gait disorder
15 tremor
8 myoclonus

Symptom type? 10 PNES NA
3 dystonia
3 PPPD
3 speech disorder
1 functional deafness
44 F44.4

I 5F44.5

ICD-10 ClassificationP 29 FA4.6 NA
6 F44.7
8 benzodiazepines
17 antidepressants

Psychotropic medication 3 neuroleptics 0/76

7 antiepileptics

4 opioids
BDI score, mean (SD) 15.1(10.91) 4.6 (6.4) Z=-6.78, P <0.0001 ***
STAI-S score, mean (SD) 36.1(11.24) 32.2(7.5) Z=-1.97,P=0.049 *
STAI-T score, mean (SD) 45.5(13.2) 33.8(7.3) Z=-5.20, P < 0.0001 ***
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(continued Table 11) FND (N =59) HC (N = 65) Statistics

CTQ total, mean (SD) 43.7 (18.6) 36.8 (14.3) Z=-2.30,P=0.02 *
Emotional Neglect 11.3(5.4) 9.0 (4.3) Z=-2.55P=0.01%*
Emotional Abuse 10.3 (5.6) 8.4(4.2) P=01
Physical Neglect 7.6 (3.3) 6.9 (3.0) P=0.09
Physical Abuse 7.4 (4.3) 5.9(2.1) P=0.09
Sexual Abuse 7.1(4.1) 6.6 (3.7) P=0.09

aPatients can present with several symptom types

bDijagnosis of mixed FND (F44.7) was given when F44.4, F44.5, and F44.6 was present

Abbreviations: CGI: Clinical Global Impression Score; ICD: International Classification of Diseases; BDI: Beck’s Depression
Inventory; STAI: State-Trait Anxiety Inventory; CTQ: Childhood Trauma Questionnaire

Significance Level: P*** < 0.001, P** < 0.01, P* < 0.05.

Salivary oxytocin

Corrected for age, sex, psychotropic medication, BDI, STAI-S, menstrual cycle, hormonal contraception,
and menopause, patients with FND (mean * standard deviation: 7.93pg/ml + 3.76pg/ml) did not
significantly differ in their salivary OXT levels, compared to HC (mean * standard deviation: 7.16pg/ml +
3.61pg/ml), P=0.25. No interaction with total score on childhood trauma, nor any of the CTQ subscores
was identified.

Genotyping

There were N=12 patients with FND (10% of the full population, 20% of the FND population) and N=6
HC (5% of the full population, 9% of the HC population) with the AA genotype, while there were N=47
patients with FND (38% of the full population, 80% of the FND population) and N=59 HC (47% of the full
population, 91% of the HC population) with the GG or GA genotype, Table | 2. As such, a significant
association between FND and the AA genotype of the rs53576 of the OXTR gene was identified (recessive
model: OR = 3.96, Cl = [1.13-13.93], P = 0.03). Age, sex, BDI, STAI-T and total CTQ score were used as
covariates.

Table I 2: Association analysis between SNP and FND

Cases
Gene SNP ID Model Genotype OR
FND Controls [95% Cl] P-value
OXTR rs53576 Recessive G/G-G/A 47 59 1.00
A/A 12 6 3.96 [1.13-13.93] 0.028 *

Abbreviations: OXTR: Oxytocin receptor
Significance code: * P<0.05

Methylation

Methylation levels could not be determined in two patients with FND and one HC. OXTR mean
methylation levels in patients with FND (mean methylation * standard deviation: 39.8% * 4.1%) did not
significantly differ from mean methylation levels in HC (mean methylation * standard deviation: 38.9%
+3.6%), P=0.17.

Interaction between oxytocin, OXTR methylation and genotype

A significant interaction effect between group and OXTR methylation on salivary OXT was identified
(F(1,109) = 8.92, P =0.003, d = 0.543). This suggests that the groups differ in the way OXTR methylation
and salivary OXT levels interact. Namely, higher salivary OXT levels in FND was associated with higher
OXTR methylation levels, while the opposite was found in HC, Figure | 1. No interaction with childhood
trauma was found.
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Furthermore, there was a significant main effect of genotype on OXTR methylation (higher methylation
in subjects with the AA variants F(2,106) = 10.25, P < 0.0001, d = 0.583), together with a significant
interaction effect between group and genotype on OXTR methylation (F(2,106) = 3.27, P = 0.042, d =
0.329). In patients only, post hoc Tukey’s HSD test revealed that methylation rates were significantly
higher in AA carriers, compared to GA (P < 0.0001) and GG (P < 0.0001) among patients with FND, which
was not the case in HC, Figure | 2. No interactions with childhood trauma nor sex were found.
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Figure | 1: Interaction between peripheral oxytocin levels and OXTR methylation. Scatter plot illustrating the
association between oxytocin levels (pg/ml) and OXTR methylation (%) in N = 59 FND patients and N = 65 healthy
controls. Data points represent individual participants, with their position on the x-axis corresponding to their
oxytocin levels (pg/ml), and the y-axis corresponding to their OXTR methylation level (%). In patients with FND,
higher peripheral oxytocin levels correlated with increased OXTR methylation (F(1,109) =8.92, P=0.003, d = 0.541),
whereas an inverse (but not significant) correlation was identified in healthy controls
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methylation according to genotype.
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Oxytocin and structural brain alterations

In patients with FND but not in HC, higher levels of salivary OXT were associated with smaller right
amygdalar brain volume (F(2,38) = 5.36, P =0.025, d = 0.421), similar to previous studies (Andari et al.,
2014; Lancaster et al., 2018). No interactions with genotype nor childhood trauma were identified in
both groups.

Oxytocin and resting-state functional connectivity

Functional imaging data from four patients and one HC had to be excluded due to too high motion
artefacts, and data from one patient due to history of drug abuse leading to a sample of 54 patients and
64 HC that were included in the subsequent analysis.

In patients with FND, salivary OXT levels correlated with functional connectivity between the right
amygdala and 1) the left hippocampus (r = -0.41, P = 0.002), 2) the right hippocampus (r =-0.32, P =
0.02), 3) the left posterior cingular cortex (r =-0.31, P = 0.02), 4) right inferior parietal cortex (r = 0.30, P
= 0.03), and 5) the left frontal medial orbital cortex (r = -0.27, P = 0.04), as well as between the left
amygdala and the right inferior temporal cortex (r = -0.30, P = 0.03), Figure | 3A.

In HC, salivary OXT levels correlated with functional connectivity between the left amygdala and 1) the
left rolandic operculum (r=0.35, P = 0.005), 2) the left insula (r = 0.30, P = 0.02), 3) the right insula (r = -
0.30, P=0.01), 4) the left superior parietal cortex (r=-0.30, P=0.01), 5) the right superior parietal cortex
(r=-0.33, P=0.008), and 6) the left thalamus (r = 0.33, P = 0.006), as well as between the right amygdala
and 1) the right precentral gyrus (r = 0.26, P = 0.04), 2) the right hippocampus (r=0.28, P = 0.02), and 3)
the left thalamus (r = 0.25, P = 0.04), Figure | 3B.

To further investigate our observed correlation between OXT and brain connectivity, we conducted an
in-depth functional connectivity analysis independent of the correlation with measured salivary OXT

(Appendix A).
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Figure |1 3: Correlation between amygdala-to-whole-brain functional connectivity and peripheral oxytocin levels
in (A) patients with FND and (B) healthy controls. The correlation between salivary oxytocin levels and amygdala-
to-whole-brain functional connectivity was evaluated using Pearson’s correlation coefficient in N = 54 patients with
FND compared to N = 64 healthy controls. Significant correlations (with alpha level [a] set to 0.05) are shown with
their associated Pearson’s correlation coefficient (r). Abbreviations: FND: Functional Neurological Disorder;
FrMidOrbMedL: left frontal medial orbital cortex; Amygl/R: Left/Right Amygdala; HipplL/R: Left/Right
Hippocampus; PccL: Left posterior cingulate cortex; ParinfR: Right inferior parietal cortex; TempinfR: Right inferior
temporal cortex; InsL/R: Left/right insula; r = Person’s correlation coefficient; RolOpL: Left Rolandic operculum;
ThalL: Left thalamus; ParSupL/R: Left/right superior parietal cortex; PreCenR: Right precentral gyrus.
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2.5. Discussion

This study set out to explore endogenous oxytocin hormone levels in saliva in a cohort of 59 patients
with FND and 65 healthy controls for which no significant group differences were identified. However,
when investigating salivary OXT levels in relation to OXTR methylation and OXTR genotype in patients
with FND compared to HC, we identified that higher salivary OXT levels in patients with FND were
associated with higher mean methylation levels, while this was opposite to findings in HC (Apazoglou et
al., 2018). Unlike previous pilot data on FND, which found increased overall sum methylation rates in a
very small sample of 15 patients with FND (mean methylation + standard deviation: 68.1% + 4.3%) and
16 HC (mean methylation * standard deviation: 62.5% + 6.8%) (Apazoglou et al., 2018), our study did not
identify a difference in mean OXTR methylation rates between FND and HC. Although, as we found
higher mean methylation rates in AA-carriers in our sample, a different genotypic distribution in
Apazoglou et al.’s sample or the fact of using the sum of the methylation rates across sites rather than
the mean across the two sites, may explain their reported finding.

