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There is an emergent movement of scientists and
scholars working on somatic awareness, intero-
ception and embodiment. This work cuts across
studies of neurophysiology, somatic anthropol-
ogy, contemplative practice, and mind-body
medicine. Key questions include: How is body
awareness cultivated? What role does interocep-
tion play for emotion and cognition in healthy
adults and children as well as in different psy-
chopathologies? What are the neurophysiolog-
ical effects of this cultivation in practices such
as Yoga, mindfulness meditation, Tai Chi and
other embodied contemplative practices? What
categories from other traditions might be useful
as we explore embodiment? Does the cultivation
of body awareness within contemplative practice
offer a tool for coping with suffering from condi-
tions, such as pain, addiction, and dysregulated
emotion?

“Doors”. Photo by W. Mehling, Fez, Morocco, 2016
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This emergent field of research into somatic
awareness and associated interoceptive processes,
however, faces many obstacles. The principle obstacle lies in our 400-year Cartesian tradition
that views sensory perception as epiphenomenal to cognition. The segregation of perception
and cognition has enabled a broad program of cognitive science research, but may have also
prevented researchers from developing paradigms for understanding how interoceptive aware-
ness of sensations from inside the body influences cognition. The cognitive representation of
interoceptive signals may play an active role in facilitating therapeutic transformation, e.g. by
altering context in which cognitive appraisals of well-being occur. This topic has ramifications
into disparate research fields: What is the role of interoceptive awareness in conscious presence?
How do we distinguish between adaptive and maladaptive somatic awareness? How do we best
measure somatic awareness? What are the consequences of dysregulated somatic/interoceptive
awareness on cognition, emotion, and behavior? The complexity of these questions calls for
the creative integration of perspectives and findings from related but often disparate research
areas including clinical research, neuroscience, cognitive psychology, anthropology, religious/
contemplative studies and philosophy.
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Editorial on Research Topic
Interoception, Contemplative Practice, and Health

Well-being is deeply rooted in the body, a continuous flow of feelings denoting comfort or
distress. Interoception, the representation of the body’s internal state, is a growing target of
scientific research, buoyed by a growing respect for contemplative traditions relating interoceptive
awareness to the cultivation of well-being. An emerging interoception literature cuts across studies
of neurophysiology, somatic anthropology, contemplative practice, and mind-body medicine. Key
questions include: How is body awareness cultivated? What role does interoception play for
emotion and cognition across the lifespan as well as in different psychopathologies? What are the
neurophysiological effects of interoceptive training in Yoga, mindfulness meditation, Tai Chi, and
other embodied contemplative practices? What categories from other traditions might be useful
in this investigation? How might the cultivation of interoceptive awareness improve resilience in
chronic health conditions?

Such questions have historically been ill-addressed by Western science, which is still influenced
by a 400-year Cartesian tradition that treats cognition as something fundamentally distinct from
sense-perception. This segregation limits consideration of interoception as the very context that
situates and motivates cognition. And yet in therapeutic domains, attention to such context is
critical, as the integration of interoceptive signals constrain the scope through which cognitive
appraisals of well-being occur. This idea is not entirely novel to the literature- in 1974 Zanna and
Cooper (1974) found elevated anxiety appraisals following caffeine pill ingestion when participants
did not know they had consumed caffeine, as compared to when they did. Analogously, ignorance
of the causes and consequences of our own myriad visceral feelings does not prevent them from
coloring our interpretations of self, others, and the world. A strong version of this idea is that
a failure to appreciate the causes and influences of interoceptive signals on cognition is to allow
cognition to be determined by these signals.

It is still unknown how to comprehensively assess the quality of interoceptive integration. We
know little about how to formally distinguish between adaptive and maladaptive interoception,
or the consequences of dysregulated interoception on cognition and behavior. The complexity
of these questions calls for the creative integration of perspectives and findings from related
but often disparate research areas including clinical research, neuroscience, cognitive psychology,
anthropology, religious/contemplative studies, and philosophy.

In recognition of the growing interest in such questions, we worked with Frontiers in
Psychology to foster dialogue and collaboration in this emerging field. The numerous contributions
stand as testament to a burgeoning interest in interoception, although direct demonstrations of
interoceptive integration as a determinant of health were rare. Even rarer were empirical articles
specifically addressing interoceptive reconditioning, in contemplative practice or beyond. Thus the
role of interoceptive training in the context of wellbeing and health remains a relatively unexplored
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topic. Nevertheless, we are pleased to present this special issue
that curates some of the growing interest in interoception
research, speaking to the following research subdomains:

1)

2)

3)

Creating a scientific framework for our discourse

Farb et al. present an attempt at creating an integrated
discourse on interoception from multiple perspectives, a
“White Paper” on the theme of this special topic issue
following a 2-day conference with researchers and scholars
from Europe and the US from clinical and social psychology,
medicine, psychiatry, neuroscience, nursing, and religion. The
paper explores how contemporary theories of perception,
e.g., the predictive coding model, can be applied to elucidate
interoceptive processes, and mechanisms for reported health
benefits of contemplative practice. It presents an overview
of what we know today, the limitations and challenges we
encounter in our field, and suggests next steps.

Ceunen et al. review the history of interoception theory
from its etymological origin through its subsequent semantic
development. The authors trace the confusing language for the
various components of interoception back to their physical
and physiological contexts in which these were studied and
discerned, such as by stimulus source, organs involved, and
neurological signal-transmitting pathways, and propose a
theoretical framework built around interoceptive experience
understood as originating in the central nervous system.

Schulz and Végele review findings on psychobiological
processes underlying acute and chronic stress and their
interactions with interoception. They discuss psychological
factors in stress reactivity, the role of the hypothalamic-
pituitary-adrenocortical and the autonomic nervous system.
The authors propose a theoretical model that integrates stress
from early life and major adverse events with the dysregulation
of physiological stress axes, altered interoception, the
generation of physical symptoms, and the perpetuation of
dysfunction.

Interoceptive phenomenology across Eastern and Western
cultural perspectives

Ma-Kellams explores the literature describing cross-cultural
differences in interoception between Western and non-
Western cultures and in levels of somatic awareness and
interoceptive accuracy. She questions whether findings of
heightened somatic awareness among non-Western cultures is
linked to a greater emphasis on somatic symptoms in clinical
depression and anxiety.

Neural mechanisms underlying interoceptive processing
Wiebking and Northoff report an fMRI study of neural activity
in the insula during the heartbeat counting task contrasting
(a) non-psychiatric participants with high or low alexithymia
scores to (b) patients suffering from major depressive disease
and with comparable levels of alexithymia. The authors
describe aberrant processing during an interoceptive task in
depressed patients.

Stoeckel et al. describe distinct brain activation patterns in
dyspnea perception that indicate habituation or sensitization,
a topic especially relevant for patients with bronchial and
pulmonary diseases. They describe how trait and state anxiety

4)

and dyspnea unpleasantness are linked with specific patterns
of brain activity and implicate the anterior insula and the
periaqueductal gray regions in this context.

Medford et al. studied physiological and neutral
reactivity to emotion provocation in patients suffering from
depersonalization disorder before and after pharmacological
treatment. The authors relate reductions in symptoms
central to this disorder, such as diminished sense of self
and attenuated emotional experience, with normalization of
neural responses to emotionally-evocative visual stimuli.

Finally, focusing on brain structure rather than functional
activity, Terasawa et al. studied the influence of insular
damage on altered emotion processing and interoceptive
awareness in three right insular and adjacent area-damaged
individuals with well-preserved higher cognitive function.
Emotion processing integrity was measured via recognition
rates for emotional face stimuli, and examined for its
association with interoceptive accuracy measured by the
heartbeat perception task.

Interoceptive awareness and contemplative practice
Bornemann et al. investigated how self-reported aspects
of interoceptive awareness are influenced by a 3-month
contemplative intervention that featured daily practices of
attending to the body and breath. Interoceptive awareness
was assessed by self-report with the German version of the
Multidimensional Assessment of Interoceptive Awareness
(MAIA). The authors address whether contemplative
practices may target specific aspects of the complex
multi-dimensional construct of interoceptive awareness.

de Jong et al. report results of a randomized controlled
trial of Mindfulness-Based Cognitive Therapy (MBCT) vs.
usual care on self-reported interoceptive body awareness,
assessed by the MAIA, in patients with chronic pain and
comorbid depression. Mindfulness interventions including
MBCT entail paying attention to present moment experience,
including thoughts, emotions, and bodily sensations and train
body awareness through the body scan and yoga. The study
investigates whether MBCT produces selective and specific
changes in interoceptive awareness, and whether such changes
mediate improvements in clinical outcomes.

Meditation reduces heart and respiration rates, blood
pressure and skin conductance. Khalsa et al. explored
the question whether meditators have stronger regulation
skills for elevated cardiac adrenergic tone (heart rate;
blood pressure) introduced by isoproterenol infusions
compared to matched controls. Participants were exposed
to different doses of isoproterenol or saline while resting or
meditating.

Is the subjective experience of the passing of time related
to the awareness of body sensations, interoceptive accuracy
and psychophysiological autonomic regulation? Otten et al.
assessed performance in visual and auditory time duration
reproduction tasks, comparing meditators with matched
controls. They used the heartbeat perception task, self-
reported presence and acceptance, the Attention Network
Test, divided attention, heart rate, and skin conductance.
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5) Interoception as it relates to other psychological constructs

and its role in clinical conditions

Ainley et al. examined a potential link between interoceptive
accuracy and empathy. They compared the performance on
the heartbeat perception task with scores on tests that relate to
various aspects of empathy: Index of Interpersonal Reactivity,
Questionnaire of Cognitive, and Affective Empathy, Reading
the Mind in the Eyes Task for recognizing facial expressions
involved in affect sharing, and Directors Task to assess
cognitive perceptive taking ability involving self-other
distinction.

Cali et al. studied the complex relationship between distinct
dimensions of self-reported interoceptive awareness and
emotional susceptibility, the tendency to experience feelings
of discomfort and vulnerability when facing negatively-valued
emotionally-laden stimuli. They also investigated whether
dimensions of self-reported interoceptive awareness, assessed
by the MAIA, are related to interoceptive accuracy assessed by
the heartbeat perception task.

Longarzo et al. investigated the relationship between
interoception and alexithymia, the difficulty to identify
and express emotions cross-sectionally using the Toronto
Alexithymia Scale and the newly developed Self-Awareness
Questionnaire (SAQ) in healthy volunteers. The study
explored whether alexithymia is related to interoceptive
awareness, and in particular with a tendency to exaggerate
fluctuations in body sensations.

Pappens et al. paired a benign interoceptive stimulus as a
conditioned stimulus (CS) with the unconditioned stimulus
(US) of panic associated with feelings of suffocation—to study
fear learning in healthy volunteers. Can the presentation
of an interoceptive fear conditioning paradigm serve as
a laboratory model for panic attacks? Conditioned fear
learning was assessed by startle eye blink electromyography,
skin conductance, and respiration rate and tidal volume.
Is interoceptive fear learning independent of declarative
knowledge of the CS-US contingency?

Chan et al. explored the interoceptive processing of
respiratory stimuli potentially altered by respiratory sensory
gating in patients with generalized anxiety disorder compared
to healthy controls. Respiration was manipulated through
brief airway occlusions; sensory gating of stimulus processing
was assessed by Respiratory-Related Evoked Potentials
(RREP).

Pollatos et al. report on two studies exploring whether
higher levels of interoceptive sensitivity support the ability
to overcome negative feelings caused by social exclusion
in healthy volunteers. They created groups of high or low
interoceptive performance using the heartbeat perception
task. The experience of ostracism was induced by the
cyberball paradigm, a computerized ball toss game in which
the participant is eventually excluded from play. The first
study assessed subjective feelings and behavioral affiliation
tendencies, the second habitual emotion regulation processes
focusing on suppression and reappraisal. Does interoceptive
sensitivity reduce aversive states provoked by social exclusion
and, if so, which coping strategy maximizes such protection?

6)

7)

Payne et al. present a theoretical model that tries to
understand the psychological and neurological dynamics of
trauma, chronic stress, and post-traumatic stress disease, and
how trauma therapy, specifically the Somatic Experiencing
(SE™) approach, may rehabilitate functionally dysregulated
autonomic, limbic, motor, and arousal systems. In a detailed
case study, they illustrate the importance of taking into
account the instinctive, bodily based protective reactions to
stress and trauma and of using attention to interoceptive,
proprioceptive, and kinesthetic sensation as a therapeutic
tool.

Quadro Motor Training (QMT) may be viewed as a
radically simplified form of a mindful movement practice.
In a 3-arm randomized controlled trial, Ben-Soussan et al.
investigated the effect of four weeks of daily practice on
cognitive flexibility and ideational fluency as dimensions
of creativity, assessed with the Alternate Uses Task. They
also followed three participants using structural MRIs and
Diffusion Tensor Imaging to examine the relationship
between gray matter volume, fractional anisotropy, and
cognitive flexibility scores.

Anxiety and anxiety sensitivity have been associated
with increased interoceptive accuracy but also with bias
for increased symptom reporting poorly correlated to
physiological function. Petersen et al. attempted to disentangle
interoceptive accuracy from bias by exposing groups of
habitual high and low symptom reporters to a series
of different inspiratory loads and asked participants for
subsequent load classification. Signal detection analyses
for classification accuracy were applied to differentiate
interoceptive respiratory accuracy in symptom detection from
classification bias. This is of clinical importance for asthma
patients in the more ambivalent range of symptom intensity
perceiving respiratory loads as either harmless or threatening.
Interoceptive awareness in children
Georgiou et al. studied in children how interindividual
differences in the perception of bodily processes, i.e.,
interoceptive  sensibility/accuracy, based on heartbeat
perception, interact with their degree of everyday
physical activity measured by a multi-sensor device. Is
higher interoceptive sensibility associated with stronger
physical performance in children, which would indicate
that interoception is important for the self-regulation of
health-related behavior early in life.

In a large prospective cohort study in Germany, Koch
and Pollatos assessed interoceptive sensibility/accuracy
in 1657 children (6-11 years old) twice 1 year apart and
examined its prospective association with different food
approach behaviors and weight status. They also determined
whether altered interoceptive processes follow or precede
non-adaptive eating behavior patterns in overweight
children.

Measuring subjective aspects of interoceptive awareness

Proven validity and reliability of measures for variations
of interoceptive awareness and its multiple aspects are
preconditions for informative research. Studies on objective,
e.g., behavioral performance measures are urgently needed
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to move the research field forward. Regrettably, this topic
issue did not receive any contributions for studies of objective
assessment tools. However, several studies assessed the
psychometric properties of systematically translated versions
of the MAIA self-report measure. Bornemann et al. developed
and studied the German version, Valenzuela-Moguillansky
and Alejandro Reyes-Reyes the Spanish version, and Cali
et al. the TItalian version of the MAIA and assessed
their psychometric properties in healthy volunteers. Taken
together, these studies show strengths and weaknesses
of the MAIA and provide suggestions for its further
improvement. Longarzo et al. present the Self-Awareness
Questionnaire (SAQ). Factor analysis of the SAQ showed
two factors, related to visceral and to somatosensory
sensations.

This special issue serves only as a brief introduction to
the growing field of research into interoception, embodiment,
and somatic experience. The varied contributions in this issue
serve to affirm the importance of interoception measurement
and training for well-being and health. The psychometric
studies herein helped to establish the multifaceted nature
of interoception across a variety of cultural contexts and
populations. Regarding quantitative measurements, heartbeat
detection tasks seem to be effective in explaining variance in
physical activity or symptom appraisal. And yet, this family of
measures alone cannot possibly distinguish between the varied

facets of interoception. Novel measures, such as the promising
respiratory load task, are needed.

While the initial returns on interoceptive awareness suggest
that such awareness is likely beneficial in supporting well-
being, it is also important for such inquiry to establish
boundary conditions on the utility of enhancing awareness of
interoceptive signals for particular people and in particular
times. A central example of this problem lies in panic
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disorder, where those afflicted tend to demonstrate superior
interoceptive accuracy on heartbeat detection compared to
the general population (Ehlers, 1993). Thus, finding more
nuanced methods to characterize what interoceptive signal is
attended to, whether such attention is wisely timed, whether
it serves to promote adaptive feelings and actions, and how
variations in attention styles interact with interoceptive bias,
all appear to be critical questions in continuing to develop an
evidence-based account of interoception’s role in determining
health and well-being.

Together, we hope these collected papers serve not only to
validate the reader’s belief in the importance of interoception
for well-being across the lifespan, but also to stoke the
imagination as to the unfolding mystery of how we come
to know ourselves through our bodies. As these studies
suggest, it is a rich time to join this field of research, with
a need for new methods in measurement and training, in
the hope of understanding the role of embodied feelings, and
contemplative practices as contributors to well-being.
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Interoception can be broadly defined as the sense of signals originating within the body.
As such, interoception is critical for our sense of embodiment, motivation, and well-
being. And yet, despite its importance, interoception remains poorly understood within
modern science. This paper reviews interdisciplinary perspectives on interoception, with
the goal of presenting a unified perspective from diverse fields such as neuroscience,
clinical practice, and contemplative studies. It is hoped that this integrative effort will
advance our understanding of how interoception determines well-being, and identify
the central challenges to such understanding. To this end, we introduce an expanded
taxonomy of interoceptive processes, arguing that many of these processes can be
understood through an emerging predictive coding model for mind-body integration.
The model, which describes the tension between expected and felt body sensation,
parallels contemplative theories, and implicates interoception in a variety of affective and
psychosomatic disorders. We conclude that maladaptive construal of bodily sensations
may lie at the heart of many contemporary maladies, and that contemplative practices
may attenuate these interpretative biases, restoring a person’s sense of presence and
agency in the world.

Keywords: interoception, contemplative practice, meditation, body awareness, mindfulness, yoga, mind-body
therapies

Introduction

Introducing Interoception

Interoception is the process of receiving, accessing and appraising internal bodily signals.
Maintaining desired physiological states is critical for an organism’s survival, and so
interoception is a powerful motivator of behavior in the pursuit of these states (Craig, 2002,
2009). While interoceptive awareness has been more narrowly defined as the representation
of afferent body sensations (Craig, 2003; Critchley et al., 2004), broader definitions cast
interoception as a multi-dimensional construct that also takes into account how people
attend to, appraise and respond to these sensations (Vaitl, 1996; Cameron, 2001; Verdejo-
Garcia et al., 2012). Interoception is supported by an increasingly well-specified neuro-
anatomical pathway with dedicated representation cortices akin to the five external senses
(Craig, 2002; Critchley et al., 2004; Critchley and Harrison, 2013), although the nature of
such representation is decidedly more mysterious and in need of empirical investigation.
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Interoception is an iterative process, requiring the interplay
between perception of body states and cognitive appraisal of
these states to inform response selection. Afferent sensory
signals continuously interact with higher order cognitive
representations of goals, history, and environment, informing
emotional experience and motivating regulatory behavior (Craig,
2009). Together, these iterations create a sense of self laden
with motivational context (Damasio, 2003b). Such context may
then inform a person’s approach or avoidance tendencies, and
thus these interactions hold important implications for well-
being (Beck, 2008). Conversely, life experience impinges upon
interoception: the perceived availability and relevance of body
representations are moderated by factors such as attentional cues
(Ainley et al., 2012), contemplative training such as meditation,
yoga, tai chi, etc. (Bornemann et al., 2014), and age (Khalsa et al.,
2009). Understanding how interoceptive processing is shaped by
experience is therefore important for efforts to cultivate well-
being and stress resilience.

Interoception and Well-Being

One reason that interoception, a perceptual capacity, is
introduced in relation to well-being is that it is thought to be
intimately connected to self-regulation, having likely evolved
to help organisms maintain homeostasis (Paulus, 2007; Herbert
and Pollatos, 2012; Craig, 2013; Gu and Fitzgerald, 2014).
In modern life, emotionally valenced body signals are also
thought to contribute to broader mood states that support
emotional balance (Paulus and Stein, 2006; Craig, 2007; Seth,
2013). To the extent that a person is sensitive to interoceptive
signals, such signals guide decision making (Dunn et al., 2010).
And yet, high sensitivity is not without its price: when body
sensation is irregular, as for individuals with joint hypermobility,
greater interoceptive sensation may also contribute to feelings
of anxiety (Mallorqui-Bagué et al., 2014). Thus, interoceptive
sensitivity may either contribute or detract from well-being,
suggesting a need for guidance in regulating salient visceral
signals.

Paralleling the findings of modern secular clinical science,
contemplative science suggests that reflection on interoceptive
processes is important for adaptive behavior (Wallace, 2007),
disrupting overlearned perceptual, and interpretive habits
formed throughout cognitive development and aligning behavior
with higher-order intentions (Vago and Silbersweig, 2012). As
the embodied self is more fully realized through awareness of
ongoing interoceptive interactions, two complimentary senses
emerge: presence, one’s connection to the moment, and agency,
one’s ability to effect change, which are both foundational
in determining a person’s sense of well-being (Seth et al,
2011). To chart interoception’s salutary relevance, research
must therefore consider the integration of both early sensory
and later affective discriminations into a broader motivational
context.

Motivation for the Present Paper

Over the past decade, the mechanisms of interoceptive
awareness, the importance of interoceptive cues for physical and
psychological health, and the cultivation of healthy interoceptive

habits through contemplative practices have become topics
of active investigation. However, insights from these three
domains are rarely integrated, impeding the progression of
understanding their collective significance. In April 2013,
the authors met to discuss interoception across a variety
of perspectives - including neuroscience, social and clinical
psychology, complementary and alternative care, medicine,
Buddhist and contemplative studies, and a wealth of personal
experiences with contemplative practices. Our goal is to better
explain how interoceptive information can be revealed and
masked from conscious awareness, how our appraisals of a
given level of interoceptive awareness help to determine well-
being, and what role contemplative practices may play in these
processes.

Here, we attempt to integrate contemporary interoceptive
theory from these diverse perspectives, in the hope of better
specifying interoceptive constructs and identifying next steps for
advancing the field. First, we define interoception from scientific
and contemplative perspectives, focusing on a predictive coding
model of interoceptive representation that is growing in
popularity within the scientific community. Second, we discuss
the role of interoception for physical and psychological well-
being, with particular regard for emerging clinical evidence.
Third, we explore how contemplative practices may interact with
interoceptive processes to enhance well-being in oneself and
connection to others. Finally, we summarize outstanding issues in
the study of interoception and offer recommendations for future
research.

Interoception in Psychology,
Neuroscience, and Contemplative
Traditions

Toward a Science of Interoception
The scientific study of brain, mind, and body provides
a framework for objectively modeling interoception.
Neuroanatomical studies have identified pathways that
support and modulate interoceptive representations, and
as such, may be measurably impacted by psychopathology
or contemplative practice. This framework is comprised
of peripheral receptors, C-fiber afferents, spinothalamic
projections, specific thalamic nuclei, posterior and anterior
insula as the limbic sensory cortex, and anterior cingulate cortex
(ACC) as the limbic motor cortex (Vaitl, 1996; Bush et al., 2000;
Vuilleumier, 2005; Critchley and Harrison, 2013). In some cases,
definitions of interoception extend beyond visceral afferents
(Sherrington, 1906) to include afferents from other deep body
receptors, such as C-tactile somatic receptors of the skin that
are associated with internal feelings of warmth or pleasure from
gentle touch (Bjornsdotter et al., 2009), circulating chemicals,
proprioceptive inputs, and unexpected or yet unknown sites,
such as recently discovered photoreceptor cells within the eyes
(Lucas, 2013).

The anatomical pathways for interoception are well-specified,
detailing the connections between sensory receptors, spinal
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cord, brainstem, and brain (Craig, 2002). Neurotransmitter
concentrations in the insula and ACC in particular have
been associated with subjective interoceptive awareness and
subjective well-being (Ernst et al., 2014; Wiebking et al., 2014).
However, how such neural representations are constructed
and the mechanisms by which they influence cognition
remain unclear. Most investigations have focused narrowly
on interoceptive awareness, which may only be one aspect of
interoceptive processing. Interrelated but distinct constructs
such as interoceptive attention tendency, sensitivity, coherence
between physiology and subjective experience, accuracy, and
regulatory habits may all emerge as important properties
of information propagation and integration throughout
interoceptive networks (Box 1).

Adding to the complexity, multiple interoceptive sub-systems
operate concurrently, and may each afford different capacities
and tendencies. There is some evidence for general, multimodal
interoceptive capacity: heartbeat detection accuracy is correlated
with gastric sensitivity (Herbert et al., 2012b), and sometimes
with pain sensitivity in some studies (Pollatos et al., 2012), but not

with others (Werner et al., 2009). Furthermore, the relationship
between interoceptive constructs across domains such as the
heartbeat, blood glucose, respiration, temperature and other
modalities is largely unknown. This gap in understanding may
be due to the fact that most interoception studies gage accuracy
within a single modality, and do not measure related constructs
such as attention habits, regulation ability, or sensitivity to signal
change, all of which converge to support interoceptive awareness
(Ceunen et al., 2013).

Acknowledgment of interoception’s multimodal and
multifaceted nature is important, because consideration of these
factors in isolation can lead to spurious inferences. For example,
knowledge that meditators have strong interoceptive attention
tendencies might lead one to expect them also to possess superior
accuracy in heartbeat detection, an idea contradicted by recent
research on this topic (Khalsa et al., 2008; Parkin et al., 2013). The
benefits of interoceptive attention in a particular domain such
as breath or body monitoring therefore seem to be independent
from a domain-general enhancement of interoceptive accuracy.
Instead, meditation practices appears to promote changes in a

BOX 1 | A taxonomy of interoception terms.

Interoception has been generally construed as the representation of the individual’s body at a particular point in time (Craig, 2002), but accounts differ on how
interoceptive capacity should be measured. Similar to a recently proposed model (Garfinkel and Critchley, 2013), we suggest several criteria to supplement the
measurement of interoception:

e Interoceptive awareness, such as the sense of one’s heart beating, is the most common measure of interoception, and is usually operationalized in terms of the
reportability of interoceptive signals. However, awareness may be a limited criterion, as interoceptive processes may operate implicitly, such as thermoregulation
promoting shivering even when one is asleep (Craig, 2003).

o Coherence between physiological and subjective states measures the degree to which objectively observable interoceptive signals manifest in reportable experience.
For example, low blood sugar (hypoglycemia) is characterized both by interoceptive signals (Herbert et al., 2012a) and irritability (Matthew et al., 1997). However,
awareness of low blood sugar is not necessary for it to promote irritability (Taylor and Rachman, 1988; Matthew et al., 1997). Coherence appears to vary widely
among individuals, even though both are impacted by environmental stressors (Sze et al., 2010).

o Attention tendency refers to whether a person habitually attends to particular interoceptive signals, potentially inhibiting or ignoring others (Pollatos et al., 2005). It
can also be expressed as whether a person attends more to interoceptive than exteroceptive sources of information.

e Sensitivity refers to the minimum threshold for detecting interoceptive signal change (Holzl et al., 1996); sensitivity may operate at multiple levels of the
representational system, culminating in access to conscious awareness. Although not often used in interoception research, specificity is the common counterpart to
sensitivity in signal detection theory (Abdi, 2007), the ability to reject competing signals from being classified as interoceptive afferent signals.

e Accuracy is perhaps the most commonly investigated measure of interoception, and refers to the ability to reliably discriminate interoceptive signals from noise or
competing signals (Vaitl, 1996), and between different levels of signal intensity (Daubenmier et al., 2013). It appears that accuracy varies widely between individuals
(Critchley et al., 2004; Ceunen et al., 2013), but may improve with focused training (Brener, 1977; Daubenmier et al., 2013; Mirams et al., 2013). Accuracy is usually
thought to be a function of sensitivity and specificity.

o Sensibility refers to an individual’s personal account of how they experience internal sensations, including a confidence estimate of one’s own interoceptive ability
and feelings of engagement during interoception (Garfinkel et al., 2015). Sensibility is often gaged using interviews and/or questionnaires, frequently the Porges Body
Perception Questionnaire (Porges, 1993) is applied. The usefulness of this instrument for interoception, however, has been questioned as it appears to primarily
serve as a proxy measure for anxiety-related symptoms (Mehling et al., 2009). The Scale of Body Connection (Price and Thompson, 2007) and the Multidimensional
Assessment of Interoceptive Awareness (MAIA; Mehling et al., 2012) were created in part to help extend interoceptive assessment.

e Regulation refers to how well a person can match an interoceptive signal to his or her desired state. Regulation can involve shaping either the signal or the desire.
For example, regulation could shape interoceptive signals to meet goals through reappraisal, suppression, or distraction, techniques often cited in modern scientific
models of emotion regulation (Gross, 2002). However, regulation could also follow more contemplative traditions, intentionally accepting and examining such signals
with curiosity, a strategy that encourages shifts in interoceptive experience without attempting to control unexpected interoceptive signals or create desirable ones.
Concurrent measurement of these constructs may inform a more complete model of interoception, its relationship to well-being, and the effects of contemplative
training

It is important to note that these constructs have varied definitions across the literature. Sensitivity and accuracy are combined as interoceptive accuracy in a
recent interoception model (Garfinkel et al., 2015), measured as the performance on objective behavioral tests such as the heartbeat detection task, and clearly
distinguished from interoceptive awareness and interoceptive sensibility. In the Garfinkel et al. (2015, p. 65) model, interoceptive awareness has been operationalized
as “metacognitive awareness of interoceptive accuracy, e.g. confidence-accuracy correspondence.” However, the term metacognitive awareness is also a term
commonly used in contemplative practice pointing to the possibility of taking awareness itself and the process of thinking as an object of attention and has been
defined elsewhere as the ability to reflect or be aware of ongoing thought or mental states (Smallwood and Schooler, 2006; Epel et al., 2009). There, it has been
defined as the ability to experience negative thoughts and feelings as mental events that pass through the mind, rather than as a part of the self (Herbert and Forman,
2011). We would therefore avoid using the term “metacognitive awareness” to mean confidence—accuracy correspondence, preferring the term coherence instead.
Thus, the terms listed above represent an attempt to bring a common taxonomy to our discussion, but should not be read as universally definitive in this developing
field of inquiry.
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more specific subset of interoceptive capacities and tendencies,
accompanied by non-interoceptive factors such as changes in
intentions or goal-orientations unique to each system of practice
(Bornemann et al., 2014).

Just as capacity may vary across interoceptive modalities,
interoceptive constructs may also vary independently within a
given modality. For example, sensitivity may be high without
commensurate accuracy or regulation ability, such as with
uncontrollable interoceptive ‘false alarms’ often observed in
anxiety disorders (Paulus and Stein, 2006; Domschke et al., 2010).
For this reason, rather than arguing for the primacy of any
of one interoceptive construct, the present discussion uses the
term interoception to describe general processes of perceiving
body states, while also acknowledging that a variety of contextual
factors influence specific interoceptive capacities. A huge amount
of research is needed to begin to catalog the relationships between
specific capacities and modalities, let alone their plasticity and
effects on well-being.

Integrating Contemplative Insights

If we could establish a working model of interoception that
accounts for differences in how interoceptive signals are
represented and managed, it is likely that some sub-systems
would be more relevant for well-being than others. It is at this
point that contemplative science and paradigms of cognitive
processing may be extremely helpful, implicating particular
interoceptive processes, addressing how interoception ideally
functions, and how such function is shaped by experience. In
particular, contemplative accounts have much to say on the
distinction between maladaptive interoceptive conditioning that
may lead to disorders, and adaptive learning that is purportedly
engendered by contemplative practices.

Here, we refer to contemplative practice in the broadest
sense, i.e., traditions of first-person reflection upon or cultivation
of specific modes of experience, and focus on those practices
that explicitly involve interoceptive awareness, including types
of meditation and mindfulness-based approaches that allocate
attention to body sensations (e.g., the breath), or to specific
areas of the body (e.g., the center of the abdomen; Kabat-
Zinn, 1982), and yoga, tai chi, and other mind-body practices
performed in or outside of an explicit spiritual context
(Baer, 2003). A wealth of other body-oriented healing and
psychotherapy methods may also fall into this classification,
such as Dialectical-Behavioral Therapy (Linehan et al., 1999),
Acceptance and Commitment Therapy (Hayes et al, 1999),
and also body-mind approaches such as Feldenkrais (Buchanan
and Ulrich, 2001), Alexander method (Woodman and Moore,
2012), Focusing (Gendlin, 2012), Rosen work (Fogel, 2009),
Hakomi (Kurtz, 1997), Sensory Awareness (Selver et al., 2007),
Somatic Experiencing (Payne et al, 2015), Breath Therapy
(Mehling, 2001), Holotropic Breathwork (Grof and Grof, 2010),
and Mindful Awareness in Body-oriented Therapy (MABT;
Price, 2005). We discuss primarily practices derived from
Asian contemplative traditions, as these have undergone the
most research and been the focus for the largest effort to
translate contemplative concepts into modern scientific terms.
This is not meant to exclude other contemplative traditions,

and we hope future research will be extended into other such
areas.

Classical contemplative practices such as mindfulness and
equanimity seem to speak to the issues of how interoceptive
signals are integrated into a complex representation of self
and the world beyond, and have models of how they affect
health and well-being. There are, however, several outstanding
challenges to realizing the potential benefits of these classical
traditions in secular modern society. The first issue is the
lack of equivalence between traditional contemplative and
modern secular practices: although mindfulness has found a
strong representation in secular clinical therapies and sciences,
it is disputed whether this translation remains faithful to
its classical sources (Christopher et al, 2009; Grossman,
2011), and little attention has been given to the diversity of
interpretations of mindfulness within the Buddhist tradition
itself (Williams and Kabat-Zinn, 2011), which may present
competing models for interoceptive representation and function.
Second, while both clinical science and contemplative traditions
share the goal of reducing human suffering, they differ
in scope. In modern secular contexts, practice goals are
largely pragmatic, aimed at reducing affective symptoms and
improving daily function. By contrast, classical traditions
tend to orient toward more extensive change, seeking to
generate insight into the fundamental nature of reality, with
the intention of liberating individuals from their conditioned
states (Grossman and Van Dam, 2011). It is uncertain
whether current appropriations of classical contemplative
practices are sufficient to promote their historically lauded
benefits. Given emerging evidence of contemplative practices’
efficacies in secular contexts, there is reason for optimism
that at least some beneficial elements have been successfully
translated (Farb, 2014). However, our understanding of these
practices’ true mechanisms of action has lagged behind the
scientific validation of their efficacies. There may be central
constructs in classical contemplative theory that have yet to
be operationalized in scientific discourse, let alone empirically
studied.

Despite the great heterogeneity among contemplative
traditions, we may begin by selecting a common concept that
may contribute to scientific discourse: that of the ‘subtle body’.
Contemplative practices such as mindfulness are traditionally
grounded in traditions, epistemologies, and medical treatises
that articulate holistic rather than dualistic models of body and
mind (Mehling et al., 2011). Such traditional sources each have
their own distinct theories of the psycho-physical complex and
invoke concepts of subtle body structures and ‘currents’ flowing
through those structures (Samuel, 2008; Klein, 2013). These
structures and ‘flows’ are amenable to influencing and being
influenced by the mind, emotions, posture, and the condition of
the grosser (physical) body. Their presence is indicated through
awareness of a rich array of internal body sensations and a
long phenomenological history of sensate processes that relate
events occurring in the outside world to the experience within
an individual. Exploring these somatic sensations, their sources,
and their modulation has been an important focus of Tibetan,
Chinese, and Indian medicine, represented in anatomical maps
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of channels, meridians, and ‘energy centers’ (chakras: Sanskrit)
through which ‘subtle energies’ pass known as lung/ch’i/prana,
respectively (Loizzo et al., 2009; Klein, 2014). Every mental
event — that is, all states of consciousness- are said to ride the
‘steed of wind’ or ‘energy’ currents. It is currently unclear how
these conceptualizations map onto scientific approaches of
interoception. However, these concepts do suggest that attention
to embodied experience is significant for self-representation
and well-being, and therefore supports the more general
hypothesis that over-dependence on top-down, or merely
conceptual (in contrast to sensory) awareness significantly limits
a human being’s potential for relating to self, others, and the
world.

Integration Challenges
Asian classical traditions have a rich history of describing
the integration of varied interoceptive signals into a common
representation, a phenomenon often referred to as the ‘subtle
body’ (Samuel, 2008; Klein, 2013). The subtlety of this body
has to do with its typically functioning outside the horizon
of ordinary consciousness. However, as already indicated, as
the ‘steed’ or support of consciousness, it impacts perception
significantly. We suggest that scientific discourse is just
beginning to address this question of integrated representation,
creating new possibilities for understanding what differentiates
wholesome from maladaptive integration states. And yet, there
are few empirical accounts of such integration, and so the
potential to operationalize fundamental constructs from these
traditions and practices is largely unknown. For example,
many contemplative traditions, and many practitioners, speak
of changes in the ‘flow of energy, resulting in feelings of
lightness or heat, but it is largely unknown whether modern
psychophysiological research methods can detect such changes
(Loizzo et al., 2009; Kozhevnikov et al., 2013). Physiological
arousal itself is inherently ambiguous and highly constrained
by cognitive appraisal (Blascovich and Tomaka, 1996), and
the science of how interoceptive appraisals translate into
distinct emotional experiences is inexact at best (Wilson-
Mendenhall et al., 2013). Given this uncertainty, we might
begin by searching for the training-related changes described
in classical contemplative theories of interoceptive integration.
Such descriptions offer a rich set of testable hypotheses
for filling this explanatory gap between physiology and
experience. Inclusion of first-person experiences, particularly
from people with extensive training in directing and reporting on
interoceptive attention, may be an important step in developing
more comprehensive models of interoception (Gallagher, 1997;
Lutz and Thompson, 2003).