Genetically, we found that patients with FND with the AA-alleles of the rs53576 had significantly higher
mean methylation levels of the OXTR in comparison to GA and GG carriers, which was before found in
older depressive women (Chagnon et al., 2015). In patients with FND but not in HC, smaller amygdalar
volume was associated with higher salivary OXT levels. Further, salivary OXT levels correlated negatively
with amygdalar functional connectivity with regions such as the hippocampus, the posterior cingulate
cortex and the inferior temporal cortex. In HC on the other hand, salivary OXT levels correlated also with
amygdalar functional connectivity with regions such as the insula, the superior parietal cortex, the
precentral gyrus, and the thalamus.

Finally, we did not find an interaction between childhood trauma and salivary OXT levels. However,
another study on FND reported such an interaction using blood measures of peripheral OXT, although
their results did not meet significance threshold of P-value <0.05 either (Ornek et al., 2021). Potential
variances in OXT’s correlation could though also derive from difference used in the exact sampling
method, as different bodily fluids might not represent the same aspect of the OXT system (Martin et al.,
2018; Martins, Gabay, et al., 2020; McCullough et al., 2013).

Interaction between oxytocin, OXTR methylation and genotype

Our data revealed a significant between-group interaction with regard to salivary OXT and the OXTR
methylation (i.e., the higher the methylation, the lesser expression of the oxytocin receptor to which
released OXT can bind) that is of high interest. In HC, higher OXTR methylation levels were associated
with reduced salivary OXT, while the opposite was found in patients with FND. So far, a previous study
with psychotic patients reported an interaction of peripheral OXT measured in blood and the OXTR
methylation (which they present in their supplements), for which a sex-specific effect was identified
(Rubin et al., 2016a). Interestingly, for female psychotic patients a positive correlation between OXT and
OXTR methylation was found (Rubin et al., 2016a), similar to our patient sample. On the contrary, a
negative correlation between OXT and OXTR methylation was found in male psychotic patients (Rubin
et al., 2016a), which is similar to our results in HC. This suggests that sex might play a crucial factor in
these interactions, and potentially also in FND as a disorder which occurs dominantly in the female sex
(Hallett et al., 2022). Despite of that we did not find a significant interaction with childhood trauma in
our study, a potential sex effect could drive a differential mechanism between childhood trauma and
the oxytocinergic system, making females arguably more sensitive to the impact of childhood trauma
(Gouin et al., 2017a) via enhanced OXTR methylation. Particularly, as childhood maltreatment in the
form of emotional neglect was considered a contributing factor for FND (Weber et al., 2023).

Further insights arise from studies on social anxiety, a frequent comorbidity in FND (Hallett et al., 2022).
Anxiety has been associated with decreased levels of OXTR methylation (Ziegler et al., 2015), whereby
higher anxiety has been associated with lower peripheral OXT (Stuebe et al., 2013). Conclusively, lower
levels of peripheral OXT have been observed when accompanied by an increased oxytocin receptor
availability for this disorder. In our sample, state anxiety derived from the STAI questionnaire, was
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neither associated with OXTR methylation rates nor salivary OXT measurements, neither in HC nor in
FND patients. However, in FND, there appears to be a specific pattern where OXT and higher OXTR
methylation interact differently and maybe disorder specific. Systematic reviews on OXTR methylation
indeed concluded that methylation would facilitate flexibility in the regulation of the oxytocin system in
various environments and contexts and that a differential methylation pattern could be interpreted as
a contributing factor (Danoff et al., 2021; Kraaijenvanger et al., 2019). Thus in FND, the biological
mechanisms of OXTR and OXT interaction might not exert the same protective role than what has been
found in HC (Carter et al., 2020) or which has been discussed as a compensatory regulation for anxiety
(Ziegler et al., 2015).

Additionally to our results on salivary OXT and OXTR methylation, we could show that OXTR methylation
is highest in patients with FND with the AA-genotype on the rs53576 SNP of the OXTR gene, which could
be considered a contributing genetic factor for FND, Fig. 2C, that has been discussed before in depressive
women (Chagnon et al., 2015). The sensitivity of 20% (12 AA-carriers out of 59 patients with FND) and
the positive predictive value of 67% (12 AA-carriers being patients with FND from the 18 AA-carriers of
the full population) highlights this difference across group level, while causative factors still need to be
explored. Research on the interaction between the three levels of OXTR genotype, OXTR methylation
and peripheral OXT is sparse. Taken together, these results highlight the potential altered biological
mechanisms underlying FND that include the interaction with epigenetic and peripheral changes in the
oxytocinergic system.

Structural and functional alterations

Structural and functional alterations around the amygdala have previously been identified in FND (Aybek
et al., 2014, 2015; Diez et al., 2019, 2021; Morrison et al., 2017; Nasrullah et al., 2023; Spagnolo et al.,
2020; Weber et al., 2023), while also being an area dependent on the oxytocinergic system (Abram et
al., 2020; Alaerts et al., 2019; Eckstein et al., 2015; Frijling et al., 2016; Perez et al., 2021; Skvortsova et
al., 2020; van den Burg & Hegoburu, 2020), but not yet been studied in its interaction. In our study,
amygdalar volume was significantly associated with salivary OXT in FND, with higher OXT levels
corresponding to smaller amygdalar volumes. Literature so far has presented that plasma levels of OXT
correlated with reduced amygdalar volume as well as with reduced activity following aversive stimuli in
HC (Andari et al.,, 2014; Lancaster et al., 2018). Thus, OXT might exert a protective effect against
morphological changes through the inverse correlation to the amygdala’s volume that has previously
been discussed within the pathogenesis of anxiety (Andari et al., 2014; Lancaster et al., 2018). There are
also different findings of amygdalar volume in FND independent of the correlation with OXT, which
seems to depend both on the analysis (e.g., whole amygdala or more nuanced subregions) and the exact
population (e.g., different subtypes of FND included). General bilateral amygdalar volume was found to
be lower in a large cohort of 86 patients with mixed FND (Weber et al., 2023), while higher left amygdala
volumes were found in 48 patients with motor FND (Maurer et al., 2018). When looking at subregions
of the amygdala, lower right lateral amygdala volume were found in 37 female patients with functional
seizures along with higher right central, medial and left anterior amygdalar volume (Nasrullah et al.,
2023). Especially considering the central amygdala as a key region for oxytocinergic receptors for
inhibiting a fear response, this specific amygdalar enlargement can be of high relevance (Huber et al.,
2005a). Further, the inverse correlation of OXTR methylation and functional connectivity around the
amygdala to emotion related regions, suggested that the inability of OXT to bind to its receptor sites
might affect emotional processing in the brain (Jurek & Neumann, 2018). Assuming that higher OXTR
methylation leads to less OXT binding sites, less effective OXT might be available in the system. Even
though we do not know the exact mechanism behind such effects, different biological routes have been
discussed within this oxytocinergic system that might lead to the observed changes of amygdalar
volume(Jurek & Neumann, 2018). Enhanced OXTR methylation as reported here might have a similar
effect as low levels of OXT in the periphery to begin with, and therefore we could interpret that little of
this protective effects discussed might be in place for FND.

28



Further, amygdalar volume has been suggested to be shaped by sex and genetic factors but also to be
developed through early social experiences (Schneider-Hassloff et al., 2016a). Another study discussed
the important consideration of differential sex effect when looking at the correlation of OXT in saliva
and amygdalar volume, for which a positive correlation was reported for males and a negative
correlation was reported for females (Shou et al., 2022). For a disorder that is not equally distributed
across sex, such sex-depending differences in biological mechanisms and interaction seem relevant to
consider.

In the FND group, OXT levels correlated negatively with functional connectivity from the right amygdala
to the hippocampus, the left PCC, the left OFC and the right inferior temporal cortex, and positively with
amygdalar connectivity to right inferior partietal cortex. Contrarily, in HC only, the OXT levels correlated
with both left and right amygdalar functional connectivity with regions such as the insula, the thalamus
or the superior parietal lobe (Figure | 3). Previous results have shown that OXT would increase effective
homotopic interhemispheric connectivity in various brain regions (Jiang et al., 2021), especially on
effective connections from regions in the salience network and the posterior midline default more
network (Jiang et al., 2021). Likewise, altered coupling between the salience and default mode networks
have been reported in this cohort (Weber, Bihler, et al., 2024). Interestingly, salivary OXT levels have
also been associated with lower interregional functional coupling between the amygdala and
hippocampus, which could further be reduced by single and also repetitive administration of OXT in
males with autism spectrum disorder (Alaerts et al., 2019, 2020). However, as we did not find a
significant difference in salivary OXT levels between the two groups, we interpret, that there might be a
distinctive mechanism about the effect of OXT on a neuronal basis for FND patients, even though OXT
seems similarly available in the periphery. This finding might be explained by the enhanced methylation
rates of the OXTR that correlated with higher OXT levels in FND, but lower OXT levels in HC. While this
may be mediated by the OXTR rs53576 genotype, (hyper)methylation can also lead to an atypical
development of brain structures after trauma (Nishitani et al., 2021).

Limitations

A limitation of this study is that — even though some studies argue for high stability (Weisman et al.,
2013) — large variation in the baseline levels of OXT have been identified even within individuals, thus
the use of a single time assessment is not ideal (Martins, Gabay, et al., 2020). The estimation of intra-
class correlation coefficient for a single OXT measurement in saliva has been estimated to be 0.23
(Martins, Gabay, et al., 2020), thus for more validity we would have required multiple samples per
individual throughout the day. Also related to saliva sample quality, there were no strict instructions for
the saliva collection, meaning that other confounding factors such as appetite, satiation, body mass
index, exercising or being sexually active on the day of the collection could have influenced the OXT
levels of the participants (Cera et al., 2021; Olszewski et al., 2016; Yiksel et al., 2019). A major limitation
is the overall small sample size with regards to genetic analyses (Hong & Park, 2012).The absence of
significant association between AA-genotype and OXT levels in HC could be due to the fact that only N
=6 HC were AA-carriers. While we state that the AA-genotype might represent a contributing factor for
FND, a much larger sample would be required to make a clear statement on the genetic findings. Lastly,
our patient cohort has only been compared to HC, which prevents making conclusions on the specificity
of the findings to FND in comparison to other psychiatric disorders, especially as the interpretation of
results were guided by the knowledge of findings from other clinical population like from anxiety, autism
spectrum or psychosis research. Even though we excluded patients with severe psychiatric comorbidities
and corrected for anxiety and depression, the lack of systematic psychiatric evaluation does not allow
to fully exclude psychiatric co-morbidity (e.g.,, post-traumatic stress disorder), which is commonly
observed in FND, thus specificity of the findings cannot be entirely controlled for (Carson & Lehn, 2016;
Perez, Matin, et al., 2017).
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2.6. Conclusion

Our findings point towards a unique interaction between peripheral OXT and OXTR methylation in
patients with FND in a genotype dependent manner. With higher methylation rates of the OXTR, patients
presented with increased peripheral OXT levels which might denote a compensatory mechanism during
which more OXT is secreted as a consequence of lower availability of the oxytocin receptor binding sites.
This might stand in direct relationship to the herein reported amygdalar volumetric and functional
connectivity results, suggesting that peripherally patients do not differ from healthy controls, but on a
neuronal level, the inability of OXT to bind to its receptor might affect functional connectivity of the
amygdala and related regions. In summary, the rs53576 SNP of the OXTR gene might represent a genetic
contributing factor for FND that further affects OXTR methylation, peripheral OXT levels, and amygdala
structure and connectivity.
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3.1 Abstract

Objective: Current models of functional neurological disorder (FND) suggest a multifactorial origin of the
disorder. Recent studies have identified biological vulnerability factors for FND, such as a reduced
amygdalar and hippocampal volumes or altered stress responses, highlighting the need to investigate
the potential roles of genetic factors in this disorder.

Eighty-five patients with mixed FND symptoms and 76 healthy control (HC) individuals were genotyped
for 10 single-nucleotide polymorphisms (SNPs) in seven genes associated with the brain’s stress
response system. For genetic variants that were found to be linked to FND, associations with structural
brain alterations were investigated by using a region-of-interest approach in a subset of FND patients
with complete genotyping and neuroimaging data (N=82). Regions had been previously selected on the
basis of their biological involvement and being a factor in vulnerability to FND.

A significant association between FND and a SNP, rs53576, in the oxytocin receptor (OXTR) gene was
observed, and a significant association between decreased right insular volumes and rs53576 was also
identified. Among female FND patients (N=60), the rs53576 SNP in OXTR was associated with
significantly reduced bilateral amygdalar volume.

These preliminary results suggest that genetic factors in the oxytocinergic system and sex-specific
structural changes in the insula and amygdala contribute to vulnerability to FND. Because oxytocin is a
regulatory factor in stress responses, decreased activity of some FND-associated OXTR gene variants
might affect stress responses and regulation in FND in a sex-dependent manner.

3.2 Introduction

Functional neurological disorder (FND) comprises diverse neurological symptoms, which have been
attributed to underlying functional and structural brain alterations (Perez et al., 2021) with current
models aiming at integrating a multifactorial origin of FND by means of a stress-diathesis model (Weber
et al., 2023). To better understand FND in a multifactorial framework, researchers need to unveil what
other factors could play a role in increased vulnerability to FND. The research on the genetic contribution
to FND is still in its early stages. Preliminary results from studies of FND (Spagnolo et al., 2020) have
indicated that carriers of a single-nucleotide polymorphism (SNP), rs4570625, in the tryptophan
hydroxylase 2 (TPH2) gene, encoding a protein involved in serotonin biosynthesis, had an earlier onset
of FND and altered amygdalar functional connectivity associated with childhood trauma. We have
partially replicated these findings (Weber, Rey Alvarez, et al., 2024) by identifying a significant
association between TPH2 and FND symptom severity, as well as the TPH1 SNP rs1800532, which is
associated with worse clinical outcomes among FND patients. Another recent study with a
subpopulation of the same cohort (Weber, Stoffel, et al., 2024) specifically focused on oxytocin’s
involvement in FND and detected an interaction of genotype and gene methylation: in the FND
population, an A allele of the SNP rs53576 in the oxytocin receptor (OXTR) gene was associated with
higher methylation levels at OXTR, compared with healthy control (HC) individuals. Interestingly, no
interaction of OXTR genotype with childhood trauma has been previously identified (Weber, Stoffel, et
al., 2024).

In this report, we investigated genetic susceptibility to FND by using a set of SNPs that we selected on
the basis of their association with stress pathways, neuroplasticity, and neurotransmitters previously
reported to be relevant to other stress-related and mental disorders. We also tested for a genetic
association between these SNPs and structural brain alterations in FND on the basis of a priori defined
regions of interest (ROls).
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33 Methods

Participants

The study was conducted at the University Hospital Inselspital Bern, Switzerland between June 2020 and
February 2022. Board-certified neurologists made the diagnosis of FND based on DSM-5 (American
Psychiatric Association, 2013) criteria and positive signs (Daum et al., 2014). Study participants provided
a blood sample and filled in questionnaires during a first visit and had a neuroimaging examination
during a second visit. All participants completed the Beck Depression Inventory (BDI; Beck, 1961), the
State-Trait Anxiety Inventory (STAI; Skapinakis, 2014) and the Childhood Trauma Questionnaire (CTQ;
Bernstein et al., 2003). For the CTQ, a total CTQ score was calculated by summing the scores of the five
subscales. Further details have been previously described (Weber et al., 2023; Weber, Stoffel, et al.,
2024). All procedures were performed in compliance with institutional guidelines and were approved by
the Ethics Committee of the Canton Bern (DRKS00012992). All study participants provided written
informed consent.

Genotyping

DNA was extracted from whole-blood samples using QIAmp DNA Blood kit (Qiagen) and quantified using
Quant-it dsDNA Broad-Range Assay Kit (Invitrogen). Each sample was normalized to 60ul with a
concentration of 20ng/pl.