As an example of such hypothesis testing, we might consider
a classical description of the first steps in mindfulness training.
Classical Buddhist texts, such as the fifth century Path of
Purification, describe the primary goal of early mindfulness
training is to develop stable awareness of momentary sensation,
distinguishing it from awareness of conceptual thought
(Buddhaghosa, 2010). Recent scientific investigation suggests
that the conceptualization of an experience, which may
include detailed description and analysis of events that are

associated with the experience and shaped by our collective
cultural socialization, and the actual felt, immediate experience
itself, which may arise in the body spontaneously, activate
dissociable neural networks, and that the strength of this
dissociation is indeed sensitive to mindfulness training (Farb
et al,, 2007). In this way, contemplative traditions provide a
ground for distinction that is ripe for translation into objective,
neuroscientific terms. Representation of the momentary,
sensory self is relevant to practices of compassion and insight,
as well to the classic mindfulness practices that undergird
them.

Learning to attend to visceral, momentary sensation is
only one step of many in the path to well-being, and
likewise a neural distinction between immediate interoceptive
and conceptual processing is only an initial step in the
development of a scientific model. As will be discussed, access
to visceral sensations may be helpful or harmful to a person
depending on how such awareness is understood. Under the
right conditions, contemplative practices may have therapeutic
impact on health and well-being (Farb et al., 2012a), as has
been shown in experiential psychotherapy research for some
time (for a review, see Hendricks, 2001). On the other hand,
interoceptive signals may also be catastrophized in panic and
related disorders. Understanding how to skillfully relate to
interoceptive sensations, and under what circumstances they
should be attended to, is therefore a central question for
the study of interoceptive training for well-being. To progress
from a general description of interoceptive processing toward
characterizing the wholesomeness of such processing requires a
greater level of theoretical complexity, the beginnings to which
we will attempt to address.

Regulation through Simulation

A scientific model of interoception requires some description
of how diffuse sensory signals become integrated into a holistic
representation of the body, one that is amenable to integration
with higher-order cognition. The concept of a simulation map
provides one way to characterize such integration. An analog
of the contemplative subtle body, the simulation map is also
known as an “as-if” representation, a neural representation of
the body, a relatively stable abstraction of rapidly fluctuating
sensory events (Damasio, 2003a; Seth and Critchley, 2013).
From a computational perspective, the simulation map is the
ongoing selection of encoded body states into a working
memory buffer that serves as the best approximation of the
body’s current state as predicted by these prior states. The
simulation map is layered, with lowest layers being closest
to raw sensory afferents from the body, and higher layers
representing the aggregation of information at these lower layers
into representations that may be accessible to consciousness.
As such, the simulation map affords executive brain areas with
relatively stable sensory representations from which to interpret
experience and coordinate responses. The concept of a simulation
map provides a rich canvas on which to observe the nuances
and variability in the cognitive representation of interoceptive
signals, and furthermore suggests how such representations may
be altered, both through the voluntary deployment of attention,
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and through the relatively involuntary processes of attentional
conditioning across the lifespan, such as sensory degradation in
aging (Baltes and Lindenberger, 1997).

It is important to stress that the simulation map is not identical
to current sensation, but is rather an abstraction from recent
sensory experience. Current sensation refers to the current set of
sensory inputs arriving at primary interoceptive representation
areas of the brain, most likely including the nucleus of the solitary
tract, thalamus, posterior insula, and somatosensory cortices
(Craig, 2002; Critchley and Harrison, 2013). The simulation map
on the other hand is a filtered and integrated representation
of these sensory afferents- it is, in effect, an interpreted signal.
When considering regulatory motivation, a central question is the
degree to which unexpected sensations are viewed as acceptable,
as opposed to problematic, deviations from one’s expected body
state.

Like many neural representations, the contents of the
simulation map may not be fully accessible to consciousness.
Of the many simulation layers, only a subset will be accessible
to conscious experience. Thus, the conscious, phenomenal map
may not be the same as the broader simulation map, although
we view the simulation map as necessary for phenomenal
bodily experience. Furthermore, there is large inter-individual
variability among phenomenal maps as a function of goals,
culture, personal experience, and possibly genetics and other
contributing factors (Ferron, 1997; Altabe, 1998; Ma-Kellams
et al, 2012; Maister and Tsakiris, 2014). These factors may
combine to limit how the simulation map is consciously accessed,
and a history of biased simulation map access may override
momentary introspective efforts. Given that the simulation map
may only be partially accessible to conscious introspection, it
may be impractical to rely entirely on subjective reports to gage
individual or cultural differences in simulation map composition.
However, the simulation map may be tractably examined
at the level of neural representation, serving as a substrate
for a person’s sense of embodiment in the world. Through
investigation of the simulation map, the visceral source of our
sense of presence and our motivations toward action may be
understood.

Neuroscience techniques have helped to move beyond
subjective reports in modeling interoceptive simulation maps.
By tracking changes in interoceptive signals and subjective body
experiences during recordings of brain activity, researchers have
begun to create rich models that distinguish between bottom-
up sensory signals and top-down sensory predictions. For
example, neuroimaging research suggests that attention to the
body increases activity at the corresponding level of the spinal
cord (Nejad, 2014), suggesting that interoceptive attention may
operate even upon relatively distal aspects of the central nervous
system. Within the brain, it appears that the middle insula
integrates afferent interoceptive information with exteroceptive
context into broader motivational space, but individuals differ
in the degree to which such information propagates to the
prefrontal cortex, and presumably conscious awareness, as a
function of interoceptive practice (Singer et al., 2009; Farb
et al., 2012b). In addition to neuroimaging, it should be noted
that many other psychophysiological indicators of interoceptive

processing show promise for revealing interoceptive processing
in the absence of participant report, such as heartbeat-evoked
potentials (Leopold and Schandry, 2001), respiratory-related
potentials (Von Leupoldt et al., 2010), cardiac modulation of
startle (Schulz et al., 2009), or EEG-ECG single trial covariation
(Mueller et al., 2013). For example, Von Leupoldt et al. (2010)
demonstrated that respiratory occlusion produced a reliable
respiratory-related evoked potential measurable by EEG, which
serves as an index of cortical tracking of interoceptive signals.
Mueller et al. (2013) indexed interoceptive processing by the
degree to which EEG responses to task feedback predicted
subsequent heartbeat acceleration. While it is not our intention
to describe all of such techniques in depth, such methods may
provide objective indices of the impact of interoceptive signals at
different levels of neural representation, such as the brainstem or
cortex.

Perhaps the most important application of the simulation
map is in explaining how visceral feeling promotes action.
This explanatory construct is needed in both scientific and
contemplative accounts of bodily health: analogous to the
simulation map, contemplative traditions posit the existence
of a subtle body, including various quasi-physical and delicate
elements of the body that integrate and organize visceral
feelings to provide a sense of well-being (Samuel, 2008).
Across both scientific and contemplative traditions, motivational
salience is afforded to simulation maps or subtle bodies in the
form of emotional valence, with aversive or negative valence
signaling a need to return to certain adaptive homeostatic
ranges. The motivated process of achieving homeostasis, through
physiological or behavioral change, has been dubbed allostasis
(Sterling and Eyer, 1988).

In mammals, allostasis comprises many integrated functions
and includes autonomic, neuroendocrine, and behavioral
mechanisms. Much of allostasis occurs through autonomic self-
regulatory physiology- it occurs internally and automatically.
For example, we do not choose nor directly sense the dilation
of blood vessels or pupils in response to changing luminance or
emotional relevance, and yet such physiological accommodations
occur continuously to promote homeostatic ends. A complete
understanding of interoception doubtlessly requires the
modeling of these allostatic reflexes, especially when their
dysregulation acts as a source of suffering. Theories of early
contemplative practice are agnostic to the ultimate accessibility
of such responses; although direct experience of one’s visceral
stress response and its triggering conditions are essential for the
types of insights that will promote the liberation from motivation
driven by conditioned expectations (Goleman, 2008; Hart, 2011).
At some point, simulation map theories must account for how
even subtle representations can lead to conscious insight that
promotes behavior change.

The relationship of the simulation map to Asian (especially
Indian and Tibetan) mappings of the ‘energy circuits’ within the
body bears further investigation. At this stage, we note that, like
the contents of the simulation map, many ‘energy flows’ within
the body are not available to consciousness. However, these
‘energy flows™ are always, in traditional theorizing, intimately
associated with consciousness. These ‘flows’ are capable of
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being brought to consciousness through training. As with the
simulation map, these ‘energies’ seem formative of a person’s
sense of embodiment, emotional orientation, agency, purpose,
and sense of self-worth. Unlike the simulation model, perhaps,
the mind-energy interaction is less dualistic than the visceral-
cognitive dyad that so far seems central to characterization of the
simulation map.

Leaving aside the question of how very subtle interoceptive
afferents can be shaped to yield conscious insight, interoceptive
signals motivate a wealth of unsubtle, overt behavior to
satisfy allostatic concerns. Interoceptive dynamics are critical
to understanding why identical stimuli can promote divergent
behaviors. For example, a person will approach a heat source in
a cold environment but avoid it when the ambient temperature
is high. Conversely, an ice cube in one’s hand can feel pleasant
during a hot summer day but aversive in winter. The meaning of
the ice cube cannot be modeled based on the sense-perception
of the ice cube alone, but rather the coolness of the ice is
situated within a broader interoceptive milieu, one that reward
or punishes cold sensation in response to thermoregulatory
imperatives. Furthermore, allostatic cues can inform cognition
and behavior at higher levels of representation- our trust in
others is exaggerated by warm sensations and attenuated by cold
sensations (Kang et al., 2011).

If an ice cubes value is deeply influenced by allostatic
concerns, a complete model of interoception must describe
how such influence comes about. While acknowledging that
many physiological perturbations are addressed unconsciously,
through autonomic control of the internal milieu, conscious
regulatory acts seem structured to resolve interactions between
the body and its external environment (Gu and Fitzgerald, 2014).
In this way, interoceptive signals motivate overt behavior that
feeds back upon our physiology. It is also important to note that
not all motivated behavior is allostatic: hedonic and pragmatic
goals also have a large role to play, such as sensation-seeking
to distract or regulate low mood (Taylor and Hamilton, 1997),
or self-caffeinating in the face of fatigue (Lorist and Tops,
2003). Thus while homeostatic demands provide a convenient
heuristic for predicting regulatory motivation, we must consider
that many of our dominant drives sacrifice balance in the body
to achieve other goals: riding roller-coasters, watching horror
movies, and consuming spicy or sugary foods all fall into this
category, in which extremes of arousal are intentionally provoked
and enjoyed. Interoceptive regulation thus includes more than
allostatic goals, but indeed any action intended to reshape
the sensory signals that constitute the interoceptive simulation
map. Rather than basing motivation on homeostasis, it may
be represented more flexibly by how closely sensations match
predicted or desired states.

The Predictive Coding Model of Interoception

In recognition of the complexity of interoceptive processing,
the “predictive coding” model of interoception has recently
been introduced to the discourse on interoception (Seth et al.,
2011; Limanowski and Blankenburg, 2013; Seth, 2013; Apps
and Tsakiris, 2014). This model makes use of a final critical
attribute of interoception, in that interoceptive processing

regularly involves a comparison between immediate sensation
and simulated past and future states. Comparison between
observed and expected or desired states may then motivate
behavior to resolve the discrepancy (Paulus and Stein, 2010;
Seth, 2013). From an evolutionary perspective, awareness
of interoceptive processes may promote adaptive behavior
(Damasio and Carvalho, 2013), and body-focused contemplative
practices may support such awareness (Mehling et al., 2011; Price
et al., 2012b). We shall argue that the predictive coding model
helps to operationalize many of the claims around the role of
interoception in contemplative practice, particularly surrounding
the deconditioning of maladaptive regulatory habits.

The idea that the simulation map can represent states distinct
from one€’s current interoceptive milieu suggests that comparisons
are continuously being made within a given layer of the map,
between the current sensation of the body, and the body as
it is expected to be based upon past experience (the prior).
The simulation is constructed through the consideration of
both ongoing sensation and priors which contextualize these
sensations. Each layer of the simulation map has its own set
of priors, based on that layer’s experience with past sensory
inputs and adjustments to these priors influenced by top-
down expectancy signals. When a prior diverges from incoming
sensation, it may update the simulation at that layer, creating
a posterior probability that serves as a descending input for
lower layers of the simulation map. For example, a person
may go outside and be surprised by unexpectedly hot weather.
Such surprise may begin at lower layers of the simulation map,
promoting a response that is largely unconscious and automatic,
targeting local physiology, such as the dilation of blood vessels in
response to a rise in temperature. If rapid, automatic regulatory
responses fail to reduce prediction error (PE), a prior is updated,
forming a posterior probability that updates a lower sensory
layer in the map hierarchy to ‘expect’ hotter temperatures. It
is likely that updating of priors at lower layers of the map
is therefore itself involuntary and automatic, and not subject
to conscious deliberation or intentionality. On the other hand,
at higher levels of the simulation map, conscious deliberation
may select among several regulatory alternatives for minimizing
PE. In the hot weather example, one might choose to seek
shelter from the heat, or appraise the heat as welcome and
attempt to enjoy the warm air. Whether one selects to regulate
sensation to fit the prior, or allows the prior to be updated,
is an important regulatory distinction that will be discussed
at length below. For now, the critical point is that the ability
for sensations to motivate regulatory responses is driven by
the magnitude of the PE, the deviation from the priors at a
given layer of simulation. The involvement of higher order
cognition in this resolution process is determined by how high
an error signal processes up through layers of the simulation
map before it is resolved, with larger discrepancies being more
likely to make their way up through the layers to reach conscious
awareness.

The comparison between sensed and expected states,
reminiscent of Higgins' self-discrepancy theory (Higgins,
1987), serves two major functions: (i) to orient us to surprising
physiological changes that require immediate attention, and
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(ii) to allow comparison between current and potential future
states as a cue to action. In the face of a mismatch between
sensed and expected states, active inference promotes responses
intended to shape the interoceptive milieu to match expected
states. For example, given an unexpected headache, one may
feel an urge to take a pain-killer, in order to restore one’s
desired, habitual pain-free state. Not all active inference requires
overt behavioral intervention, or even awareness of a PE:
some forms of active inference are physiological, wherein the
autonomic nervous system regulates physiologically largely
automatically and unconsciously to return the body to its
expected state (Gu and Fitzgerald, 2014). On the other hand,
when exposed to stressors that exceed one’s autonomic regulatory
capacity, cascading PEs may reach levels of the simulation map
that are accessible to conscious awareness. Such awareness
prompts overt active inference, by which one interacts with
the environment to approach an expected state (Seth, 2013).
Critical to our definition, both physiological and overt forms
of active inference seek to reduce PE by changing sensation to
approach prior expectations rather than updating the priors
themselves.

However, active inference is not the only way to reduce the
disparity between current and desired states. One may also adjust
one’s expected state to match the internal milieu. The process
of updating the expected simulation map to more accurately
reflect immediate sensation is known as perceptual inference

(Seth, 2013). A person’s goals and attitudes toward interoceptive
sensation may powerfully influence the form of inference made
(Box 2).

While active and perceptual inference both seek to minimize
the disparity between sensed and expected states, they differ in
their means of reducing this disparity. Overt active inference
is a process by which an organisms acts to confirm/disconfirm
attributed causes of unexpected interoceptive sensation, whereas
perceptual inference acts to reduce the surprising nature of
the sensation by broadening sensory expectations, reducing
their inferential weight on the simulation layer. In many ways,
this distinction is analogous to the difference between modern
psychological and contemplative accounts of emotion regulation.
While modern psychological models often discuss suppression,
distraction, or reappraisal to alter the characteristics of the
interoceptive signal (Gross, 2002), contemplative traditions make
use of terms such as acceptance and equanimity, or simply
continuous non-interfering observation, as ways of changing
ones attitude toward sensation rather than attempting to change
sensation itself (Mikulas, 2011). More recent secular adaptations
of contemplative traditions almost universally feature integration
of these perceptual inference strategies.

We note that this conceptualization of acceptance or
equanimity as a ‘bottom-up’ perceptual rather than ‘top-
down’ cognitive strategy may be controversial, but believe
that this distinction is critical for understanding contemplative

BOX 2 | How motivation shapes interoceptive inference.

Given the power of interoceptive signals to alternately capture attention and provoke regulatory behavior, achieving an optimal balance between active and

perceptual inference seems central to successful self-regulation. The tension between interrogating perception and formulating a response has been addressed
in recent models of interoception processing (Hankin, 2012; Paulus et al., 2012; Seth, 2013), and we elaborate on it here to discuss the role of contemplative
practice in addressing the relatively underspecified process of perceptual inference. At the level of perception, interoception requires a mental representation of body
state as well as tactile or other related sensory information within the simulation map, which is constrained both by bottom-up sensory inputs, and by top—-down
expectations based on the stored knowledge of prior interoceptive states and knowledge of one’s current context. Neither sensory afferents nor prior representations
are necessarily accessible to conscious awareness, although particular layers of the simulation map may become the objects of awareness. Motivation within the
model is generated as a response to discrepancies between the simulated and incoming interoceptive signal, which is also referred to as the prediction error or
‘surprise’ signal (Figure 1A). Incoming sensory signals are contrasted against prior information at a given level of the simulation layer. Discrepancies between the
sensation and prior feed up through simulation layers, and generally trigger regulatory activities to maintain a homeostatic state. Ultimately, prediction errors are
resolved by attributing causes to the unexpected signal, resulting in the creation of a posterior probability that cascades down simulation layers to update priors and
reduce prediction error. The posterior probability determines the meaning of the signal and consequently the nature of the regulatory response.

Interoceptive sensitivity to unexpected, afferent interoceptive signals describes how readily a prediction error propagates up through simulation layers, serving as
a basis for motivation in dynamic interoceptive representation. However, sensitivity alone does not speak to differences in how a person responds to the motivating
discrepancy signal. Top-down cognitive factors in the forms of goals, causal appraisals, and contextual cues help to shape the motivated response. The tension
between active and perceptual inference is often resolved by how one responds to the surprising mismatch between simulation and sensation. If current goals lead
one to value regulation over accuracy of the interoceptive signal, priors at lower layers will be updated with an inferred explanatory cause (the posterior probability)
from the discrepant layer that suggests overt active inference to address this cause. In this situation, surprise is minimized by down-weighting discrepant sensory
information in favor of acting to restore a previously expected state (Figure 1B). In active inference, the simulation is closely aligned with the prior, and the individual
attempts to shape incoming sensation to match the prior, thereby reducing prediction error. Conversely, if a person values accuracy over regulation, he or she will
place high weight on sensory relative to prior information, updating the posterior to create a simulation that matches the unexpected afferent sensory information
without attempting to restore a prior state (Figure 1C). In perceptual inference, the updated simulation departs from the prior and aligns with incoming sensory
information; the posterior probability updates the prior rather than prompting efforts to change the sensory input, thereby reducing prediction error. In either situation,
the discrepancy is minimized; the concept of sensory precision weighting allows the model to predict how such minimization occurs.