The genotyping was conducted at the Spanish National Center for Genotyping. Primers were designed
using the MassARRAY Assay Design Software (see Table S1 in the online supplement to this report). DNA
samples were genotyped using iPLEX Assay (Gonzalez et al., 2007) followed by mass spectrometry
analysis using the MassARRAY System (Agena Bioscience). This analysis included the following steps:
polymerase chain reaction amplification, with melting time adjusted for each primer; shrimp alkaline
phosphatase treatment to remove unincorporated nucleotides; and single-base extension to create
nucleotide mass—specific products. Processed samples were then dispensed on a 384-well SpectroCHIP
bioarray and analyzed with a matrix-assisted laser desorption/ ionization time-of-flight technique within
the MassARRAY Workstation.

Statistical analyses were performed on R, version 4.2.1; the alpha level was set at 0.05. We selected
seven genes for which 10 SNPs were analyzed, including the BDNF (brain-derived neurotrophic factor)
gene, two dopamine receptor genes (DRD2 and DRD4), FK506 binding protein 5 (FKBP5) gene, TPH1 and
TPH2 genes, and the OXTR gene. Genotype call rate, minor allele frequency, and Hardy-Weinberg
equilibrium (HWE), assessed with chi-square tests, were calculatedas quality-control measures (see
Table B2 in Appendix B).

We investigated associations of specific SNPs with an FND diagnosis in a between-group analysis. For
each SNP, a logistic regression was performed in SNPassoc (Gonzalez et al., 2007); age, sex, depression,
and trait-anxiety and total CTQ scores were included as covariates. Three different models of inheritance
were considered: codominant, dominant, and recessive. Odds ratios and confidence intervals were
calculated to evaluate the statistical significance of associations between group and genotype. Because
of the high prevalence of FND among females (McLoughlin et al., 2023) and the different impact of
biological sex on genetics and endocrinology (Bartz et al., 2020), analyses were repeated in females only.
No correction for multiple comparisons was applied, in line with the candidate gene approach and
exploratory design of this pilot study.

Brain Alterations

Anatomical images were acquired for all subjects except of three FND patients and three HC. We used a
voxel-based morphometry (VBM) approach implemented in the CAT12 toolbox (CAT12 -
http://www.neuro.uni-jena.de/cat/) within SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software
/spm12/). Structural T1-weighted MRI data were preprocessed using standard CAT12 pipelines
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(Ashburner, 2007; Ashburner & Friston, 2005; Rajapakse et al., 1997; Tohka et al., 2004), , including
spatial normalization via Dartel (Diffeomorphic Anatomical Registration Through Exponentiated Lie
Algebra) and tissue segmentation and modulation. All images were visually inspected for sufficient
quality, and ROI volume data were screened for statistical outliers, defined as values 23 SDs from the
group mean; no outliers were detected. Data were subsequently smoothed with an isotropic 8-mm
Gaussian kernel. ROI analyses were performed with masks derived from the AAL3 atlas (Rolls et al.,
2020). On the basis of our previous work on oxytocin (Weber, Stoffel, et al., 2024) and biological
vulnerability factors (Weber et al., 2023), we selected the hippocampus, amygdala, and the insula as
ROIs. For genetic association analyses, mean gray matter volumes were extracted from the predefined
ROIs. Total intracranial volume, age, sex, depression, and trait-anxiety and total CTQ scores were
included as covariates. Further acquisition and preprocessing details are provided in the Appendix B.

3.4 Results

Clinical Characteristics

Mixed symptom types were present among FND patients, including motor symptoms (ICD-10 code
F44.4), sensory symptoms (F44.6), functional seizures (F44.5), mixed symptom type (F44.7), and
persistent postural-perceptual dizziness (Appendix B Table B3 and B4).

Genotypes and FND

Genotype data from 85 FND patients and 76 HC individuals were included in the genetic analysis
(genotype distribution and sample size per group are reported in Table Il 1). success rate was 100% for
all participants, indicating no genotyping errors, and SNPs were in HWE, indicating that the observed
frequencies in the sample did not differ from the expected frequencies in a large, stable population
(p>0.05; Table S2 in the online supplement). Using logistic regression, we identified a significant
association between FND and the rs53576 SNP in the OXTR gene. In the recessive model, the odds of
this association was OR=4.17 (p=0.012). In the codominant model, the odds of an association with FND
was 3.16 for the A/A genotype and 0.62 for the G/A genotype (p=0.023). Analyses including only female
patients gave similar results (Table 1l 1). None of the other SNPs showed a significant association with
FND.

Table Il 1: Association between OXTR rs53576 single-nucleotide polymorphisms and FND

Model and Full sample Females only
genotype FND HC OR 95% p FND HC OR 95% p
grouping N=85 N=76 Cl N=63  N=55 Cl
Recessive
68 70 1.00 0.012 49 50 1.00 0.022
GG-GA
AA 17 6 4.17 1.31- 14 5 4.21 1.17-
13.23 15.11
Codominant
GG 29 28 1.00 0.023 20 20 1.00 0.044
GA 39 42 0.62 0.26— 29 30 0.57 0.19-
1.47 1.75
AA 17 6 3.16 0.90— 14 5 3.09 0.75—
11.10 12.75

Results of linear regression; statistical significance was set at p. FND, functional neurological disorder; HC, healthy control
individuals; OXTR, oxytocin receptor gene.
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Genotypes and Brain Alterations

The final sample for neuroimaging analyses included 82 FND patients and 73 HC individuals with
complete structural MRI and genotyping data (genotype distribution and sample size per group are
reported in Appendix B Table B5). For FND patients, a significant association was found between the
right insular volume and the rs53576 SNP of the OXTR gene (dominant model: f=-0.37, SE=0.1, p=0.04),
with carriers of the minor rs53576 A allele having smaller insular volumes. A significant association was
identified for female FND patients, but not for the entire cohort or HC individuals, between the bilateral
amygdala and the rs53576 SNP in the OXTR gene (left amygdala, recessive model: 3=-0.05, SE=0.04,
p=0.02; right amygdala, recessive model: B=-0.04, SE=0.03, p=0.046), indicating that female patients
with FND who were homozygous carriers (A/A) of the OXTR rs53576 A allele had smaller volumes in the
bilateral amygdala, compared with female FND patients who were either heterozygous (A/G) or
homozygous (G/G) carriers of the G allele. No other significant associations were detected between
OXTR genotypes and brain ROIs (Figure Il 1 and Appendix B Table B5.)
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Figure Il 1 Structural brain differences associated with OXTR rs53576 genotype in patients with FND. A:
normalized gray matter volume in the right insula in the full functional neurological disorder (FND) sample (N=82),
grouped by oxytocin receptor (OXTR) rs53576 genotype by using a dominant genetic model (G/A-A/A vs. G/G;
NG/A-A/A=54, NG/G=28). Shaded areas in the graph indicate the distribution density of brain volume values,
illustrating the spread and central tendency of the data. B: normalized gray matter volumes in the bilateral
amygdala of female FND patients only (N=60), grouped by rs53576 genotype by using a recessive model (G/A-G/G
vs. A/A; NG/A-G/G=44, NA/A=16). Shaded areas in the graph indicate the distribution density of brain volume
values. C: brain regions showing OXTR rs53576 genotype—related volume differences among FND patients. Volume
in the right insula was significantly reduced in A-allele carriers, compared with homozygous (G/G) carriers of the G
allele, in the dominant genetic model. For female FND patients, bilateral amygdala volumes were significantly
reduced among those homozygous for the A allele, compared with female patients who were either heterozygous
(A/G) or homozygous (G/G) carriers of the G allele. Only FND patients are shown because of an absence of
significant associations for healthy control individuals. (Detailed results are provided in Appendix B Table B5.
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3.5 Discussion

We identified a significant association between the minor A allele of the rs53576 OXTR SNP and FND,
indicating that carriers of this gene variant might be at increased risk for FND. This variant has been
reported to be associated with stress predisposition, with A-allele carriers having an increased sensitivity
to stress, interacting with contextual factors like biological sex, psychological resources, or attachment
style (Byrd et al., 2021; Notzon et al., 2016; Saphire-Bernstein et al., 2011). The oxytocinergic system is
suggested to regulate the stress response in the neuroendocrine and autonomic nervous systems,
reducing activity in the hypothalamic-pituitary-adrenal axis Because oxytocin may buffer against the
effects of stress, a decrease in the expression or activity of the oxytocin receptors—due to OXTR SNPs—
might increase the impact of stress on brain function and structure and result in stress-related
psychopathology. We note that many of the associations of the rs53576 A allele with increased risk for
psychopathology such as increased fear and anxiety have been reported in studies that did not always
consider various environmental factors as potential moderators of this association (Gottschalk &
Domschke, 2017).

It has been proposed that rs53576 OXTR SNPs have a role in environmental adaptation via genotype-
specific modulation of striatal dopamine transporter availability and its interaction with oxytocin levels
(Chang et al., 2014). Thus, rs53576 OXTR SNPs might have modulatory effects on oxytocin’s
contributions to stress-related psychopathology and social behavior. Results from previous studies
(Bahji et al., 2021; Byrd et al., 2021; Cataldo et al., 2018), indicate that, particularly among OXTR rs53576
A-allele carriers, threat exposure in early life could contribute to general psychopathology and
psychiatric disorders. It has also been reported that this gene-environment interaction could be
mediated by OXTR methylation in a sex-specific manner (Gouin et al., 2017; Weber, Stoffel, et al., 2024).
Therefore, our results appear to align with the hypothesis that enhanced OXTR methylation, potentially
influenced by OXTR genotype, could increase sensitivity to the impact of childhood trauma among
female individuals (Gouin et al., 2017; Rubin et al., 2016; Weber, Stoffel, et al., 2024). We found that the
minor A allele of the OXTR rs53576 SNP was associated with reduced right insular brain volumes, which
might be a risk factor for FND. We are not aware of studies that have associated specific OXTR variants
with insular volume, but many studies have reported that oxytocin affects insular activity. Oxytocin
related to insular activity seems to be involved in strengthening bottom-up detection of salient signals
in a sex-dependent manner (Grace et al., 2018).

Consistent with these observations, the OXTR rs53576 A/A genotype was associated with smaller
volumes of the bilateral amygdala in female FND patients. Because oxytocin and its receptor in the
amygdala have an important role in fear and anxiety (Huber et al., 2005), the observed alterations in
amygdalar volume might be relevant for the modulation of neural dynamics that depend on oxytocin.
The genotype-dependent and sex-specific effects on amygdalar volume should be investigated,
particularly given the predominance of female patients in FND populations (McLoughlin et al., 2023),
and previous findings suggesting that the OXTR rs53576 variant may sex-specifically protect against
stressful experiences (Byrd et al., 2021). Stress has been shown to influence amygdalar structure
depending on developmental trajectory and sex (Whittle et al., 2014), which is crucial to consider when
evaluating the distinct amygdalar alterations observed in FND populations (Hallett, 2024). A study with
female patients with functional or dissociative seizures (Nasrullah et al., 2023) revealed a lower volume
in the right lateral amygdala, along with higher right central and medial and left anterior amygdalar
volumes in these patients. These findings underline the importance of considering sex as a factor that
could significantly interact with the genetic vulnerability for stress-related disorders such as FND.

Although we did not test for interactions of OXTR rs53576 SNPs and methylation rates with childhood
trauma in the present study, results of a previous study with the same cohort (Weber, Stoffel, et al.,
2024) indicated no significant association of the oxytocinergic system with childhood trauma. However,
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we note that previous findings have indicated some variability in this association, including that the
rs53576 genotype or its interaction with emotional neglect has no effects on amygdalar and
hippocampal volumes (Womersley et al., 2020), that gray matter volume of the left amygdala is jointly
modulated by OXTR rs53576 genotype and childhood attachment security (Schneider-Hassloff et al.,
2016), and that trauma-exposed youths have increased salience network connectivity within the left
amygdala (Marusak et al., 2015). The authors of another study (Malhi et al., 2020) in which interactions
between emotional trauma and OXTR rs53576 had no effects on bilateral amygdala volume suggest that
this SNP may have a differential impact on brain volume, depending on age, sex, and type of
environmental exposure.

Even though our results link the OXTR rs53576 minor A allele to FND, we note some discrepancies in
previous studies regarding the roles of the G allele as a risk allele in stress and mental disorders
(McQuaid et al., 2013). A-allele carriers have been shown to have a higher risk for mental illness and
higher sensitivity to stress, which in some cases also involves interactions with an individual’s ability for
emotional regulation and exposure to childhood trauma (Byrd et al., 2021; Flasbeck et al., 2018; Florea
et al., 2022; Sippel et al., 2017). Moreover, the G allele has been associated with an increased risk for
antisocial behavior among adolescent females exposed to maltreatment (Andreou et al., 2018) or with
lower perceived social support and higher levels of internalizing symptoms among maltreated
adolescents (Hostinar et al., 2014). These observations also hint at the complex interactions of genetic,
environmental, and developmental factors, with factors such as stress sensitivity and reactivity,
environmental risk factors (McQuaid et al., 2013), and neuronal alterations possibly playing a role in
FND (Furman et al., 2011). Several factors should be considered when interpreting our results, such as
sex-specific interactions, childhood trauma, age, and differences in OXTR rs53576 genotype distribution
among individuals from different ethnicities (Choi et al., 2017). Moreover, other genes and SNPs not
assessed in this study may be involved in FND severity and sex-specific manifestation.

A major limitation of our study was its small sample size, a common challenge in genetic studies to
identify significant clinical-genetic associations. Furthermore, using a candidate gene approach and ROI
analyses may have limited our ability to detect broader genetic effects or interactions and may have
increased the risk for false-positive findings. Because of the exploratory and hypothesis-driven nature
of this pilot study, we applied no formal correction for multiple comparisons to the genetic or
neuroimaging analyses. Instead, we focused on a small set of SNPs and ROls selected a priori on the
basis of existing literature implicating oxytocinergic signaling and limbic structures in the
pathophysiology of FND. Another relevant limitation was potentially confounding effects of lifetime
comorbid psychiatric conditions. Although we controlled for current depressive symptoms in our
analyses, we could not exclude the influence of other current or past psychiatric diagnoses, which could
affect the interpretation of genotype-phenotype associations. We did not attempt to comprehensively
investigate genotype-environmental interactions; we therefore did not directly examine interactions of
gene SNPs with risk factors such as childhood trauma, which we previously analyzed in the same cohort
(Weber, Stoffel, et al., 2024). Nevertheless, the candidate gene approach we used was appropriate given
the sample size and the exploratory nature of this study, in which we chose to investigate specific brain
regions previously shown to be involved in the pathophysiology of FND in order to explore the
susceptibility for FND at the genetic level.

3.6 Conclusion

In conclusion, given that oxytocin is a key regulatory system in response to stress, a decreased sensitivity
of the oxytocin receptor due to OXTR genetic variants could have a greater impact on the stress
regulatory system in FND, particularly in a sex-specific manner. Moreover, reduced brain volumes in FND
patients might present a biological vulnerability factor with a potential genetic component dependent
on sex.
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4.1 Abstract

Recent research suggests that the pathophysiology of Functional Neurological Disorders (FND) includes
dysfunctions in interoception, the modality about the perceiving and processing of internal bodily
signals. However, findings on abnormal interoception in FND have been inconsistent, mainly limited to
measures of accuracy and self-reports and only few studies focused on including neuronal markers of
interoceptive processing. Moreover, attentional modulation regarding interoceptive processing in FND
has been largely overlooked.

In a large cohort of patients with mixed FND (N = 44) and sex- and age-matched healthy controls (HC, N
= 48), we set out to assess first, interoceptive accuracy with an adapted version of the heartbeat
counting task (HCT), secondly, interoceptive self-report with two different questionnaires
(multidimensional assessment of interoceptive awareness; MAIA and interoceptive accuracy scale; IAS)
and thirdly, neuronal trait markers under attention modulation by measuring Heartbeat-evoked
potentials (HEPs). We searched for group differences (FND vs HC) across two attentional conditions, by
asking participants to either focus either on their own heartbeat (e.g., interoceptive condition) or an
external sound (e.g., exteroceptive control condition). Cardiac covariates (heartrate and heartrate
variability or normalized ECG amplitude) were added in the analysis as control.

Patients with FND scored lower in interoceptive self-report (MAIAta and IAS: p < 0.020), reported to
have higher difficulty to focus on their heartbeat (p = 0.004), while no significant difference was found
in interoceptive accuracy using the HCT. Preselected electrodes for a targeted HEP analysis based on
earlier work revealed a medium effect size attenuation at the frontal F8 electrode at 250-595ms
following R-peak was identified for patients with FND (p = 0.028), robust surviving correction for cardiac
covariates. Exploratory analyses further identified an earlier difference at F1 (185-210ms post-R-peak)
in FND patients for interoceptive attention (p = 0.001), also surviving covariate control. Additionally,
global field analyses revealed a group-by-condition interaction in global field power (285—-298ms) and
topographical differences (310-321ms) confirming that patients with FND have lower overall activity
and deactivation of frontal regions for the interoceptive condition.