It is unknown how the different forms of inference will affect the distribution of priors in calculating prediction error. If perceptual inference allows for greater
updating of priors, then it will likely promote greater variability of priors than active inference, which attempts to constrain the simulation to fit an existing set of priors.
For perceptual inference, the distribution of sensory information is rendered more precise instead of the priors. These precise sensory distributions will have greater
impact on higher level posterior probabilities, which feed back upon the simulation, making it more accurate while being agnostic to its effects on the prior distribution.
If the body shows greater variation in sensation than in prior experience, then the priors will become less precise; if, however, it turns out that the body is displaying a
sensory input that is more consistent than in prior experience, then one should expect to see more precise priors following updating. It is our yet untested hypothesis
that for most people there is greater variation in the body than we tend to expect, and so the effect of contemplative practice will be to expand the range of anticipated
experiences rather than hone in on any one experience, leading to a broadening of the prior distribution. The consequence of such broadening is that the simulation
map will more accurately reflect sensory experience as it is less influenced by a rigid prior and more so by incoming sensation.
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FIGURE 1 | A prediction error (PE) model of interoceptive inference,
adapted from (Seth, 2013), in which interoceptive knowledge is
represented by three terms: priors (blue lines), i.e., the probable body
state as informed by prior events; sensation (black lines), the current
sensory input from the body; and simulation (green lines), the current
predicted body state based upon integration of current bodily feedback
and prior learned contextual influences. Critically, our model suggests that
simulation rather than raw sensation is the closest construct to interoceptive
awareness. (A) Unexpected interoceptive events, such as a stomach ache, are
represented as a PE signal that motivates a regulatory response to minimize the
error signal. The simulation distribution is displayed as equidistant from the
sensation and prior distributions to indicate the potential for updating from both
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of these information sources. (B) Active inference reduces PE by weighting
priors over current sensation. A high-specificity range of expected body states
leads to large PEs from unexpected sensations, motivating attempts to modify
internal states indirectly through cognition or behavior. Successful inference
reduces PE by aligning incoming sensation to match the prior. (C) Perceptual
inference reduces simulation error by weighting current sensation over priors,
updating the simulation to fit sensation. A low-specificity range of expected
body states lessens immediate PEs from unexpected sensations, lending
interoceptive simulations (i.e., future priors) greater sensory accuracy.
Successful perceptual inference reduces PE by updating the prior to match
incoming sensation. Active and perceptual inference may co-occur dynamically
over time, shifting attention between sensory updating and regulatory response.

therapies’ intended mechanisms of action. Indeed, contemplative
therapies may be valuable precisely because they challenge
existing models of ‘top—down’ emotion regulation by introducing
the idea that sometimes attempting to control or regulate

emotional experience is itself the problem. In a system where
perception and appraisal are seemingly obligatory, iterating steps
in human experience, perceptual inference may facilitate emotion
regulation by reducing overlearned and seemingly obligatory
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perception—appraisal associations. Appraisals will still follow
perceptions, but they need not be so stereotyped and rigidly
constrained.

The distinction between active and perceptual inference
matters in everyday life: for example, consider a person
experiencing a sense of restlessness, who infers that her
unexpected restlessness stems from hunger. In this case, active
inference rapidly pairs an unexpected interoceptive signal with
an externally directed behavioral response intended to restore the
interoceptive milieu to its expected, homeostatic state. In doing
so, active inference shifts attention away from interoception itself,
atleast temporarily. If it turns out that the restlessness stems from
some other source, such as workplace stress, active inference’s
promotion of a shift from interoception to regulation reduces
the opportunity to explore unfolding interoceptive signals. By
contrast, perceptual inference involves reducing reliance on prior
expectations in the face of an unexpected sensation. Through
perceptual inference, the state of restlessness becomes the new
expected state. From this perspective, the dynamic time course
of arousal may be explored, including attention to conditions
associated with changing interoceptive states. With time and
reflection, perceptual inference might allow the individual to
realize that her arousal was greatest when thinking about the
workplace, and that the arousal was not actually a hunger
signal. Over repeated applications of perceptual inference, prior
expectations for arousal may change so that arousal following
reflection on the workplace is no longer unexpected, but is
instead a familiar consequence of such reflection. Knowledge of
such conditioning may then afford new regulatory opportunities,
a more adaptive set of priors for anticipating and explaining
physiological arousal.

If perceptual inference provides grounds for personal insight,
moving directly from an unexpected sensation to regulation
(overt active inference) may reduce the opportunity for such
insight. It is thought that such ‘knee-jerk’ regulatory responses
to emotional arousal may be a factor that drives emotional
eating behavior (Ouwens et al, 2009). In such cases, active
inference does not lead to improved interoceptive accuracy, but
instead maintains an error state. Indeed, overt active inference
may require a masking or abstraction of nuanced and rich
interoceptive signals for the purpose of promoting a rapid
behavioral response.

It is not the authors’ goal to denigrate the importance
of active inference in allowing human beings to flexibly and
dynamically adapt to the world in which they are inextricably
embodied. Many unexpected sensations do require ‘doing, an
active regulatory response, rather than simply ‘being’ with
unexpected sensation (Williams, 2008). Indeed the most adaptive
behavior may come from iterative cycling between perceptual and
active inferences. However, the use of active inference should
come with an oft-unappreciated caveat: it seems inevitable that
sensory granularity will be lost when one redirects attention
away from the body toward response formulation. Sensory
granularity here is understood as the ability to notice specific
details of internal sensory experience such as subtle changes in
sensation. We posit that granularity requires the capacity for
sustained attention to sensation, or least the ability to flexibly

shift back and forth between sensory monitoring and conceptual
inference.

Degradation of sensory granularity is an important tradeoft
in shifting to a problem-solving, active inference mode of
processing. In many cases, the ability to notice changes in
hunger and satiety levels as one eats is adaptive, empowering
feelings of satiety to terminate the eating response and maintain
homeostatic energy balance. Conversely, in our example above,
realization that a sense of restlessness was not alleviated by
food consumption is likewise important for ruling out eating
as an appropriate regulatory strategy. A failure to return to
interoceptive sensation following active inference can be seen
as a fixation with a mode of ‘doing’ rather than ‘being.” Such
fixation may promote continuation of food intake and potentially
disrupt homeostatic energy balances if hedonic eating drives
are chronic (Lowe and Butryn, 2007). If one is able to respond
to unexpected sensation through perceptual rather than overt
active inference, the motivational importance of even powerful
interoceptive signals may be mitigated, allowing for deeper
inquiry and reflection into the conditioning underlying the
interoceptive signal. In modern secular culture, it has been
argued that the balance between ‘being’ and ‘doing’ has been
skewed toward the ‘doing’ mode; it may therefore take work
to rebalance regulatory dynamics to optimize one’s regulatory
potential (Williams, 2008). Affording a transition from ‘doing’
to ‘being is consequently a primary aim of interventions such a
Mindfulness-Based Cognitive Therapy (Segal et al., 2012).

In summary, the integration of active and perceptual inference
in the predictive coding model allows for the shared influence
of secular and contemplative traditions in accounting for how
body sensation are regulated. The idea of overt active inference
fits well with the existing scientific literature- the idea that we
are the curators of our bodies, needing to regulate interoceptive
perturbation. Active inference can serve a variety of ends, be
they allostatic, aiming to restore the body to its homeostatic
baseline (Craig, 2009; Gu and Fitzgerald, 2014), hedonic, aiming
to achieve some desired pleasurable, energetic or tranquil state
(Kringelbach, 2005; Paulus et al., 2009; Naqvi and Bechara,
2010), or even nihilistic, aiming for freedom from sensation
altogether, as is found in placebo-based analgesia (Biichel et al.,
2014). Perceptual inference, by contrast is often less specified in
discussions of adaptive self-regulation.

A greater understanding of the mechanisms underlying
perceptual inference is important, because high sensory
precision weighting may be one avenue by which to effect
change in habitual regulatory behavior. Indeed, high levels of
sensory granularity may be critical in challenging interpretive
biases during the translation of concrete, granular levels of
the simulation map into more gross or abstract levels of
representation. Through attention to unelaborated emotional
or physical sensation, a person may discover significant levels
of tension and/or psychological distress associated with the
body that were not previously in awareness, revealing a need
for greater self-care (Price, 2005; Price et al., 2012a, 2013).
Conversely, interoceptive attention may reveal that an allostatic
habit such as self-medication is not always necessary in the face of
noxious interoceptive sensation (Kabat-Zinn et al., 1985). Recent
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research suggests that the brains of experienced meditators
demonstrate reduced PEs to passively viewed reward (Kirk
and Montague, 2015), indicative of less clinging or attachment
to positive outcomes that may serve as a basis for addictive
behavior. Constructively, perceptual inference may also make
people aware of inner resources, affording access to previously
hidden capacities for calm, contentment, and appraisals that
things are going well just as they are. In this way, every moment
requires a choice between perceptual and active inference. And
yet, how does a person know which information to use or
whether he or she has enough information to act adaptively in
response to their goals? When should one switch from perceptual
to active inference? The ability to respond appropriately to
interoceptive perturbation is a challenging problem that can
serve to determine a person’s sense of well-being across the
lifespan.

With respect to the relevance of contemplative practice, a final
point warrants mention surrounding the accessibility of active
and perceptual inference. While ideally we are presented with a
choice between the two error-minimizing responses, often this is
not the case. While active inference appears to be a ubiquitous,
evolutionarily conserved regulatory strategy (McBride, 2012),
reframing unexpected sensations as a perceptual problem may
require the cultivation of attentional capacities, intentions, and
attitudes that are less intuitive. Our bodies perform physiological
active inference even before we are born (Moor, 1968), and
learning to apply overt active inference in the form of clothing,
feeding, and otherwise caring for ourselves is a complex but
near-universal feature of childhood development. Perceptual
inference at these early stages may not be possible given limited
cognitive resources or maturity of perspective, and indeed it
may be counter-productive to an individual’s mastery of overt
active inference responses. As we mature, however, we realize
that not all unexpected sensations can be corrected, or that
our habitual, reflexive corrective habits are actually maladaptive.
While behavioral therapies address this problem by working to
bring such overt active inference habits to awareness so that
they may be fruitfully restructured, perceptual inference may
require development of a qualitatively different skill set. Thus
it is important to consider that active and perceptual inferences
are not equally available, and that perceptual inference tends to
be the less available of the two without specific types of learning
experiences.

Interoception in Health, Disease, and
Well-Being

It has been proposed that mental representations of selthood
are based fundamentally on embodied sensory experience,
supporting a sense of the self in the world that is crucial for
interacting with the environment (Seth, 2013). From this
perspective, greater accuracy of interoceptive self-representation
promotes greater moment-by-moment adaptation, whereas
dissociation from accurate representation can lead to
dysregulation. Accordingly, many contemporary health problems
involve dysregulated interoceptive processes, including affective

disorders (Paulus and Stein, 2010), addiction (Naqvi and Bechara,
2010), eating disorders (Garner et al., 1983; Pollatos et al., 2008;
Herbert and Pollatos, 2014), chronic pain (Schmidt et al,
1989), dissociative disorders (Hankin, 2012; Michal et al., 2014;
Sedeno et al., 2014), post-traumatic stress disorder (PTSD; Wald
and Taylor, 2008), and somatoform disorders (Mirams et al.,
2012; Schaefer et al., 2012). Understanding how interoceptive
processes influence representations of the self in the world and
self-regulation may lead to improved disease and treatment
models (Pollatos et al., 2005).

Presence and Agency

One approach to understanding dysfunctions in interoceptive
awareness is to apply the predictive coding framework as an
explanatory model distinguishing adaptive and maladaptive
processing. Toward this end, two extensions of the model
have been proposed, describing how inference processes
outlined above operate to minimize PE (Seth et al, 2011).
The first of these concepts is presence: presence is thought to
arise when interoceptive and/or exteroceptive PE signals are
successfully minimized. In Seth et al.’s (2011) account, such error
minimization has been attributed to either overt or physiological
active inference; as one successfully resolves unexpected
sensation through autonomic or behavioral responses, a feeling
of engagement and connection with one’s body and environment
ensues. However, we propose that, from a contemplative
perspective, presence is accessible through perceptual inference
as well.

There are several ways that PEs may be reduced to give rise to
presence: in a virtual reality environment, interoceptive signals
may be successfully masked by salient external signals, such as
seeing oneself walking in the absence of proprioceptive motion
signals, leading to a sense of presence through acceptance of the
external signal as one’s own embodied state. Given predictable
and salient external cues in a virtual reality environment, a
sense of presence may come more easily than trying to detect
and match faint and chaotic interoceptive cues within the
noisy internal milieu. By contrast, in contemplative practice the
sense of presence through a variety of visceral experiences may
broaden the distribution of interoceptive expectations (priors),
reducing the precision of those priors, and thereby minimizing
the potential for PE. In other words, in a simulation map that
allows for great variation in sensory inputs, relatively few visceral
sensations are extreme enough to create a PE demanding a
regulatory response.

We suggest that with successful iterations of perceptual
inference, the influence of prior expectations is thereby
weakened, leading to feelings of automatic simulation map
updating: effortless presence (Sjolie, 2014). While healthy
individuals likely experience such effortless presence as a matter
of course, it is likely that such experiences operate across
a continuum of effort, with extreme difficulties in achieving
presence manifesting as depersonalization and derealization
disorders (Seth et al., 2011). However, even within the healthy
population, the degree to which presence is experienced and
maintained may be dependent upon regulatory strategies and
habits. A person whose regulatory habit is overt active inference
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may spend a great deal of time pursuing idealized interoceptive
states, rather than learning to allow autonomic regulation to
more subtly achieve and maintain such states. Such a person
would require greater effort to achieve feelings of presence.
Furthermore, a reliance on active inference in general may
reduce the possibility for presence when a sensation cannot be
easily mapped to an active regulatory pathway, be it through
overt behavior or autonomic regulation. In such situations,
effortless presence may seem like an important but unachievable
state, similar to the ideal of accepting one’s negative thoughts
and feelings for individuals with a history of depression or
anxiety (Pauley and McPherson, 2010). For such individuals,
learning to reduce PE through perceptual rather than active
inference may constitute a radical shift in self-processing, the
introduction of a new regulation strategy based on acceptance
rather than control. It is unknown how variable feelings of
presence are in the general population; but we would hypothesize
that effortless experiences of presence are fleeting at best in
the frenetic, “what’s next’-paced endemic of modern Western
culture.

As an example of presence functioning adaptively, one
might imagine the perception and then acceptance of an
unexpected, transient increase in heart rate. Following the
initial upset, a person may engage in perceptual inference,
exploring the interoceptive signal, which we operationalize
as an attempt to update the simulation map to match this
signal. Acceptance would then occur when perceptual inference
successfully simulates the elevated heart rate as the normal,
expected state. By accepting the internal change, the motivational
force of the physiological change is minimized without requiring
the suppression of either expectations or interoceptive signals. By
contrast, the use of overt active inference to resolve unexpected
events has been associated with the sense of agency (Seth et al,
2011), a feeling of control over one’s actions in the world,
that one can act to produce particular results. Agency can be
inspired both by direct regulation of bodily sensation, as well as
through changes in behavioral patterns that indirectly contribute
to one’s interoceptive state. In the context of our discussion of
interoception and well-being, the sense of agency is important
for supporting a sense of responsibility for self-regulation. This
applies both to conventional forms of overt active inference, such
as quitting a stressful job and going for a less paid but more livable
employment, but also to contemplative practices such as learning
that one can reduce feelings of anxious arousal through breath
monitoring or other regulatory activities.

Presence and agency are important in that they establish
norms for experience and control that guide behavior and
ultimately determine ones sense of well-being. In anxiety
disorders, for instance, agency is achieved through withdrawal
from stressful situations, a form of active inference that is
effective in the short term but ultimately maladaptive, as
that person never learns that the feared outcome is unlikely
to be true. In anxiety, PEs are augmented- a person may
experience a strongly aversive response to a previously neutral
stimulus (Paulus and Stein, 2006). This aversive response is
then augmented rather than extinguished when the anxious
individual makes catastrophic appraisals of the aversive sensation

that are paired with active inferences to manage these perceived
catastrophes. For example, if a racing heartbeat during exercise
is appraised as a heart attack; active inference requires a trip
to the hospital. If rapid breathing prior to public speaking is
appraised as lack of ability that will lead to embarrassment,
active inference requires social withdrawal. Faced with threats to
agency, maladaptive behaviors are reinforced, which ultimately
interferes with exploration and modification of one’s relationship
to stressful events. From a predictive coding model, chronic
stress may lead to a reduction in the precision of PE coding
in favor of strong priors around the recognition of aversive
sensation and confirmatory active inference behaviors to alleviate
that sensation. While it is unpleasant to experience unexpected
aversive arousal, it is this secondary appraisal around agency,
the threat to control over the situation that is the cause of deep
distress. The idea that higher order constructs such as agency
are at the heart of subjective well-being is a central theme of
modern appraisal theory (Scherer et al., 2001), just as presence
lies at the heart of contemplative accounts of well-being (Brown
and Ryan, 2003). These theories serve to reinforce the point
that subjective mental health stems from our inferences about
coping capacity, for which each attempt at perceptual or active
inference serves as a momentary test. If imprecise PEs prompt
inefficient or maladaptive active inference behaviors, inferences
of coping failure are likely, exacerbating feelings of powerless
and inefficacy and contributing to the deleterious impact of the
stressor.

In its ability to link higher order appraisals of self-worth
to momentary regulatory acts, the predictive coding framework
is helpful in understanding many other disorders, because
it suggests that well-being requires active sustenance, i.e.,
that presence and agency must be continuously constructed
through successful reduction of PE (Paulus, 2007), regardless
of the balance between active or perceptual inference. This
perspective stands in contrast to notions that isolation from our
bodies and the world is preferential except to alert us about
negative events. Instead, it is the lack of integration of accurate
interoceptive simulations into higher order representations that
is hypothesized to underlie dysregulated cognition and behavior.
In this observation there is considerable convergence with
contemplative perspectives. For example, following trauma,
some individuals may experience dissociation from bodily
experience, as is found in some forms of severe depression
and PTSD (Feeny et al, 2000). In such cases, the priors
associated with body error signals may have been linked to
traumatic experiences, which are too powerful to be actively
controlled (active inference), and too aversive to be accepted
or, as in many contemplative orientations, altered simply
by being observed (both instances of perceptual inference).
Since the error signals cannot be minimized, the simulation
map itself may be suppressed in the form of experiential
avoidance, a form of protective habituation to powerful and
uncontrollable interoceptive signals, or behavioral avoidance of
provocative situations altogether. Such inhibition may amount
to a reduction of the precision of priors in the map, so that
only very powerful sensory signals are able to trigger an upward
flow of PEs toward higher simulation layers. While avoidance
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provides momentary relief from the attentional pull of PE
signals, inhibition of interoceptive awareness may also create its
own host of psychosocial issues, both through the obfuscation
of important interoceptive cues, the absence of desirable
interoceptive sensations, and the maintenance of dysfunctional
beliefs about the world and their relation to it (Paulus and
Stein, 2010). Indeed, the severity of somatic dissociation has
been linked to greater susceptibility to experimentally induced
somatic illusions, suggesting an over-reliance on prior knowledge
that interferes with current sensory input (McKenzie and
Newport, 2015). Many contemplative traditions begin from the
assumption that a suffering individual’s interoceptive integration
may be dysfunctional or deficient; to rectify this situation,
attention to the body may delay cognitive appraisal, creating
space to restructure the integration process (Shapiro et al,
2008).

Interoceptive Training in Clinical Practice

Specific examples of dysfunctional interoceptive integration
are myriad in psychological disorders. For instance, when an
individual with severe attachment disturbances considers close
social interaction, there is often an immediate discrepancy
between expected and actual feelings of connectedness, providing
a new source of interoceptive surprise that may be anxiously
appraised (Rector et al., 2006; Gilbert et al., 2012). Similarly, it
is not uncommon for a person with a severe history of trauma
to be so anxious that it is not possible to experience the positive
sensations of close interactions (Fogel, 2009; Frewen et al., 2012).
In the absence of new interoceptive information, such fears and
concerns may take on the quality of rumination, perseverative
thinking that is associated with affective disorder vulnerability
(Nolen-Hoeksema, 2000). The predictive coding framework
provides an explanation for how rumination can dominate
attention: when simulation maps operate with low perceptual
weighting, attention is more often drawn to active regulation,
leaving little opportunity for experiences of interoceptive
presence, a feeling that a sensation is acceptable and tolerable,
that may challenge sustained bleak and dysphoric expectations.
Contemplative training is largely oriented to increasing one’s
capacity to de-habituate such coding. Commonly, such cognitive
distortions of reality may continue unfettered, leading to a
downward spiral that characterizes the chronic and recurrent
nature of affective disorders (Raes et al., 2008).

And vyet, despite the importance of perceptual inference
for well-being, we should stress that such inference alone is
not a panacea. Perceptual experience is not easily divorced
from subsequent appraisal, and so even accurate and precise
interoception may activate powerfully conditioned negative
associations and appraisals (Treleaven, 2009). For example, in
anorexia nervosa, patients may possess powerful associations
between awareness of bodily states associated with starvation
and a ‘doing’ mode that focuses on the control of eating, shape
and weight, ultimately culminating in interoceptive suppression
once more (Watts et al., 2007; Park et al.,, 2011). In anorexia,
bringing awareness to the body will initially be met with an
increase rather than decrease in maladaptive behavior. Thus there
is a reason that interoception becomes disrupted, and skillful

guidance is particularly important in restoring interoceptive
access.

If a regulatory framework is not in place, such as the
capacity for acceptance of ambiguous or challenging sensations,
restoring interoceptive access- or advocating contemplative
intervention- could introduce new trauma. For example,
enhancing interoceptive awareness without compensatory
regulation may be maladaptive to a severely depressed and
suicidal individual or someone with acute pain from a severe
burn. In many cases, however, it seems that specifically trained,
skillful clinical or contemplative guidance can successfully
address the challenges inherent to interoceptive re-engagement.
For example, research with women in treatment for substance use
disorder suggests that when they are encouraged to discover the
connection between physiological and emotional distress, they
often learn that they have the capacity and skills to attend and
negotiate emotional stress. Enhanced interoceptive awareness
provides nuanced cues for self-care that facilitate emotion
regulation, reducing conditioned substance-use responses to
stress, and allowing such patients to maintain sobriety (Bowen
et al., 2007; Price et al., 2012b).

The need for a skillful interpretive framework is apparent in
psychometric research on mindfulness of body sensation, such
as the ‘observe’ facet of the five-factor mindfulness questionnaire
(Baer et al., 2008). This research on the questionnaire suggests
that high levels of this ‘observe’ facet are associated with
mixed health outcomes in the general population, but with
more uniformly positive outcomes in those who are relatively
trauma-free and have received a background in contemplative
training. A recently published report pointed out that the
commonly assessed ‘observe’ facet, becoming aware of bodily
changes, may change with these approaches to a much smaller
degree than the regulatory aspects of interoceptive awareness,
that is, how the body is used for self-regulation in daily life
(Bornemann et al., 2014). In this case, a multidimensional self-
report measure was sufficient for distinguishing between aspects
of interoceptive change, and serves as an important precedent
for further clinical research. It should be noted, however, that
the bulk of the clinical research discussed in the following
section has employed only more global qualitative reports of
interoceptive change, a finding which may in fact be driven
by training effects on only a subset of interoception’s many
facets.

Clinical Examples in Patients with PTSD or
Chronic Pain

To clarify the relevance of interoception in the promotion
of well-being, it may be useful to consider examples where
the cultivation of adaptive interoception has yielded clinical
success. Emerging research suggests that contemplative practices
may powerfully support the process of interoceptive re-
discovery. In the treatment of women with a history of
interpersonal sexual violence, participants learn to engage
in perceptual inference, recognizing when sensory cues of
dissociation are triggered emotionally, allowing them to
maintain awareness of their bodies instead of dissociating from
those sensations into habitual, active regulatory responses.

Frontiers in Psychology | www.frontiersin.org

June 2015 | Volume 6 | Article 763 | 22


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Farb et al.

Interoception, contemplative practice, and health

Over time, participants discover that their bodies can be a
helpful informative resource rather than a source of threat
signals that should be avoided. Thus, body sensations not
previously incorporated into awareness can be allowed into
phenomenological experience, and can be more appropriately
integrated into self-schemas. These experiences can lead
to a greater sense of safety in the world, greater ability to
engage in intimate interactions with spouse/partner without
dissociating, greater ability to negotiate stressful environments
and interactions, and lastly a greater sense of wholeness and
empowerment (Price, 2005, 2007). It remains to be determined
whether these contemplative practices increase interoceptive
accuracy directly, or instead support other elements of our
interoceptive taxonomy, such as increasing sensitivity to
interoceptive events and moderating subsequent regulatory
habits.

A further example of contemplative practices’ potential
lies in the psychological management of chronic pain, in
which the most commonly applied approach is currently a
combination of cognitive reframing by cognitive behavioral
therapy and attentional distraction (Hoffman et al, 2007).
Recently, however, it has been questioned whether distraction
works for chronic pain as well as it does for acute experimental
pain (Goubert et al, 2004). One reason for reconsidering
distraction techniques is that part of chronic pain pathology
may actually revolve around maladaptive fear associations
that impoverish interoceptive processing and exacerbate
pain syndromes, conditioned withdrawal associations which
distraction would only serve to reinforce rather than challenge
(Zaman et al., 2015). Instead, “interoceptive exposure” may
be an alternative (Craske et al., 1997; Boswell et al., 2013).
Yoga includes interoceptive training, is associated with
decreased prefrontal brain activity and has shown benefits
for pain management (Villemure et al., 2013). Keeping in
mind concerns that interoceptive awareness is not always
beneficial, helpful, or tolerable, it would seem that these and
other examples suggest that in many cases, careful guidance
of attention, informed by contemplative theory, and with
case-sensitive guidance, may allow people to reconnect
with their bodies with great therapeutic potential. With
appropriate support, patients may learn to tolerate negatively
conditioned experiences of the body, eventually accepting
their prepotent aversive response, which frees cognitive
resources for reconstruction of the appraisal process (Park et al.,
2012).

In summary, interoception is important for well-being, at a
pragmatic level of maintaining desired physiological states within
the body, but also at an epistemic level for its contributions to
perceptions of presence and agency. Indeed, many psychological
disorders are characterized by disruptions to presence and
agency in the form of dissociation or hopelessness, or by
maladaptive solutions to agency violations, as is found in
anxious withdrawal. Contemplative training may be effective
to restore adaptive interoceptive dynamics that address these
violations, keeping in mind the caveat that the reframing of
interoceptive signals must be carried out with care and support
to increase tolerance for aversively conditioned sensation. How

such practices may accomplish this restorative feat is the topic of
the next section.

Contemplative Practices for Revitalizing
Interoception: The Example of
Mindfulness

Given compelling evidence that interoceptive processes are
integral to many forms of affective and related disorders, we
might ask how interoception can be restored to an optimal
state. Clinical experience suggests that trusting in body signals
as potentially decision-guiding information and valuing the
body as an important resource in directing one’s behavior may
be key conditional precursors for this change (Mehling et al.,
2011). In the predictive coding framework, trust or acceptance of
interoceptive signals fits with our discussion of increased sensory
weighting, perceptual inference, and the cultivation of feelings
of presence. While modern scientific traditions have much to say
about the mechanics of the body, how such mechanics can be
used to cultivate a more embodied phenomenological state has
not historically been a focus of these traditions. It is in this effort
to understand the cultivation and sustenance of presence and
agency that contemplative science may be of value.

Many body-based contemplative practices involve explicit
direction of attention to interoceptive sensations. The exploration
of interoceptive awareness under many other names is central
to Asian contemplative, medical, and philosophical traditions.
Importantly, these are presented in a philosophical context of
exploring errors about the self and individual subjectivity that
result in part from ignoring, misinterpreting, or missing more
subtle levels of an individual’s interoceptive experience. Such
contemplative practices, although they may have numerous
other goals in addition to training interoceptive awareness, offer
a method for training in such awareness and, in many cases,
for reorienting experience from, for example, distraction to
attentional control, effort to ease, separateness to connection.
All these shifts are deemed beneficial. In this section, we
will focus on mindfulness meditation traditions as they
contribute to a sense of presence through largely stationary
interoceptive attention practices. It is however important to
note that other, movement-based traditions such as yoga or
tai chi may be especially well-suited toward the cultivation
of agency. A great deal of research is needed to explore the
effects of particular practices on the predictive coding of bodily
awareness.

Among contemplative traditions, mindfulness has recently
received a particularly strong representation in modern sciences.
There is an extensive literature on the health benefits of
mindfulness approaches- for overviews see (Grossman et al.,
2004; Chiesa and Serretti, 2009; Hofmann et al., 2010),
particularly in the area of preventing relapse in those vulnerable
to depression (Goyal et al., 2014). It should be noted that
interoceptive training is only one aspect of mindfulness
interventions, which also emphasize changing one’s relationship
to thought content. Nonetheless, such interventions may
represent the most prominent introduction of interoceptive
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training in the West. Mindfulness approaches may be particularly
efficacious in reducing somatic dissociation from chronic pain
and sexual trauma (Price, 2007) but also in other mental health
disorders such as substance use (Price et al., 2012b) depression
(Williams et al., 2013), anxiety (Hoge et al., 2013) and eating
dysregulation (Daubenmier et al., 2011). There are suggestions
that interoceptive mindfulness practices yield changes across a
variety of cognitive domains, including self-reference (Brown and
Ryan, 2003; Farb et al., 2007; Ingram et al., 2011), attention (Jha
et al., 2007; De Raedt and Koster, 2010), emotion regulation
(Ortner et al., 2007; Jha et al., 2010), pain perception (Zeidan
et al., 2010a; Gard et al., 2012), agency (Allen et al., 2009), and
feelings of social connectedness (Hutcherson et al., 2008; Neft
and Germer, 2013); see (Holzel et al., 2011) for an integrative
review.

Modern scientific definitions conceptualize mindfulness as
an open, engaged, and non-judgmental awareness of the
ongoing flux of present moment experience, including internal
experiences of sensations, thoughts, and feelings, as well as
exteroceptive sensations. It has been argued that one of the
primary and early means by which mindfulness benefits its
practitioners is by anchoring attention to interoceptive signals
such as the breath or body sensation (Mehling et al., 2011; Kerr
et al.,, 2013; Farb et al., 2014), an idea supported by training-
related reports of both increased subjective body awareness
(Mehling, 2001) and increased strength of brain networks
dedicated to interoceptive processing (Farb et al., 2013). Focal
attention to bodily sensations is at least one method by which
mindfulness training shapes cognition (Holzel et al., 2011); with
stability of interoceptive anchoring, practitioners also engage in
open monitoring of experience, which, from the modern secular
perspective of using contemplative practice for therapeutic
effects, reveals and weakens maladaptive reactive patterns so
that they may be adaptively modified (Lutz et al., 2008; van
den Hurk et al., 2010). From a predictive coding framework,
body-focused contemplative practices may alter interoceptive
processing by shifting regulatory habits from active to perceptual
inference, increasing bottom-up integration of what is happening
in the body rather than attempting to alter body sensation to
fit top—down expectations of what should happen in the body
(Pagnoni and Porro, 2014). Since even low level perceptions
of interoceptive sensations commonly rely on the integration
of both sensory and expectation processes, engaging in a
contemplative interoceptive practice may reduce the precision
of prior expectations, reducing the ability of priors to trigger
PEs in response to incoming sensations. The consequence of this
widening of acceptable sensory inputs may therefore allow for
more accurate and dynamic representations of sensation, yielding
more nuanced, and adaptive behavioral responses.

The wealth of empirical studies on mindfulness training
mechanisms makes it a useful starting point in discussing
how contemplative practices may impact interoceptive
processing. Below, we describe several domains in which
contemplative traditions such as mindfulness may positively
impact interoceptive processing, acknowledging that these
domains likely interact and support each other in an iterative
and dynamic (rather than linear) manner.

Enhanced Sensitivity

Contrary to the perceptions of even experienced meditators,
mindfulness does not appear to generally increase interoceptive
sensitivity when assessed in laboratory settings, at least where
the most popular metrics of interoceptive accuracy, heartbeat
perception, is concerned (Khalsa et al., 2008; Parkin et al., 2013).
Mindfulness may, however, increase interoceptive sensitivity
in domains that are the foci of meditative practice, such
as sensation of the breath (Daubenmier et al., 2013), or
interoceptive cues indicating the presence of subtle reactive
patterns. Even brief body-scan meditations reduce errors in
a subtle somatic signal detection task (Mirams et al., 2013),
similar to the enhanced tactile acuity related to movement-based
tai chi practices (Kerr et al., 2008). Furthermore, mindfulness
training appears to alter interoceptive attention tendencies,
focusing attention on interoceptive sensations rather than
cognitive appraisals of such sensations (Garland et al., 2012),
in keeping with a model in which contemplative practices shift
regulatory strategy from active to perceptual inference. As such,
sensitivity enhancements following mindfulness training may
constitute a kind of ‘embodied ethic’ that promotes interoceptive
attention deployment, a daily commitment to perceptual
inference rather than an enhancement of sensitivity itself
(Grossman, 2015).

One consequence of increased perceptual inference is
increased granularity of interoceptive experience, reducing the
self-appraised emotional impact of experience in favor of
enhanced clarity and sensitivity to subtle emotion provocation
(Nielsen and Kaszniak, 2006). Such sensitivity may manifest at
multiple levels of the simulation map, allowing practitioners to
recognize subtle, temporally extended dynamics of physiological
arousal, dynamics that would ordinarily be obfuscated by
definitive cognitive appraisals in response to early perturbations.
The benefit of enhanced granularity is an opportunity to learn
more about one’s body and its conditioning in the world. Indeed,
mindfulness practitioners show increased accuracy between
subjective and objective measures of body sensitivity, an index
of the relative sensitivity to different body regions (Fox et al.,
2012), and increased coherence between physiological and
subjective states (Sze et al., 2010). Such coherence allows for
greater appreciation of how stressful situations impact both
mind and body, increasing the chances of adaptive regulatory
action. Furthermore, because interoception engages the same
neural pathways supporting pro-social emotions such as empathy
(Singer et al., 2009), increased interoceptive sensitivity may also
lead to improved social function, although direct evidence for this
relationship is still needed.

Enhanced Non-Reactivity

The deeper benefits of contemplative practices lie in leveraging
non-reactivity to generate adaptive regulatory insights. The
predictive-coding model can account for the availability of
such insights through the idea of precision weighting, i.e.,
how much a person divides finite metabolic and attentional
resources between (i) representing, exploring, and accepting
unexpected sensory signals, i.e., PEs, and (ii) maintaining prior
expectations. As discussed, attention can lead to greater precision
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weighting of sensation over priors, which in turn promotes
perceptual as opposed to overt active inference (Figure 1).
Both perceptual and overt active inferences require the use of
metabolic resources, as evidenced by the feelings of effort when
one first engages in either process. However, only overt active
inference engages cognitive elaboration, requiring cognitive
appraisal of the many action affordances available in response
to interoceptive perturbations. Given that overt active inference
is likely to consume considerably greater metabolic resources,
individuals must attempt to optimize the precision of incoming
sensory data and priors to minimize wasted regulatory effort
(Fotopoulou, 2013). Unfortunately, for individuals with strongly
conditioned regulatory tendencies, i.e., highly precise tuning
of priors, this minimization may prove difficult in the face
of seemingly automatic and obligatory regulatory responses.
Resolving the disconnection between the ideal of regulatory
efficiency and the reality of conditioned active inference is a
non-trivial problem.

We hypothesize that one major benefit of contemplative
interoceptive practice is that it provides a pathway toward
perceptual inference in the face of such conditioning, effectively
relaxing appraisal tendencies. While still demanding attention,
perceptual inference frees higher order cognition to arise and
pass without particular attachment to a given appraisal of the
simulated state. In other words, perceptual inference frees higher
order resources to allow metacognition, representation of the
mind’s current state. The simple act of observation itself, as
mentioned, can create a shift, possibly even without setting in
motion higher-order resources. The idea that one’s thoughts
can be viewed as transient mental events rather than as cues
to immediate action is often referred to as decentering or
reperceiving in the mindfulness literature (Shapiro et al., 2006;
Fresco et al., 2007), and may be an adaptive consequence
of responding to arousing experiences using perceptual rather
than active inference. Decentering may also be related to the
intentional arc, which sets mindfulness practice in motion
and sustains it. Mindfulness training seems particularly well-
suited for promoting decentering relative to progressive muscle
relaxation or loving kindness interventions (Feldman et al,
2010), perhaps due to the explicit enhancement of sensory
precision weighting at the expense of active inference. Such
decentering may not be an end unto itself, but also afford flexible
‘re-centering’ on habitually ignored sensations that constitute
meaningful, constructive, and positive experiences. Accordingly,
mindfulness experience has been associated with increased
cognitive flexibility (Moore and Malinowski, 2009). In this way,
dedicated perceptual processing of interoceptive signals may
serve to enhance conceptual non-reactivity to experience that in
turn promotes well-being.