While interoceptive accuracy was preserved, these findings indicate altered interoceptive processing in
FND, characterized by reduced self-report and difficulty to focus on cardiac signals, along with
attenuated neural processes, especially in frontal regions that further depend on attentional
mechanisms. By identifying objective neural markers of interoceptive dysfunction in FND, this study
highlights the involvement of interoception in a multi-dimensional assessment including the role of
attention.

4.2 Introduction

Functional neurological disorders (FND) are characterized by neurological symptoms - including motor
dysfunctions, paralysis, tremor, dystonia, - sensory dysfunction or dissociative/functional seizures that
arise from alterations in brain network functioning (Hallett et al., 2022). Historically it was hypothesized
that these physical FND symptoms could represent a consequence of suppressed psychological
stressors, following the Freudian model of conversion (Cretton et al., 2020). More recent studies have
clarified that the experience of trauma is neither necessary nor sufficient for the development of FND
(T. R.J. Nicholson et al., 2011; Stone et al., 2010). Nonetheless, stressful and traumatic experiences are
risk-factors for FND, suggesting some involvement in the disorder’s pathophysiology (Ludwig et al.,
2018; Weber et al., 2023). Recent advancements have further underscored the brain’s role in the active
generation of emotional experiences through predictive modeling and inferences (Barrett, 2017). Within
this framework, emotions are not merely triggered responses to external stimuli, but context-dependent
constructions shaped by prior experiences, internal bodily signals, and conceptual knowledge. Applied
to FND, this perspective suggests that disrupted construction of emotion categories combined with
impaired interoception might contribute to FND symptom generation (Edwards et al., 2012; Jungilligens
et al., 2022).
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Interoception refers to the sensing, integration, and interpretation of bodily signals, at conscious and
unconscious levels (Khalsa et al., 2018). So far, research on interoception in FND has yielded
heterogenous findings. Most work has measured cardiac interoceptive accuracy, defined as the
behavioral accuracy or correct perception of the heartbeat (Suksasilp & Garfinkel, 2022). Some studies
report that patients with FND, compared to healthy controls (HCs), demonstrated lower interoceptive
accuracy - assessed through the heartbeat counting task (HCT) involving either counting, recognizing or
tapping one’s own heartbeat (Koreki et al., 2020; Ricciardi et al., 2016, 2021; Williams et al., 2021). Other
studies did not find differences between controls and FND patients (Millman et al., 2023; Pick, Rojas-
Aguiluz, et al., 2020; Sojka et al., 2021). Notably, the validity of the HCT has been criticized (Desmedt et
al., 2018; Hickman et al., 2020) and heterogenous findings using the HCT might be partly due to cognitive
processes and informed guessing (Desmedt et al., 2023) or even differences in heartrate (Zamariola et
al., 2018). The addition of a breath-hold arousal condition was introduced as an option to heightened
physical arousal, leading to an increase of accuracy in healthy population but not in psychiatric patients
(R. Smith et al., 2020) and this has never been tested in FND. Also, the adaptation to the instruction,
motivating participants not to guess, could alleviate some of the criticism about the HCT in its traditional
form, yet has only been implemented twice in FND studies (Millman et al., 2023; Sojka et al., 2021).
Thus, interoceptive studies in FND should include different dimensions and adaptations of interoceptive
measures to investigate interoception more comprehensively and address the shortcomings of
operationalizing accuracy. One of these is interoceptive self-report, which can be assessed using
guestionnaires (Suksasilp & Garfinkel, 2022), and FND patients have been found to score lower on these
(Millman et al., 2023; Pick, Rojas-Aguiluz, et al., 2020; Ricciardi et al., 2021; Williams et al., 2021).
However, as different questionnaires have been used to assess this, the interpretation of the finding is
still unclear, given each questionnaire, or their subscales, target different aspects of interoceptive self-
report (Gabriele et al., 2022). Hence, it is crucial to test two different questionnaires targeting different
aspects of this dimension, including a central aspect, using the multidimensional assessment of
interoceptive awareness; MAIA (Mehling et al., 2018; Todd et al., 2022) along with a self-report targeting
more the accuracy aspect (e.g., interoceptive accuracy scale; IAS; Gabriele et al., 2022, Murphy et al.,
2020). Additionally, attentional components should be tested, i.e., how well the attention can be guided
towards interoceptive signals (Gabriele et al., 2022). Next to these important and previously studied
facets of interoceptive self-report and accuracy, brain activity related to the processing of interoceptive
signals has been proposed as an objective marker (Suksasilp & Garfinkel, 2022). In a recent study,
aberrant neuronal processing in the cingulo-insular network was found for patients with FND, when
focusing on and trying to count their heartbeats in an MRI setting (Sojka et al., 2024). In another MRI
study, thirteen patients focusing on their interoceptive system (heartbeat, stomach or sensations
coming from their clinically affected body part), showed an activation in the posterior cingulate cortex,
the precuneaus as well as the caudate nucelaus and the right insula compared to thirteen healthy
controls and an exteroceptive control condition (Spagnolo et al., 2025). While fMRI studies provide
valuable spatial information, they may conflate different cognitive and perceptual processes due to their
limited temporal resolution. This can be overcomed by EEG-based measures such as the heartbeat-
evoked potentials (HEPs).

HEPs reflect cortical responses to individual heartbeats in the EEG and represent a promising neural
index of interoceptive processing. Recent meta-analyses indicate that HEPs are robust markers of
interoception, modulated by attention, arousal, and clinical status, showing moderate correlations with
behavioral measures of interoceptive accuracy (Coll et al., 2021), which may serve as a
neurophysiological biomarkers of FND. A reduction in HEP amplitude over fronto-central regions has
been observed in FND patients immediately prior to (Elkommos et al., 2023) and during (Flasbeck et al.,
2024) the onset of functional/dissociative seizures, an effect not seen in patients with epileptic seizures
(Elkommos et al., 2023). However, no study to date has investigated HEPs in a large, mixed-symptom
cohort of FND patients outside the context of acute seizure-like episodes. Such an investigation could
uncover a broader interoceptive dysfunction in all subtypes of FND, independent of seizure phenomena.
Attentional processes are considered central to both FND pathophysiology and the modulation of HEPs.
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A recent review emphasized the importance of attentional quality and interpretative appraisal in
interoceptive functioning (Joshi et al., 2021). In healthy individuals, directing attention to the heartbeat
is associated with increased HEP amplitudes at central electrodes (Petzschner et al., 2019), suggesting
that HEPs are sensitive to top-down attentional focus. Yet, the interaction between attentional
modulation and HEPs has not been explored in FND populations.

To address these questions, the present study investigates HEPs as a potential neuronal trait marker of
interoception in a large, heterogeneous FND cohort, independent of acute symptom expression versus
a control group, and assessed HEP responses during interoceptive (heartbeat-focused) versus
exteroceptive (external stimulus-focused) attention. We integrate these HEP data with measures of an
extended interoceptive accuracy task (HCT) and interoceptive self-report (MAIA and IAS). Additionally,
by comparing brain responses during interoceptive (heartbeat-focused) versus exteroceptive (external
stimulus-focused) attention, we aim to assess the modulatory role of attention on HEPs, thereby probing
a central mechanism previously suggested to be implicated in FND.

We hypothesize that 1) FND patients will exhibit reduced interoceptive processing across multiple
dimensions, including interoceptive self-report (using both MAIA and IAS questionnaire scores),
interoceptive accuracy (traditionally used HCT performance in an extended version) and neuronal
representation (reduced HEP amplitude and/or altered HEP topography). Further, we hypothesized that
patients with FND will show impaired attentional modulation of interoception, as Il) reflected in the
reduced ability to focus on the heart (self-reported difficulty) and Ill) in the absence of the expected
enhancement in HEP amplitude when attention is guided toward the heartbeat.

4.3 Methods

Participants

Ninety-two participants were initially recruited for this study; four were excluded (three due to poor
EEG quality, i.e., <70% of epochs accepted; one due to inability to complete the task), resulting in a final
sample of N = 88 (95.65%). Patients with Functional Neurological Disorder (FND) were recruited from
two Swiss neurology clinics (University Hospital/Inselspital Bern and Cantonal Hospital of Fribourg; HFR),
and age- and sex-matched healthy controls were recruited via flyers, online advertisements, and word-
of-mouth. Inclusion criteria were: (a) FND diagnosis (F44.4-44.7, DSM-5 or ICD-11) for patients, (b) age
>18 years, and (c) full decision-making capacity. Exclusion criteria for both groups included: major
psychiatric or neurological disorders, previous brain surgery or implants, substance abuse,
cardiovascular disease, inability to follow procedures, and pregnancy or breastfeeding. The study was
conducted at the HFR in collaboration with the University of Fribourg, Switzerland, as part of a larger
project on interoception and biological markers (ClinicalTrials.gov NCT06084325; see publication on
interoceptive accuracy on respiratory domain; Stoffel et al., 2025). The study was approved by the Ethics
Committee of Canton Bern (2023-00469) and conducted in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all participants.