Enhanced Regulation

In the metacognitive space that is afforded by enhanced non-
reactivity, multiple interoceptive appraisals may be observed as
arising and passing. From a decentered perspective, a person may
become aware both of her most prepotent, i.e., frequently and
powerfully occurring, appraisal tendencies, but also of alternative
appraisal options. From awareness of multiple options, flexibility

of choice can be directly experienced, thereby allowing for
novel, creative, and potentially more adaptive appraisals and
actions over time. As an example, a person in a stressful
public speaking situation may use mindful attention to notice
her elevated physiological response. From this perspective,
appraisals of threat and incompetence may rapidly arise, but with
continued attention toward sensory perception, such appraisals
may also pass, interspersed with weaker, and less frequent
appraisals of potential failure, support from loved ones, and
feelings of determination. With this greater tableau of appraisals
before her, the speaker may elect to appraise her arousal as
a surmountable challenge rather than an imminent threat that
requires withdrawal from the situation. It is through this process
of forming insight that interoceptive attention may iteratively
shift engagement away from habitual appraisals to promote
experiences of insight and choice.

With practice, iterations of weighting attention toward
perceptual inference may allow an individual to more
permanently decondition and eventually replace appraisals
of environmental stressors as threat with exploration of
such stressors, appraising them instead as challenges to
be explored, a distinction with important consequences
for reducing physiological stress (Tomaka et al, 1993).
Over time, this process of overcoming habitual dysphoric
or catastrophic appraisals in favor of a less rigidly deterministic
simulation map may result in positive trajectories for
transformation, upward spirals in the promotion of well-being
(Garland et al., 2010, 2011).

One example of adaptive sensory precision weighting in
mindfulness can be found in a study of pain perception. Pain
perception is theorized to have both a sensory component,
representing the intensity and location of the interoceptive
signal, and an affective component, representing the signal’s
motivational relevance in term of pleasantness or unpleasantness
(Melzack, 1975), a distinction supported by neuroimaging
research (T6lle et al., 1999). In one recent study (Farb et al., 2013),
mindful attention in experienced meditators was associated with
increased attention to bottom-up signals as reflected in increased
posterior insula activation, a region of primary interoceptive
representation (Craig, 2002; Farb et al., 2012b), but decreased
top—down processing as reflected in decreased lateral prefrontal
cortical activity, a region involved in cognitive appraisal (Ochsner
et al.,, 2004). These neural changes were linked to a change in
the pain experience, such that pain was perceived as similarly
intense but less unpleasant during a state of mindful attention.
In the absence of cognitive judgment, cognition may be freed
to consider alternative interpretations of sensory states. From
a regulatory perspective, such freedom allows an individual to
explore different forms of active inference, and may perhaps even
reveal that active regulation of interoceptive signals is no longer
necessary.

Enhanced Insight

While perceptual inference, by definition, precludes immediate
cognitive elaboration on sensation, in the long term, a greater
corpus of interoceptive information provides a richer set of
data from which to investigate habitual sources of interoceptive
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perturbation, to identify the relationship between inner somatic
experience and cognitive experience, and one’s internal responses
to outside events and stimuli. This meta-cognitive awareness may
lead to insight, recognition of how events, emotions, thoughts,
and bodily sensations relate to each other (Lavie et al., 2003; Sze
etal., 2010). For example, recent studies in body ownership show
that a sense of one’s body can be manipulated by experimentally
induced visual and tactile feedback (Ainley et al., 2013; Suzuki
et al,, 2013) but those with greater interoceptive accuracy (as
assessed by heartbeat detection) are less susceptible to illusions
of body-ownership (Tsakiris et al., 2011). This ‘rubber hand
illusion’ is a good example of prioritizing attention toward
priors for the interpretation of visual input over attention
toward PEs stemming from afferent interoceptive signals from
the hand. For insight to occur one need not have perfect
accuracy in such interoceptive signal representation; however,
insight could emerge as a process of weighting sensory PEs
over priors, leading to a higher-fidelity simulation of body state.
In theory, contemplative practices could similarly reduce false
inferences about the relationship between one’s body and the
world.

As interoceptive signals inform emotional experience,
contemplative practice may promote a cycle of awareness of the
contingencies between environmental triggers, bodily responses,
cognitive appraisals, and emotional experiences, knowledge
which can then be leveraged to regulate cognition and behavior
in the service of emotional well-being. We argue that this process
optimally occurs when interoception is viewed as foundational to
emotional experience, and thus interoceptive attention becomes a
basis for engaging in emotional processing, enhancing awareness,
and regulation of rapidly escalating emotional responses to stress.
For example, in a study for women in substance use disorder
treatment, those taught interoceptive awareness and related skills
for self-care perceived such awareness as facilitating their ability
to identify, accept, and process their emotions, key regulating
factors that they attributed to successfully preventing relapse to
substance use (Price et al., 2012a). Through these introspective
cycles, insight is fostered that radically modifies inference of
interoceptive signals, toward perceptual over active inference,
exploring causal factors rather than requiring an immediate
inference and response to interoceptive causality. Despite such
enticing claims, more research is needed to substantiate the
idea that mindfulness practice helps to alter the extent to which
particular interoceptive signals are attended to and received with
finer granularity in daily life.

Enhanced Presence and Agency

If the link between perceptual inference and insight can be
empirically validated, there are many downstream benefits
that may ensue. For example, mindfulness’ ability to curtail
habitual reactive tendencies may enhance one’s sense of
presence and agency, and indeed mindfulness training has been
associated with increased motor control during perceptual-
motor conflicts (Teper and Inzlicht, 2013). Enhanced perceptual-
motor integration reflecting increased agency may impact
self-representations related to ones ability to control the
environment, which may have important consequences for

one’s sense of well-being. Minimally, the increased weighting
of interoceptive signal may increase interoceptive accuracy,
decreasing the impact of dysfunctional simulations and self-
representations on cognitive and behavior, as previously
proposed (Farb et al, 2012a). For example, depression is
characterized by external locus of control, learned helplessness,
and low self-efficacy, and some evidence suggests depressed
people have poorer interoceptive accuracy (Ehlers and Breuer,
1992; Pessoa and Ungerleider, 2004; Dunn et al., 2007; Pollatos
et al., 2009), whereas mindfulness training appears to bolster
self-efficacy (Chang et al., 2004). Furthermore, mindfulness
training has been associated with normalization of the gait
pattern of depressed individuals, suggesting concurrent changes
in proprioceptive and emotional responses (Michalak et al,
2011). Presence and agency appears to matter for physiological
self-regulation: the rubber hand illusion, in which visual-tactile
illusions decrease a sense of ownership over one’s arm, results
in decreased skin perfusion and temperature (Moseley et al.,
2008), and increased stress hormone release in that arm (Barnsley
et al., 2011), without providing commensurate pain relief in
that arm (Mohan et al, 2012). These findings suggest that a
strategy for minimizing interoceptive PEs through substitution
of interoceptive inputs with exteroceptive inputs leads to
dysfunctional, and, in the long run, unhealthy physiological
changes in the respective bodily region. Conversely, we would
hypothesize that minimization of interoceptive PE by increased
precision weighting of sensation over priors may create a sense
of embodied presence and be able to reverse such dysfunctional
physiological changes.

Over time, an increased sense of presence and agency may
also begin to enhance higher order self-representations such as
self-esteem. Through this process, a person may hold greater
confidence in his engagement with interoceptive inference, which
may in turn reinforce the exploratory cycling between perceptual
and active inference, again promoting upward spirals in the
promotion of well-being (Garland et al., 2010, 2011). It remains
to be tested whether enhanced interoceptive attention may
produce differential cognitive-emotional-physiological effects
when placed in different parts of the body and contemplative
theories may guide the formulation of such hypotheses. Future
research could examine to what extent contemplative practices
enhance a sense of presence or agency that can account for
improvements in self-efficacy and related aspects of mental
health. In particular, movement practices such as yoga and tai
chi may more readily promote an increased sense of agency in
which the opportunity to explore sensorimotor signals in slow,
controlled movements is readily apparent.

Increased Positive Experiences

Another downstream consequence of enhanced interoceptive
capacity may be the ability to engage with and appreciate
pleasant sensations. In the case of mindful eating interventions,
for example, practices involve bringing greater attention to the
pleasure of seeing, smelling, tasting, and eating of palatable foods
and noticing when the satisfaction subsides, as taste-specific
satiety mechanisms become apparent (Kristeller and Wolever,
2010; Daubenmier et al, 2011). Indeed, many mindfulness
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training programs involve a raisin-eating exercise (Kabat-
Zinn, 1990), in which increased sensory precision weighting
is encouraged to decenter habitual interpretations of the
consumptive act, replaced with re-centering on unexpected
positive aspects of the experience. The ability to enter into such
sensory states and appreciate positive sensations is important,
because reduced response in the brain’s reward regions to
consumption of palatable foods such as milkshakes is associated
with increased, unwanted weight gain (Stice et al., 2010). Such
reduced activation may account for the subjective experience
of “chasing the flavor” and continued eating. It remains to be
determined whether increased awareness of the pleasurable taste
of palatable foods increases reward activation and ultimately
reduces food consumption, in particular among those who are
overweight. Similarly, mindfulness-based interventions during
recovery from drug addiction appear to increase interoceptive
responsiveness to natural reward while decreasing responsiveness
to drug cues, an effect correlated with reductions in drug craving
(Garland et al., 2014). As interoceptive attention broadens to
allow reactions to less conditioned cues, it appears that freedom
from maladaptive cycles of craving may follow (Khanna and
Greeson, 2013). Furthermore, classical accounts of mindfulness
training suggest that the continued exploration of experience,
including interoceptive conditioning, can itself lead to feelings
of joy and rapture (Brewer et al., 2013); the importance of such
feelings is made concrete in consideration of mindfulness’ impact
in these and other clinical disorders.

Embodied Effects

Finally, it is important to note that because mindfulness
practice itself takes place in an embodied context, engagement
with interoceptive processes may promote further physiological
effects. One example common to all Buddhist traditions is the
importance of sitting posture in cultivating attentional stability
and emotional equipoise. As traditionally stated in the Tibetan
Buddhist tradition: “When the body is straight, the channels
are straight, when the channels are straight, the energies are
straight, when the energies are straight the mind is straight”
(Rinpoche, 1998). An upright sitting posture is thought to
affect the movement of energy through the channels thereby
enhancing the effectiveness of the meditation practice. One could
hypothesize that just sitting in this posture without engaging
in a meditative practice may have beneficial effects. Upright
postures are associated with enhanced physiological outcomes in
hospital patients (Convertino, 2003). And indeed, sitting in an
upright posture without actually engaging in meditation practice,
referred to as “sham meditation,” is associated with slowed
respiration rate which predicts decreased pain unpleasantness
ratings (Zeidan et al., 2010b). Another example is mindfulness
meditation’s association with increased heart rate variability
(HRV; Ditto et al., 2006), particularly in the high frequency
band, an indicator of parasympathetic activation (Wu and Lo,
2008; Krygier et al., 2013). Greater resting HRV is associated
with a host of cognitive benefits; including greater sustained
attention, working memory, and motor-response control (Thayer
et al., 2009). Thus, as the mindfulness practice itself unfolds,
mindful attention impacts physiological systems, which in turn

may feed back to influence cognitive processes in a self-
reinforcing cycle. In other words, the process of attending to
interoceptive sensations provides time for autonomic processes
to restore homeostasis, rather than perpetuating inefficient or
maladaptive regulatory habits that rely on overt behavioral
intervention. Awareness of homeostasis may generate feelings
of calm, peace, and satisfaction, greater connection to others,
and a decreased desire to seek out externally rewarding stimuli
to maintain a hedonic set point. Unlike external reward, the
reward of increasingly accurate perceptual predictions may
be continuous. However, this is not to say that mindfulness
meditation predisposes one to passive monitoring states, but such
training may increase the ability to respond more adaptively
to environmental challenges and return to homeostasis more
quickly.

Taken together, an interoceptive consequence of
contemplative practice is the decoupling of hedonic stimulus
response arcs, ie., an increased capacity to refrain from
automatically responding to aversion with avoidance and to
pleasure with approach. This relative freedom from interoceptive
appraisal habits that drive behavior may optimize homeostasis
that becomes a self-reinforcing process. Thus, this model
may serve as a working hypothesis for the mechanisms of
action underlying how changes in interoceptive awareness
resulting from contemplative practice may enhance health
and well-being including affective and dissociative disorders,
pain, and addiction. Research is needed to better understand
what difference variations in the particular foci of interoceptive
attention make toward promoting salutary effects.

A Caveat on the Primacy of Interoceptive
Processing

Admittedly, it seems unlikely that contemplative training can or
should aim to engender continual and total awareness of the
panoply of interoceptive sensations present in each moment.
Instead, skillful attention to interoceptive sensation may improve
self-regulation (Bornemann et al., 2014), allowing an individual
to operate more closely to his or her optimal homeostatic state.
We have argued that increased interoceptive attention represents
one way to return to ‘being’ in a world that prioritizes ‘doing,
restoring balance between the two. This balance may then serve
to promote regulatory flexibility, with the ideal of bringing ‘flow’
to experience, the alignment of being with doing in living a
meaningful and satisfying life. It may be that one reason focusing
on the body has such positive potential is that rumination, already
shown to be largely a negative factor in experience, operates, by
and large, by shifting attention to past or future (Killingsworth
and Gilbert, 2010). By contrast, the body is always in the present.
Attending to the body therefore anchors the mind in the present
and away from rumination. Admittedly, there are other forms of
present-centered foci that would distract from rumination such
as watching television, and the research literature supports many
short-term regulatory benefits of distraction strategies (Sheppes
and Meiran, 2007; Denson et al., 2012). However, distraction
may lead to later ‘rebound effects’ when a person is faced with
an unresolved stressor compared to conditions in which that
stressor was directly attended to (Thiruchselvam et al.,, 2011).
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While more work is needed to properly distinguish the effects
of attention-based regulatory strategies such as mindful attention
and distraction, skillfully attending to the stressor itself may be
the more adaptive strategy (Kross and Ayduk, 2008), and in any
case an improvement over rumination.

The Road Ahead

Other Elements of Traditional Contemplative
Approaches to Interoception

Continued dialog with representatives of traditional
contemplative practices may further explore how they
understand and modulate the flow of sensations through
the body to enhance health and healing. From many Asian
medical/contemplative perspectives, disturbances or blockages
in the flow’ of lung/chi/prana sensations are related to disease,
and free movement of chi is related to health, as well as to
insight, kindheartedness, and other positive qualities, a central
principle of Tibetan medical literature (Loizzo et al., 2009). Their
understanding of the body is not only a matter of interoceptive
awareness; it is most explicitly a pathway for exploring and
deeply revising the sense of self, agency, and substantiality that
bears on virtually every activity in life. The import of these issues,
and their potential significance for mental and physical health
outcomes could be a fruitful endeavor for future research.

In these Asian traditions, the interior of the body, deep in the
belly, or the heart, or deep inside the head, are all significant
areas for focusing the mind. The mapping of channels and
the “steeds of wind” moving through them further illustrate
the body’s interiority as characterized in traditional Asian or
Buddhist perspectives. We also see that varying the locus of
attention, for example shifting one’s focus from breath to sound,
or to a particular area of the body, may produce different results.

Contemplative traditions may have theoretical insights on
how placement of attention in certain parts of the body
affects perception, cognitive, and emotional responses. Practices
vary according to whether the body is alone or in a group,
with or without direct eye contact, whether the scope of
attention includes others, whether one sits in silence or performs
movement, whether one attends to sound or focuses on other
sensory stimuli. There is also variation in the types of intentional
and cognitive framework surrounding the practice. How these
variations in interoceptive training may influence cognitive,
emotional, and behavioral processes could be tested in empirical
research.

While the focus of this discussion has largely been on the
use of contemplative practices in general, and mindfulness in
particular, to increase awareness of interoceptive processes as a
means to enhance self-regulation, other practices, such as those
found in the Tibetan Buddhist tradition, involve the use of
interoceptive awareness, sometimes in combination with mental
imagery or somatic manipulations, to intentionally modulate
the ‘flow’ of sensations through the channels. Importantly,
these practices take place within specific philosophical and
ethical understandings, such as believing the nature of self
and all of existence to be impermanent and interdependent.

From an integrated mind-body perspective, in which ‘currents
flowing through the body are conceived as the energetic
support for consciousness, such “body-oriented” practices can
be a direct means to impact psychological functioning and
achieve meditative states of realization. One example is the
practice of tummo, which has been studied by scientists showing
dramatic increases in core body temperature (Kozhevnikov
et al, 2013). While the short-term physiological outcomes
of this practice have been studied for years (Benson et al,
1982), further attention could be devoted to understanding
traditional theories of how these practices work and how
conscious modulation of interoceptive sensations, especially
when supported by accompanying intentional body-imagery,
may impact physiological and psychological functioning more
generally by promoting autonomic control of physiological
processes. Equally interesting in this regard would be a
consideration of shifts in ‘energetic flows” and related sensations
that accompany the cultivation of love or compassion, or the
use of simple sounds and their impact on mind and body. First-
person descriptions can be useful here as well, since they typically
will describe both physical and mental responses to such training.

Future Research Directions

Although we have rich contemplative traditions to draw from, as
well as new interoceptive awareness-enhancing approaches and
emerging theory from a psychology perspective, we are facing
a shortage of tools, paradigms, and appropriate measures to
rigorously interrogate and integrate them. With this challenge in
mind, we derive the following topics for further research from our
considerations:

(1) Qualitative exploration of body-based practices from
traditional ~ contemplative  traditions, and greater
understanding of Asian (and eventually other)
contemplative and medical models of the body that
involve the ‘flow’ of ‘energetic currents’ through the body.

(2) Further refinement of scientific conceptualizations of
mindfulness, including exploration of first-person accounts,
to see how these match the conceptual framework for
interoceptive awareness provided here. Concurrently, we
must continue to explore traditional contemplative texts
and practice traditions for new perspectives, and to deepen
our understanding of constructs already appropriated into
scientific models of interoception.

(3) Developing and/or refining appropriate quantitative
measures, objective and self-report, able to capture
cognitive, behavioral, and physiological changes occurring
with interoceptive awareness training, moving beyond
measures of interoceptive accuracy to include attention
habits, sensitivity to interoceptive cues, coherence of
physiological and subjective changes, and regulatory
strategies.

(4) Developing research designs that integrate first, second and
third-person perspectives, such as neurofeedback, in which
third-person objective measures of physiological or neural
change provide second-person reports to the participant
in real time, potentially modulating the quality of first
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person experience during interoceptive attention (Lutz and
Thompson, 2003).