Demographic and clinical characteristics

Before the study visit, participants completed questionnaires on somatoform dissociation (SDQ-20;
Nijenhuis et al., 1996), depression (BDI-Il; Beck et al., 1996) and anxiety (STAI; Spielberger et al., 1970).
Due to high correlation between BDI-Il and STAI-T (r =0.77, p <.001), a composite sum score of affective
symptom score was computed for analysis. Medical diagnoses, medication use, and for females,
menstrual cycle or hormonal contraceptive status were recorded. FND patients additionally underwent
standard neurological assessment, including the SFMDRS (Nielsen et al., 2017) and the Clinical Global
Impression Scale (CGl; Guy, 1976) for symptom severity.
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Interoceptive Self-Report and Accuracy
Interoceptive self-report was assessed prior to the study visit via the Multidimensional Assessment of
Interoceptive Awareness (MAIA-II; Mehling et al., 2018) and the Interoceptive Accuracy Scale (IAS;
Murphy et al., 2020) Interoceptive accuracy was assessed using an adapted heartbeat counting task
(HCT). In the neutral condition, participants counted perceived heartbeats during three randomized
intervals (25s, 35s, 45s) without checking their pulse (Schandry, 1981). Instructions emphasized
perception over estimation, allowing zero responses if no heartbeat was felt, as in Millman et al. (2023)
and Sojka et al. (2021). After each trial, participants rated confidence, intensity, and difficulty (0-100
scale). As an extension, participants repeated the HCT while being instructed to hold their breath for as
long as they could tolerate to increase physiological arousal, as in Smith et al. (2020). Heartrate was

measured using electrocardiography (ECG). Each participant completed six trials (three per condition),
(Irecorded heartbeats—counted heartbeats|

and accuracy per trial was calculated as 1 — ), then averaged

recorded heartbeats
across trials. Mean accuracy was computed per condition and across both conditions.

Neuronal assessment of interoception (Heartbeat-evoked Potential)
Neural responses to interoceptive signals were assessed via heartbeat-evoked potentials (HEPs), derived
from EEG signals time-locked to ECG R-peaks. Following Petzschner et al. (2019) participants directed
their attention either to their heartbeat (interoceptive condition) or to continuous white noise
(exteroceptive condition), each repeated ten times for 20 seconds. Auditory stimuli were delivered
through in-ear headphones in both conditions. Afterward, participants rated perceived ability, difficulty,
and intensity for each condition. Full task details are provided in the Appendix C.

EEG and ECG acquisition and preprocessing

EEG was recorded using a 64-channel BIOSEMI ActiveTwo system (Biosemi, Amsterdam) with a CMS-
DRL ground placed occipitally. Data were sampled at 2048 Hz, and triggers marked the start and end of
each attention block. ECG was recorded via four electrodes placed diagonally across the torso: two near
the clavicles and two near the lower rib cage. The signal from the right clavicle to the left rib cage was
used for R-peak detection, with the second pair as backup.

R-peaks were detected offline using the Cherneko MATLAB script and visually verified. For the ECG,
heartbeat-locked responses were computed after mean centring and band-pass filtering between 0.3
and 40 Hz, and averaging epochs from -100 to 652ms around R-peak. EEG data preprocessing was
performed offline, using a customized MATLAB toolbox (EEGpal), based on EEGLab 2023.1 (Delorme &
Makeig, 2004), and available on https://github.com/DePrettoM/EEGpal. Data were bandpass filtered
(0.3-40 Hz (Widmann et al., 2015) and an Independent Component Analysis (ICA) assisted by ICLabel
plugin (Pion-Tonachini et al., 2019) was used to remove signals attributed to vertical and horizontal eye
movement (Delorme et al., 2007); on average, 1.58 components (SD = 0.84) were removed per
participant. Bridged channels(Alschuler et al., 2014) were excluded from ICA and interpolated afterward.
Bad channels identified via visual inspection using Cartool (Brunet et al., 2011) were interpolated using
the spherical splines method (Perrin et al., 1989), averaging 1.18 electrodes (1.85%) per participant. Data
were re-referenced to the common average. ERPs were computed by averaging epochs from —100 to
652ms around the R-peak, without baseline correction (Petzschner et al., 2019). Epochs exceeding 100
UV in any channel were rejected. Three participants were excluded for excessive noise (>33% rejected
epochs), yielding a final mean acceptance rate of 95.42%.

Statistical analysis
For behavioral data, t-tests were used for parametric data, the Wilcox-rank sum test for non-parametric
data, and the Chi-squared test for binary variables when calculating a group difference. P-values and
Cohen’s d, or odds ratio (OR) respectively are reported for these analyses. False Discovery Rate (FDR)
correction was applied for multiple comparisons. Correlation analyses were done using Pearson
correlation, and association analyses were calculated using a linear model including co-variates of no
interest. Heartrate (HR) was operationalized via the mean distance in ms between two detected R-peaks.
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Heartrate variability (HRV) was calculated using the Root mean square of successive RR interval
differences (RMSSD), estimating the vagally mediated changes of the heartrate also for short time
intervals (Shaffer & Ginsberg, 2017).

EEG analysis
For EEG, all analysis was done considering a minimal duration of 10ms for statistically significant
differences and considering time periods starting as early as 150ms following the R-peak, which has been
reported to be an early neuronal response to the heartbeat (Banellis & Cruse, 2020; Liu et al., 2023).

HEP analysis.

Targeted traces on Fz, F7 and F8: For the EEG single trace analysis, we performed a targeted analysis,
for the same time duration and electrode selection (F8, Fz and F7 at 250-295ms after R-peak) used in a
previous study, which investigated the HEP as a neuronal marker in a within-group analysis of pre-
compared to during functional/dissociative seizures (Flasbeck et al., 2024). Individual amplitudes for
these three electrodes for the defined time interval were extracted per participant and condition via
EEGpal. Repeated-measures analyses of variance (ANOVA) were conducted with condition as a within-
subject factor and group as a between-subject factor, using subject ID as an error term to account for
within-subject dependencies. Where applicable, significant effects are reported with F-values, p-values,
and effect sizes using Cohen’s f. Followingly, group comparisons were done separately per condition.
This trace analysis was done in Cartool, detecting p < 0.05 after correcting for multiple comparison for
specific time intervals (Brunet et al., 2011).

Explorative analysis on all traces: Secondly, an explorative analysis with all electrodes and the full epoch
length was conducted. Here, an unpaired randomization test with 5000 iterations was calculated to
identify any electrodes as a local difference between groups separately per condition. FDR was used to
correct for multiple comparisons. These results are presented in detail in the Appendix C.

Global Field Power & Topographical Analysis.

For EEG analysis on a global level, a statistical analysis for the two-factorial design of group and condition
was done using the RAGU toolbox (Koenig et al., 2011). This identified changes in signal strength
modulation, the global field power (GFP), as a main effect of group or in interaction of group and
condition. Also, RAGU allowed an overall analysis of changes in topographical modulation, using a
Topographical ANOVA (tANOVA). For this, L2 normalization was applied for the significant results to
reflect only the topographical difference and not the potential GFP. For all analysis in RAGU, the p-
threshold was set at 0.05 and the analysis was computed with 5000 runs.

Source localization.

Group and interaction effects identified at the sensor level (GFP or tANOVA) were further explored
at the source level using voxel-wise independent or paired t-tests on sSLORETA-estimated current
density distributions (Pascual-Marqui, 2002). The source analysis was restricted to those time
windows previously found to be statistically significant, serving primarily to visualize the cortical
origins of these effects rather than to conduct a fully independent statistical test. Source-level
comparisons were carried out on untransformed data with a signal-to-noise ratio set to 100.
Subject-wise normalization was applied, without baseline correction, and statistical testing was
limited to a single average comparison within each significant time window. To control the family-
wise error rate associated with multiple voxel-wise comparisons when running the tests, we used
a nonparametric permutation approach with 5’000 iterations to derive corrected thresholds for
significance.