(5) Finding appropriate ways to operationalize behavioral
interventions  representing  mindful  interoceptive
awareness, e.g., to the breath.

(6) Defining clear criteria for when or under which conditions
interoceptive awareness is beneficial in treating patients
with psychiatric, psychosomatic, and pain conditions.

(7) Using neuroscience tools and technique to follow the
process/flow of interoceptive information through the
brain, e.g., by EEG oscillations or with fMRI with its top-
down modulations. For example, interoceptive cultivation
should be apparent in terms of increased correspondence
between feedback-evoked EEG potentials and subsequent
physiological ~change. Conversely manipulation of
interoceptive signals such as respiratory occlusion following
enhanced interoception should provoke stronger and more
reliable evoked potentials.

(8) Develop longitudinal studies applying interoceptive
awareness training to patients with clinical conditions.

(9) Consider testing effects of mindfulness training and other
contemplative practices on existing measures of presence
and agency (rubber hand illusion, virtual environment
experiments) to see if they mediate improvements in health
outcomes.

By improving the measurement of interoception at subjective
and physiological levels, and seeking to better understand
the coherence (and lack thereof) between these levels of
representation, it may be possible to broaden our understanding
of interoception and its connection to motivation and well-being.
Furthermore, such paradigms will help to test basic properties of
information processing in the brain, investigating how we both
predict and adjust to changing sensory stimuli, and how such
stimuli are incorporated into a broader motivational milieu.

Concluding Remarks

Interoception has in many ways been a hidden sense, perhaps
due to the challenges involved in measuring and manipulating
interoceptive signals. And yet, interoception is arguably at
least as important as the external senses, providing a sense
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Over the course of a century, the meaning of interoception has changed from the
restrictive to the inclusive. In its inclusive sense, it bears relevance to every individual
via its link to emotion, decision making, time-perception, health, pain, and various other
areas of life. While the label for the perception of the body state changes over time,
the need for an overarching concept remains. Many aspects can make any particular
interoceptive sensation unique and distinct from any other interoceptive sensation.
This can range from the sense of agency, to the physical cause of a sensation, the
ontogenetic origin, the efferent innervation, and afferent pathways of the tissue involved
amongst others. In its overarching meaning, interoception primarily is a product of the
central nervous system, a construct based on an integration of various sources, not
per se including afferent information. This paper proposes a definition of interoception
as based on subjective experience, and pleas for the use of specific vocabulary in
addressing the many aspects that contribute to it.

Keywords: interoception conceptualization, body state perception, phenomenological experience, cross-modal
integration, subjective experience

INTRODUCTION

While interoception is a term that has gained and still is gaining popularity in the academic
literature since the start of the millennium, consensus on its meaning is as yet not fully established.
What is generally agreed upon by most current scholars is that interoception is the perception
of the state of the body. The exact interpretation of this definition ranges from the original
restrictive meaning which is still adhered to by some (e.g., Dworkin, 2007) to the now more
commonly used very inclusive meaning (e.g., Craig, 2002; Wiens, 2005). The restrictive meaning
holds that only sensations stemming from viscera are interoceptive. However, throughout this
review interoception is used in the inclusive sense; as an umbrella term for the phenomenological
experience of the body state, an experience which is ultimately a product of the central nervous
system (CNS), regardless of what information the brain uses and does not use to construct
this experience. Arguments supporting this choice will be addressed and elaborated upon later
throughout different parts of this review.

The relevance of interoception in its inclusive meaning will be illustrated by briefly highlighting
its range of involvement across a spectrum of different areas of psychology and health. Next, the
importance of proper communication on interoception will be stressed, regardless of the definition
one has. The original meaning of interoception will be examined and a short overview of the
linguistic development of interoception and related concepts over time will be provided. Finally, an
impetus will be given for applying a clear vocabulary that allows to distinguish between the various
aspects which can contribute to interoception, while retaining the use of an overarching term. This
review will end with some concluding remarks.
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Scope of Relevance

While not yet common parlance in medical circles,
“interoception” is a concept which relates to a very wide
range of health related and psychological aspects of human
life, playing a role in every individual. As a consequence,
interoception is of pivotal importance to a wide range of
research, theory and translational applications of research
findings. A cursory glance at the literature is sufficient to see
that interoception relates to a vast range of subjects. These
subjects include pain (Craig, 2003), medically unexplained
symptoms (MUSs; Bogaerts et al., 2010; Schaefer et al., 2012)
as well as medically identifiable symptoms (Julius et al., 2002;
Mandelzweig et al., 2006; Janssens, 2011), negative emotions
(Pollatos et al., 2007); anxiety, anxiety disorders, and affective
disorders (Barlow et al., 2004; Domschke et al., 2010; Dunn et al.,
2010b; Paulus and Stein, 20105 Stern, 2014), emotions in general
(James, 1884; Lange, 1885; Schachter and Singer, 1962; Damasio,
1994; Wiens, 2005; Craig, 2008; Zaki et al., 2012; Damasio
and Carvalho, 2013), emotion regulation (Fiistos et al., 2012),
decision making (Damasio, 1994; Bechara et al., 1997; Paulus,
2007; Clark et al., 2008; Dunn et al., 2010a, 2012; Paulus, 2011),
subjective time perception (Craig, 2009; Pollatos et al., 2014),
subjective (self)awareness and consciousness (Craig, 2004; Seth
et al.,, 2011), food and water intake (Berthoud, 2006; Herbert
et al., 2012a; Brannigan et al., 2014), eating disorders (Pollatos
et al., 2008; Herbert and Pollatos, 2014), addiction (Paulus et al.,
2009; Naqvi and Bechara, 2010; Verdejo-Garcia et al., 2012),
sexual functioning (Everaerd et al., 2006; Gerbarg and Brown,
2011), empathy (Singer et al., 2009; Fukushima et al., 2011),
meditation (Farb et al., 2012), hypnosis (Woody and Szechtman,
2007), and of course interoceptive conditioning (Razran, 1961;
Pappens et al., 2013).

Although this list is unlikely to be exhaustive, and though it
is beyond the scope of this review to specify for each of these
subjects how they relate to interoception, it should be clear that
interoception is not to be considered a minor field of study
within psychology and health, and that its study has widespread
relevance. The focus of this review is to address the semantics of
interoception.

Interoceptive Conditioning

Classical and operant conditioning are worth further elaboration,
as this spearheaded research on interoception. Ivan Pavlov is
most known for first describing conditioning on dogs who
learned to salivate in response to the sound of a bell [conditioned
stimulus (CS)], after they had learned that the bell predicted
food [unconditioned stimulus (US)] would come. It is also Pavlov
who emphasized that not only exogenous stimuli such as the
bell, but also endogenous events, i.e., changes in the ‘milieu
interieur, could serve as CS (Pavlov, 1927). This idea formed the
basis for what is termed interoceptive conditioning: conditioning
where either the CS, the US, or both are subjectively perceived
as informative of the body state (Razran, 1961). Interoceptive
conditioning has been hypothesized to be of importance in
the etiology, maintenance and treatment of chronic pain (De
Peuter et al., 2011), functional disorders, cancer related fatigue
(Meagher, 2010), hypertension (Koroboki et al., 2010), eating

disorders (Davidson, 1993; Oldershaw et al., 2011), mood and
anxiety disorders (Paulus and Stein, 2010; Deacon et al., 2013),
and drug addiction (Wise et al., 2008; Bevins and Murray, 2011;
Bevins and Besheer, 2014; Troisi, 2014).

Studies on the role of interoceptive conditioning in drug
addiction provide a useful paradigm for evaluating interoceptive
conditioning. Moreover, they provide a paradigm for assessing
subjective perception of changes in body state, i.e., interoception.
For example, Lubinski and Thompson (1987) describe how two
pigeons were conditioned to effectively communicate to each
other and three other pigeons whether they were experiencing
the effects of a stimulant (cocaine), a depressant (pentobarbital),
or no drug (saline). Learning to recognize and communicate
these different drug induced body states, generalized to the
ability to effectively communicate states induced by another
stimulant (d-amphetamine) and depressant (chlordiazepoxide)
without need for further training. Likewise, rats can be trained to
discriminate drug effects of nicotine from a non-drug state. This
learned discrimination can serve to alter their behavior (lever
pressing), help to establish the median effective dose necessary
for receptor signals to become perceptible, and provides a
model for drug use and drug craving. The aforementioned drug
discrimination paradigms have demonstrated that it is possible
to qualitatively and quantitatively manipulate the subjective
body state, and that this altered subjective state due to drugs
can serve as CS (Bevins and Besheer, 2014), or rather as
an operant discriminative stimulus (Troisi, 2014). Thus, drug
discrimination and state dependent learning are forms of
interoceptive conditioning. The importance of interoceptive
conditioning for a variety of widespread conditions mentioned
in the previous paragraph, as well as a useful paradigm for
researching interoception, further underscores there is a demand
for a clear definition of interoception and related terminology
that allows for subtle, but critical distinctions within this larger
function based concept.

Pain and Interoception

Also among the list of subjects related to interoception (see
Scope of Relevance), the subject of pain deserves special mention.
The International Association for the Study of Pain (IASP)
defines pain as “an unpleasant sensory and emotional experience
associated with actual or potential tissue damage, or described
in terms of such damage” (Merskey, 1986). While those with a
narrow definition of interoception would only consider visceral
pain interoceptive, those with more inclusive definitions of
interoception such as the one used throughout this review -
consider all forms of pain as a form of interoception. This
inclusive approach is supported by functional neuroimaging
studies which find that the neural network activated during pain
and during other forms of interoception are very much the same
(Legrain et al., 2011; Moseley et al., 2012). It is also indirectly
supported by the well-validated finding that emotion plays a
significant role in pain; a role which it also plays in all other
forms of interoception. For example, negative emotions impact
the affective component of pain negatively and decrease pain
tolerance (Carter et al., 2002), while positive emotion increases
pain tolerance (Zweyer et al., 2004). In dyspnea one can observe
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something remarkably similar. In a negative affective context,
dyspnea elicits more respiratory symptom report than in a
positive affective context (von Leupoldt and Dahme, 2013). This
parallel between pain and dyspnea can be taken as an additional
indication that pain really is nothing more than a specific form
of interoception, but interoception nevertheless. Regardless of
which definition of interoception one applies, the inclusion of
pain in the definition of interoception -even if merely including
visceral pain- has its merit. It provides a fertile soil for cross-
fertilization of ideas from the vast area of pain research on the one
hand, and that of research on non-painful types of interoception
on the other.

Communicating on Interoception

It is surprising that communication around the concept
interoception often stumbles over definitional differences
between authors. While both an overarching concept of body
perception as well as more specific concepts deserve their
own place, the exclusive focus on one approach could lead
to undervalue the importance of the other. For example, an
overarching concept has as one advantage that it crosses the
bridges between different types of research findings. How this
overarching concept is labeled, changes over time as do so
many aspects of language. In the 19th century this overarching
concept was referred to as “coenaesthesis,” in the early 20th
century “coenesthesia,” in the second half of the 20th century
“somesthesis,” and now in the 21st century it is most frequently
referred to as “interoception” (see Semantic Evolution).
Regardless of its label, an exclusive focus on an umbrella term
may lead to premature overgeneralization of findings.

For example, the accuracy with which to detect heartbeats
has long been referred to as a general measure of overall
interoceptive accuracy. It is true that interoception includes the
ability to perceive heartbeats. However, prior to having tested
how accuracy with which to detect heartbeats correlates with
accuracy of perception of the heterogeneous plethora of other
types of interoceptive sensations, it would be premature to say
that all forms of interoceptive accuracy are poor in those who
have poor accuracy in perceiving their own heartbeat - even
if this hunch later appears to be correct. Such a conclusion
would remain premature until the point where there are
actual findings which support the conclusion that heartbeat
accuracy can be generalized to reflect accuracy of perception
of other interoceptive sensations. This caution has also been
emphasized by the authors previously (Ceunen et al.,, 2013a).
After submission of the letter to the editor cautioning against
premature generalization, Herbert et al. (2012b) published a
research article which does suggest that accurate cardioceptive
perceivers also have more accurate perception of sensations that
aid in the regulation of water intake. Findings like these allow
to gradually make evidence-based extrapolations, and stimulate
speculations on how generalizable findings are. At the same time,
we need to remain careful not to overgeneralize beyond what has
been investigated, nor to blindly accept extrapolations suggested
by others as facts.

Arguments referring to neuroanatomy are sometimes used to
justify generalizations such as cautioned against in the previous

paragraph. One example of such a generalization is referring
to the convergence of sensory information from distinct bodily
organs and of distinct types of visceroceptors in the nucleus
of the solitary tract (NTS). Though processed in very close
proximity to each other within the NTS and sometimes in
overlapping areas, the respective loci in the NTS necessary
for each of these sensations are still somewhat distinct (Paton
et al,, 1999). Also, convergence at one site of processing does
not necessarily mean that at all other levels of processing
there is not a single distinction between any of these distinct
body state sensations. Therefore, to prevent oneself from being
tempted into premature generalization, it is useful to keep in
mind that different sensations not only overlap in some aspects
(e.g., all being interoceptive and activating a largely common
neural network), but are also unique in their own ways. This
uniqueness of sensations holds true even if all these sensations
have in common that they refer to the body state and have
at least one or more common processing sites in the brain.
Examples of levels at which sensations can be considered as
being distinct from one another can be: whether sensations
are entoperipheral or epiperipheral in origin; whether they
are exogenous or endogenous; whether the individual does
or does not experience a sense of agency over what causes
these sensations; whether the sensations stem from tissues with
efferent autonomic nervous system (ANS) and enteric nervous
system (ENS) or from somatic nervous system (SNS) innervation;
whether the concerned organs are identical or different in their
ontogenetic origin as coming from ectoderm, endoderm, or
mesoderm; and which afferent homeostatic pathways and basal
processing structures are involved in the early processing. I
will go into more detail on a number of these in separate
sections later on (see Exogenous versus Endogenous Origins;
Visceroceptor, Visceroceptive, Visceroception — A Reference to
Efferent Innervation; The Homeostatic Afferent Pathways and
Early CNS Processing of Homeostasis). The main point is that,
even though there may be commonalities between different body
state sensations, there are also always differences. Interoceptive
sensations are characterized by both specificity and convergence.
Though an overarching term can be beneficial, this all goes
to emphasize that we should always keep in mind to avoid
premature generalization that has not first been specifically
addressed in research.

On the other end of the spectrum, as opposed to the exclusive
focus on an overarching concept and an exclusive focus on
similarities, there can be an exclusive restrictive focus on one
of the subcomponents of interoception; on what makes this
subcomponent different from other sensations. Just as the broad
focus on similarities, so too does the narrow focus on differences
have its own advantages and disadvantages. An advantage of
research with a narrow focus is that this will provide specific
information on a subcomponent of interoception, which can
then be contrasted to other subcomponents of interoception,
which allows us to make statements on the generalizability or
specificity of these and other findings. A disadvantage of a more
narrow focus is that at times, findings from certain research
areas do not provide, nor receive input from distinct yet related
research areas. As a result the information from different types of
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studies is less likely to be put together to form a more complete
picture.

To allow for better communication of not only findings,
but also for cross-fertilization in the sharing and forming of
ideas and insights on interoception, and on its relation to
human psychological faculties and health related issues, there
needs to be a common understanding amongst researchers. To
achieve this, it is imperative that the various components of
the concept interoception are outlined so they become more
generally acknowledged as distinct, individual aspects which each
deserve their own specific labels, while at the same time there
remains a concept which integrates all of these aspects. That labels
are prone to change over time, that they differ between certain
research areas, and that there are individual differences in the use
of these labels only makes an outline of this topic more relevant.
Although this review is not written on the pretense of being able
to create a universally accepted consensus on which labels to
use, it does intend to at least provide an impetus for the use of
distinct labels for the distinct aspects of interoception that will be
covered here. Moreover, this review emphasizes that it is every
author’s duty to introduce their own however short definition of
interoception for each individual publication, and to make sure it
matches with how they use the word throughout that publication.

HISTORY OF A CONCEPT
Etymology

To come to a deeper understanding of the meaning of a
word, or concept, it is customary to refer to its origins
and then address whether, and if so, how its meaning has
changed over time. Interoception is a relatively recent concept
which arose together with the concepts proprioception and
exteroception during the early 20th century. The first known
usage of the concept interoception in publication dates to
Sherrington (1906) in his book “The Integrative Action of
the Nervous System,” which is a collection of lectures he
had given at an unknown date prior to publication. In the
book, Sherrington talks of “interoceptors,” “interoceptive
receptor fields,” “interoceptive reflex arcs,” “interoceptive
surface,” and “interoceptive segments.” Interestingly, at this
point in time, the noun “interoception” itself was not yet
introduced in publication. In fact, it is only in the 1940s that
the word “interoception” first appears in scientific journals
(Freeman and Sharp, 1941; Mogendovich, 1941; Airapetyantz
and Bykov, 1945). Regardless, we do need to refer back to
Sherrington to understand the original meaning of the concept
interoception.

Sherrington referred to the internal surface of the body as
interoceptive, as opposed to exteroceptive which he defined as
the external surface in direct contact with the environment.
In this meaning interoceptive then can be considered a
synonym for things entoperipheral, while exteroceptive is
a synonym for things epiperipheral. Thus, according to
this definition, cutaneous sensations would be considered
exteroceptive sensations, but subcutaneous not. In the vast
entoperiphery, Sherrington further distinguished between deep

somatic tissue, ie., skeletal muscle, as a site specific to
proprioceptors, and the viscera as site specific to interoceptors.
Furthermore, he considered not only perception of light, sound,
odor, and mechanical touch as exteroceptive, but also perception
of temperature and nociception. The inclusion of temperature
and nociception in the definition of exteroception, contrasts to
these sensations being included in more recent definitions of
interoception, such as the one put forward by Craig (2002). In
Sherrington’s (1906) definition, what distinguished interoception
(and proprioception) from exteroception is that only the latter
possesses the quality of projicience. Projicience is a term which
he used to refer to two aspects: (1) the perception of something at
a distance outside of our body (exogenous), and (2) projection
in the sense of estimating the future (precurrent) based on
what is happening now. In other words, Sherrington labeled
perception of precurrent exogenous stimuli as exteroceptive,
while sensations of endogenous origin as either proprioceptive
or interoceptive, depending on whether they arise in respectively
skeletal muscles or viscera.