Correlation and Control analysis.
We extracted the mean values of the amplitudes of the identified electrodes at the local trace level, and
the GFP amplitudes per participant for the identified intervals of significance using EEGpal. To perform
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correlation analysis on topographical results, global map dissimilarity (GMD) was computed to obtain a
single measure of topographical change over time per condition, also using EEGpal. These values were
then used to run further correlation analyses with other interoceptive or clinical variables collected
within the study or used to run linear or linear mixed-effect models, where we can control for covariates
of no interest like sex, age, along with cardiac (HR and HRV) and psychiatric variables (intake of
medication and affective sum score). To further guarantee no cardiac interference with the identified
EEG effects, we extracted the amplitude of the normalized ECG trace for the respective time intervals
and included also this as a control variable when running linear models (Flasbeck et al., 2024).
Normalized ECG traces were obtained by dividing the heartbeat-locked response by the range of its
signal (maximum-minimum amplitude) for each participant separately. Also, ratings on difficulty of
focusing on the interoceptive or the exteroceptive control condition was used as a control variable at
this step.

Data availability

The data of all participants who signed the informed consent form for further use are publicly available
(www.doi.org/10.5281/zenodo.15010968). Also, R-scripts used for obtaining the reported results are
uploaded on a public GitHub.

4.4 Results

Demographic and clinical characteristics

The two groups did not differ in terms of age or sex (p > 0.8). As expected,(Calma et al., 2023) patients
with FND reported higher scores in depression (d = 1.36, p < 0.001) and anxiety (trait: d =0.80, p <0.001
and state: d = 1.04, p < 0.001) compared to controls. Unsurprisingly (see for example also O’Connell
etal., 2019) patients with FND also reported a higher intake of psychotropic, antiepileptic, opioid, and
benzodiazepine medications (x* = 21.09, OR = 16.26, p < 0.001). Patients with FND had a higher heart
rate compared to the controls (d =-0.72, p = 0.001) and a lower HRV (d = -0.78, p < 0.001) representing
enhanced sympathetic activation, as previously reported in FND (Flasbeck et al., 2024; Maurer et al.,
2016; Paredes-Echeverri et al., 2022). Table Ill 1. For further information on clinical characteristics and
comorbidities see Appendix C, Table C1 and C2.

Table 1l 1: Demographics

Overall, HC, FND,

Variable N=92 N =48 N=44 p-value
Female sex, count (%) 67.0 (72.8) 35.0 (72.9) 32.0(72.7) >0.92
Age in years, mean (SD) 38.1(12.3) 37.8(13.0) 38.5(11.7) 0.8
Heartrate R-R interval in ms, mean (SD) 886.0(132.2) 932.4 (130.0) 836.6 (119.9) 0.003b
Heartrate variability RMSSD in ms, median (IQR) 36.3(22.3) 41.0 (30.0) 30.5(16.3) 0.008¢
Psychotropic/ antiepileptic/ opioid/ benzodiazepine
medication, count (%) 25.0 (27.8) 2.0 (4.3) 23.0(52.3) <0.0012
Depression, median (IQR) 8(12) 4(7) 15 (14) <0.001b
State Anxiety, median (IQR) 32.0(15.0) 28.0(8.5) 38.5(19.3) <0.001b
Trait Anxiety, mean (SD) 41.6 (12.0) 37.3(10.3) 46.3 (12.1) <0.001¢

9= Fisher's exact test; N (%)
b = Two Sample t-test; mean (SD)
¢ = Wilcoxon rank sum test; median (IQR)
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Lower interoceptive self-report and no difference in accuracy

As previously reported in a publication discussing respiratory interoception in the same cohort (see
Stoffel et al., 2025), patients reported lower scores than controls on both interoception questionnaires
(MAIArora: d =-0.73, p=0.002 and IAS: d =-0.67, p = 0.020), Figure lll 1.

For the MAIA, the specific subscales of Trusting (p = 0.005), Self-Regulation (p = 0.005), Emotional
Awareness (p = 0.043) and Attention Regulation (p = 0.043) showed a lower score for patients after
adjusting for multiple comparison with FDR, Appendix C, Figure C2. In the dimension of interoceptive
accuracy, there was only marginal evidence for a difference in the adapted HCT between groups (mean:
d =-0.43, p = 0.060). Further assessing the confidence of their performance as another measure of self-
report (Suksasilp & Garfinkel, 2022), there was also no group difference. Finally, there was no significant
change in accuracy or confidence ratings between the neutral and breath-holding arousal condition for
either group. For an overview of HCT results see Appendix C, Table C3.
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Figure lll 1: Differences across groups in both interoceptive belief questionnaires (A) MAIA = Multidimensional
Assessment of Interoceptive Awareness and B) IAS = Interoceptive Accuracy Scale). Differences across groups (HC
= healthy controls and FND = Functional Neurological Disorders) for MAIArora. using a parametric t-test with p =
0.002 and for IAS using a non-parametric Wilcoxon-test with p = 0.020.

HEP: Altered frontal traces in FND

Targeted analysis: EEG analysis revealed a prominent HEP at frontal electrodes, similar to previous HEP
work (H.-D. Park & Blanke, 2019; Schandry & Montoya, 1996; Tanaka et al., 2023).Testing each of the
three electrodes (Fz, F7, F8) that were previously tested in functional/dissociative seizure patients in the
time interval of 250-595ms following R-peak (Flasbeck et al., 2024), we identified a group effect for F8
only F(1, 86) =5.46, p = 0.022, f=0.25, indicating a medium-sized group difference. This analyses stayed
significant when we added covariates of no interest in particular sex and age in addition to cardiac
differences (HR and HRV; p = 0.028), ECG amplitude (p = 0.029), or psychiatric differences (intake of
medication and affective symptoms ; p = 0.030). Analyzing the averaged HEP waveforms at electrodes
F8 separately for the two conditions, we found that the FND vs HC group comparison was characterized
by a reduced amplitude in two time windows in each condition (536-547ms and 570-581ms after R-peak
when focusing on the heart, and for two time intervals 451-462ms and 515-591ms after R-peak in
control condition), Figure lll 2.
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Testing for covariates using linear models and correcting for multiple comparison using FDR, all group
difference survived the control for sex and age. When controlling additionally for HR and HRV, F8 for the
control condition would survive after correcting for multiple comparisons using FDR (p = 0.044), while
no other group difference survived for further adding affective symptoms and medication, in addition
to sex and age as covariates (p > 0.086). Finally, for F7 and Fz we did not identify a group difference,
which is visualized in Appendix C, Figure C3.

Figure Ill 2: lillustration per group and condition. Grand average for electrode F8 associated with the reduced
Heartbeat evoked potential (HEP) for FND (red) and HC (black). A) shows the trace for the interoceptive condition
of focusing on the heart with B) for the corresponding topographies for 250-595ms after R-peak and trace F8
marked as a yellow asterix. C) Shows the trace for the control condition of focusing on the sound with D) for
corresponding topographies respectively. The red highlighted area represents the time interval within the
investigated 250-595ms interval, where F8 became significant in the group comparison separately per condition,
indicating a lower (negative) HEP for FND patients, compared to HC.

Explorative analysis: Performing a randomization test between groups in the interoceptive condition for
all traces revealed an enhanced and earlier negativity in patients with FND patients around 200ms
(185ms-210ms after R-peak) at F1, which also survived correction for cardiac and psychiatric covariates,
visualized in Appendix C, Figure C4. For the control condition, two later time intervals were identified at
electrode F8 at 540-550ms and at electrode P6 for 620-630ms after R-peak. These results are further
discussed in Appendix C.

GFP: Weaker frontal activation in the interoceptive condition in FND

Using a 2x2 factor analysis in RAGU, we were not able to identify a significant main effect of group (p =
0.647), but a significant interaction of both factors at 285-298ms after the R-peak (p = 0.027). Using
linear mixed effect models with restricted maximum likelihood (REML) on the extracted data, this
interaction remained when controlling for sex, age and cardiac differences (b = 0.12, SE = 0.049, t(85) =
2.48, p = 0.015), or for ECG amplitudes (b = 0.11, SE = 0.049, t(86) = 2.20, p = 0.030). Also, the control
for affective symptoms and medication intake (along with sex and age as covariates) did not diminish
the group effect (b = 0.11, SE = 0.050, t(84) = 2.25, p = 0.027), supporting the robustness of our
interaction effect that indicates patients with FND showing a different GFP amplitude across conditions,
with lower GFP in the interoceptive condition. Using sSLORETA to localize the source of this effect, we
identified a lower activation in anterior prefrontal cortex (aPFC, Brodmann area 10) and the medial
frontal gyrus for the interoceptive condition in patients with FND compared to HC, Figure Il 3.
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