While the linguistic contraction of “interior receptor” was
the basis for “interoceptor” and by extension the adjective
“interoceptive,” in contrast the noun “interoception” was first
introduced more than a third of a century later, and can either be
taken to be a variation of the contraction of “interior receptor,”
or to be a new contraction, namely “interior perception.”
Whatever, interoception’s original meaning, modern day use of
“interoception,” and to some extent “interoceptive” have generally
come to refer to the broader phenomenological perception, rather
than to refer merely to location and stimulation of receptors. In
other words the focus of the concept has shifted from referring
solely to the afferent relay of receptors of the ANS, to becoming a
word which is now most frequently used as an umbrella concept
for a multi-sensory, multimodal integrated percept of the body
state.

Semantic Evolution
In order to identify the frequency and evolution of usage
of specific interoception related labels, an extensive search
in Google Scholar was performed. The inclusion of selected
terms for which a frequency of occurrence was obtained,
was motivated by the idea that at some point in time all of
these included terms have had a nearly synonymous meaning
to one of our primary three search entries: interoceptor,
interoceptive, interoception. In addition to these three words,
the search entries included the following: visceroceptor,
visceroceptive,  visceroception, somesthesis, somesthetic,
somesthesia, coenesthesis, coenesthetic, and coenesthesia. The
frequency of each of these words was established by identifying
the number of search results from 1800 up to and including
2010, with the “include patents” and “include citations” boxes
unchecked. The number of hits per word was assessed per
period of 5 years (1901 up to and including 1905, 1906-1910,
1911-1915, etc.), excepted the period from 1800 up to and
including 1900, a period which was taken as a whole.

Moreover, the same search procedure was conducted for
variations of each of these words to allow for identifying
possible changes in spelling preference over time and to
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identify the first introduction of alternate spellings. The authors
identified and conducted a separate search for alternate spellings,
which were: interoreceptor; interoreceptive, interoperceptive;
interoreception, interoperception; visceroreceptor; viscero-
receptive, visceroperceptive; visceroreception, visceroperception;
somaesthesis, somataesthesis, somatesthesis; somaesthetic,
somataesthetic, somatesthetic, somathestetic; someaesthesia,
somataesthesia, somatesthesia; caenesthesis, caenaesthesis,
coenaesthesis, coenoesthesis, cenesthesis, cenoesthesis; caen-
esthetic, caenaesthetic, coenaesthetic, coenoesthetic, cenesthetic,
cenoesthetic; caenesthesia, caenaesthesia, coenaesthesia, coeno-
esthesia, cenesthesia, cenoesthesia.

Because Google Scholar identifies and includes some alternate
spellings or concepts automatically in the search results it
produces, this could potentially create the problem of getting
wrong estimates. This problem was bypassed by entering
each individual search entry between brackets so only hits
for the specified spelling resulted. Another aspect taken into
consideration is that in Google Scholar, when the number of
results is higher than 10, the total number of hits as indicated
at the first page of search results is usually merely an initial
approximation by the Google Scholar search engine, but does
not always correspond exactly to the total number of hits.
The correct number of hits is indicated on the last page
of results (if the total is less than approximately 950 hits).
Therefore, in order to get a more accurate approximation of
the exact amount of hits, the total number of hits as indicated
on the last accessible page of results was used. For those
hits ranging over 1000 with 10 hits per page, Google Scholar

does not display pages beyond approximately the 95th page,
so approximations of the total number of hits when there
are more than approximately 950 results in total may be less
accurate.

Although it is beyond the scope of this review to present the
collected data in extensive detail, a selection has been made of
aspects which stand out and provide an interesting perspective
on the development of word preferences (see Table 1). During
the entire span of the 19th century, interoception was not yet
an existent word. Instead, with a total of 220 results for its
various spellings in that period, ‘coenesthesis’ was by far the most
popular word which comes closest to the inclusive meaning of
interoception, followed in popularity by ‘coenesthesia, which in
its various spellings totals only 11 results for that same period.
While ‘somesthesis’ and ‘somesthesia’ appear to be non-existent
in publication during the 19th century, the adjective ‘somesthetic’
did exist in publication starting around the late 1800s (totaling
five results up until 1900). Bailey (1906) was responsible for
introducing the word ‘somesthesis’ into the English language,
in the same year that Sherrington (1906) published the first
work to use the words ‘interoceptor’ and ‘interoceptive.” Two
years later, it was again Bailey (1908) who first introduced the
word ‘somesthesia.” About a century later, in the period from
2006 up to and including 2010, ‘somesthesis’ and ‘coenesthesia’
are still relatively popular nouns, with respectively 284 and 263
publications in which these words appear, but both are very much
overshadowed by the popularity of the noun ‘interoception’ with
mention in 1745 sources. It is true that in that 5 years period
from 2006 up to and including 2010, the adjective ‘somesthetic’

TABLE 1 | Word preferences over the centuries.

Year of first mention (author)

Most popular time relative to Publications from 2006-2010

‘equivalent’ words

Interoceptor Sherrington, 1906 1906-2010 202
Visceroceptor Strong and Elwyn, 1948 / 18
Interoceptive Sherrington, 1906 1981-2010 7471
Visceroceptive MacLean et al., 1952 / 170
Somesthetic Taylor and Haughton, 1900 1897-1900; 1579
*Somaesthetic* *Barker, 1897* 1906-1910;
1916-1920;
1931-1980
Coenesthetic Kellogg, 1901 1858; 194
*Caenaesthetic* *Noble, 1858* 1901-1915
Interoception Freeman and Sharp, 1941; 2001-2010 1745
Mogendovich, 1941
Visceroception Dutov, 1974 / 103
*Visceroreception™ *Merkulova and Popova, 1967*
Somesthesis Bailey, 1906 1936-1940; 284
1946-2000
Somesthesia Bailey, 1908 / 205
Coenesthesis De Hajnik, 1816 1794-1910 53
*Caenesthesis* *Hubner, 1794*
Coenesthesia de Nyir, 1817 1911-1935; 263
1941-1945

Time during which words were most popular is derived by the number of mention relative to ‘equivalent’ words. Such ‘equivalent’ words are grouped together between
two horizontal lines. For those words where the now most widely used spelling arose only later, alternative spellings are included and marked with an asterisk.
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also occurs in a large number of sources (1579 sources to be
precise), but this seems to be largely due to the use of the adjective
as a synonym for ‘somatosensory’ when referring to the CNS
areas SI and SII. Regardless of the reason for its popular use, the
occurrence of the adjective ‘somesthetic’ in recent years is still
by far outdone by the adjective ‘interoceptive, the latter which
occurred almost five times as much as the former, in a total of
7471 sources.

While it is obvious how this data set can provide insights
on the development of word usage, it may be unclear how it
can shed light on the development of word meaning over the
years, hence a clarification for the latter is in order. It has
already been pointed out that in their initial existence, the words
‘interoceptive’ and ‘interoception’ were more narrowly defined
concepts (Sherrington, 1906; see Etymology). Craig (2002) made
a plea to consider interoception as a more overarching term. Since
then that particular publication has been cited in well over 2000
other publications, and the usage of the word interoception has
spiked in popularity. If we then reconsider the collected word
prevalence data, it appears as if interoception is most frequently
used from the point in time onward when a broader meaning was
first attributed to it. The increase in popularity after this point
onward is in part due to at least two important factors. First, an
initial suggestion toward a conceptual shift likely leads to a lack
of consensus and thus increased mention and use of the word
in attempts to reach consensus, or in attempts to think through,
clarify and solidify its meaning. Secondly and most importantly,
concepts with broad meanings have broader relevance to a variety
of research lines, whereas concepts with narrow meanings have
relevance to a more limited number of research areas. Following
this logic, we can assume that words increase in popularity at
least in part because their meanings shift to refer to a broader
concept. (However, we cannot conclude the reverse: that when
words decline in popularity, it is because their meanings have
narrowed down. It is possible for words to decline in popularity
simply because other words are attributed a similar meaning and
have become more popular.)

The arguments outlined here justify two choices made in this
review. First and most important, is that a choice has been made
to adopt and extend on the use of the word interoception in its
broad, overarching meaning, rather than try to revert back to
its originally restrictive meaning. ILe., this review builds on the
already existing conceptual change that has occurred after the
original inception of the words ‘interoceptive’ and ‘interoception’
last century. Secondly, given that currently interoception is the
most widely used word from all previously indexed, related
concepts, it justifies the choice for the title and focus of this
review to be on the words interoception and interoceptive to refer
to the broader perception of the body state, and to use related
definitions to more specifically classify sensations.

ASPECTS OF INTEROCEPTION

This review argues in favor of using the word interoception as an
overarching concept. We make a plea that anything which falls
within this larger concept, or which is related but different, ought

to be labeled differently and more specifically. Doing so helps to
avoid confusion and allows for more effective communication.
Whether there is consensus on the labels is only of secondary
importance, as meaning attributed to labels will naturally evolve
over time. Of primary importance is to establish a consensus that
each of the concepts listed below deserve their own labels and are
not to be confused with one another, even though they may be
related to one another.

Exogenous versus Endogenous Origins

If something has an exogenous origin, this means that the source
originates or is attributable to an agent outside the organism.
If something is endogenous, it means it comes from within the
organism and is not attributable to an external agent. It is clear
that ‘exogenous’ and ‘endogenous’ are antonyms of one another.
Likewise, exteroception is commonly accepted to be the antonym
of interoception. Therefore, how exteroception is defined, to
some extent affects the meaning attributed to interoception. This
can be somewhat problematic, as there has been a conceptual
shift in the meaning of interoception, while the meaning of
exteroception has hardly changed for most who use it. The
resulting problem this poses for the definition of interoception
is twofold.

The first problem relates to the meaning attributed to
exteroception, namely that it is the sensory perception of
exogenous stimuli. This meaning is often interpreted to mean
that all sensations elicited by exogenous stimuli are exteroceptive,
and considers the actual stimulus origin of primary importance
and not the subjective perception arising in the CNS. This
approach implies that any experimental set-up that intends to
study interoception, would only be able to do so if sensations
would have an endogenous origin. This would largely preclude
the study of interoception and would have to discard many
of the published studies on the topic, as nearly every stimulus
applied in lab set-ups has an exogenous origin. In other
words, confounding exogenous and endogenous origins with the
phenomenological experience of something as relating to the
surrounding environment or to the body state, would seriously
set back the study of interoception, and conclusions made on the
topic of interoception. Furthermore, many naturally occurring
body state sensations are very frequently elicited by exogenous
stimuli. For example, gastro-intestinal sensations can follow the
ingestion of exogenous substances. Likewise, the sensation of
feeling cold is not necessarily of endogenous origin as in illness,
but can just as well have an actual exogenous cause such as a
cold ambient temperature. As the human body does not act in
isolation of its surroundings, it is necessary to keep concepts that
make a distinction between the origins of a stimulus (exogenous
versus endogenous) distinct from broader concepts that make a
distinction between different types of experiential perception as
arising in the CNS (interoception versus exteroception).

The second problem posed by referring to exteroception
as an antonym of interoception is that this often leads to
the assumption that the receptor systems and pathways for
both must by definition be mutually exclusive. However, that
is not necessarily the case when using the inclusive definition
of interoception. For example, seeing and feeling snow in the
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absence of cold sensations, can lead to the perception that the
perceived snow, although not imaginary, is not genuine snow.
This exteroceptive percept is the result from an integration of
various sensory modalities including body state sensations (as
well as past experience and other factors). If we imagine a
nearly identical scenario but accompanied by sensations typical
of physical illness, this can give a whole new phenomenological
feel to the absence of cold sensations, where this absence can
then be integrated in the interoceptive perception of the body
state rather than the exteroceptive perception of the surrounding
environment. This example, though hypothetical, illustrates that
exteroception and interoception can rely on identical sensory
receptors and afferent pathways, and that they need not be
mutually exclusive on any of the levels preceding the higher order
processing of interoception and exteroception.

The main point of this section is that sensory origin or
stimulus properties (exogenous versus endogenous) are not of
relevance to determining whether a percept is interoceptive
or exteroceptive when using the inclusive definition of
interoception. What matters in the inclusive definition is
whether a sensation is experienced as informative about the body
state or about the surroundings (see Interoception as Integrated
Percept). In those cases where the actual origin of a sensation is
considered of relevance for research purposes or conclusions,
rather than the phenomenological experience, it is preferable
to refer to the eliciting stimuli as exogenous or endogenous
(whichever is applicable), and give preference to the use of these
terms over ambiguous terminology.

Visceroceptor, Visceroceptive,
Visceroception - A Reference to Efferent

Innervation

Although not in popular usage yet (see Table 1), in this review
it is argued that there is a place for the words visceroceptor,
visceroceptive, and visceroception. These labels have become
more suitable to refer to the once restrictive concepts that
“interoceptor; “interoceptive,” and “interoception” originally
referred to, i.e., things specifically and solely pertaining to the
viscera and nothing else (Sherrington, 1906). Such a distinction
is necessary as interoception has come to adopt a more
broad meaning, which refers to the integrated cross-modal
CNS perception of the body state (Craig, 2008; Critchley and
Harrison, 2013). Distinguishing between the broad concepts
“interoceptive,” and “interoception” on the one hand, and
the narrow concepts “visceroceptive” and “visceroception” on
the other, helps to avoid all possible confusion between the
broad and the specific. Moreover, given the broad meaning of
interoception, it can be argued that any receptor that can provide
information to create a CNS representation of the body state
can be considered an interoceptor, and not just those receptors
in the viscera. This makes the word interoceptor so inclusive
it becomes redundant (“receptor” would be sufficient). At the
same time this necessitates the use of a more specific label
for referring to only those receptors located in visceral tissue.
Hence, it is proposed here to refer to these visceral receptors
as “visceroceptors” rather than “interoceptors.” In the same

vein the adjective “interoceptive” and the noun “interoception”
should be solely reserved for more broad meanings pertaining
to perception of the body state when further details are not
necessary or when the focus is on generalities. In contrast,
the adjective “visceroceptive” and the noun “visceroception” are
encouraged to be used when referring specifically to visceral
tissue origins, distinct from and not including somatic tissue
origins.

Of course, it is crucial then that there is understanding of what
viscera are, because, as is the case with the word interoception,
there is more than one definition. We can recognize at least
three types of definition: (1) one arbitrarily grouping certain
anatomical structures under the label viscera, (2) another based
on efferent innervation, and (3) a final one focusing on perceptual
differences.

The Dictionary Definition

One definition used for distinguishing viscera from somatic
tissue creates this divide as based on anatomical location, and
is commonly found in dictionaries; it either labels (a) only
the intestines, or either (b) all intra-thoracic, intra-abdominal,
and intra-pelvic organs as viscera (Berube et al., 2008). The
problem with considering only the intestines, i.e., the part
below the stomach as viscera, is that the stomach and organs
located in the thorax can then neither be considered visceral,
nor somatic — yet no other label is provided for these “gray
zone” body tissues. As for the anatomy based definition which
considers all intra-abdominal and intra-thoracic organs to be
viscera, it simply classifies the remainder of the body as somatic
tissue. That is: not only skin and skeletal muscles, but also
joints and bones (Lewis, 1938). This is usually accompanied by
a further arbitrary subdivision of somatic tissue distinguishing
the skin from the remaining “deep” somatic tissue. Whether,
the circulatory system is visceral or somatic according to any
such anatomical definition usually remains unmentioned, as
the circulatory system branches out into all areas of the body,
making it difficult to classify based on its location. Also, if viscera
are strictly those organs located in the trunk, then the female
reproductive system should be considered to be entirely visceral,
whereas at least part of the male equivalent (in addition to the
dermis) should be considered somatic. As no such claims are
made by anyone, this implies that the anatomy based definition
as given is not strictly adhered to even by its proponents, and
that the dictionary definition is not sufficient by itself to classify
tissues. For better communication, it is considered preferable
to use definitions which do not leave any room for subjective
interpretation and which do not require additional, implicit,
unmentioned criteria.

Definition as Based on Efferent Innervation

In contrast to the aforementioned dictionary definition, there
exists a very straightforward, clear-cut physiology based
definition that makes the distinction between visceral and
somatic tissue as based on actual efferent innervation (Wolfsohn,
1914). Relying on existing knowledge of efferent SNS innervation
and ANS innervation to determine which tissues are respectively
somatic and which ones visceral, deserves preference for two
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reasons.' First, it does not leave a single tissue of the entire
body unmentioned, and would classify the circulatory system
as visceral (Livingston, 1935). Second, it does not leave room
for arbitrary individual choices on which organic tissues to
include under the label viscera, and which ones not, because
physiologically verifiable, existent efferent innervation cannot be
contested.

Note should be taken that making the distinction as based
on efferent innervation differs on some important aspects from
those who simply label all organs in the trunk as viscera and
consider the remainder of the body as somatic. First, when
basing ourselves on efferent innervation, we can determine that
the skeletal system is in fact to be labeled as visceral, and not
somatic (Kini and Nandeesh, 2012). One implication of this is
that bone pain thus is to be considered a visceral, and not a
somatic pain according to innervation. Another implication is
that, in so far that sensory feedback from the skeletal system
(including periosteum) contributes at all to proprioception, this
would then be a visceral component contributing to the CNS
representation of the body in space (proprioception), which
is perfectly possible if we adhere to inclusive definitions of
proprioception, interoception and exteroception, where all that
matters is the phenomenological experience and not which type
of receptors are involved in creating that experience.

Other differences between the dictionary definition and the
efferent based definition for distinguishing somatic from visceral
tissue relates to the classification of the skin, the esophagus,
and the respiratory system. If we consult known information
on efferent innervation, we can conclude the skin is in fact
not a purely somatic tissue in contrast to what is often stated
(Oaklander and Siegel, 2005; Gibbins, 2013). The skin actually
contains both SNS as well as ANS innervation, making it a
partially somatic, partially visceral organ. In psychophysiology
this visceral aspect is well-recognized, where dermal autonomous
changes such as changes in pilo-erection and sweat secretion
can be and are used to assess physiological aspects of emotion
(Dawson et al., 2007; Benedek and Kaernbach, 2011).

Like the skin, the esophagus is a single functional unit, yet
its proximal section has SNS innervation, whereas the distal
section has ANS innervation, also making the esophagus an
organ which is partially somatic, and partially visceral. Unlike
the skin, the esophagus has a clear division between the visceral
and somatic parts. Also included in this list of mixed SNS and
ANS innervation, although not strictly speaking an organ, is the
respiratory system (Kuntz, 1944).

All three of the aforementioned - the skin, the esophagus,
and the respiratory system - have a prominent role in the
interoception literature and related research. Craig was the first
to argue that some tactile sensations, such as sensual touch,
are distinct from other touch sensations and are relayed to the
brain together with other homeostatic sensations (Craig, 2002).
While Craig based his argument on afferent innervation (see
The Homeostatic Afferent Pathways and Early CNS Processing of

! Although, the authors of this review recognize that the enteric nervous system
(ENS) has its own reflex activity independent from the ANS, both ANS and
ENS innervated tissue are classified here under the label “visceral” as opposed to
“somatic.”

Homeostasis), this review makes the distinction between visceral
and somatic based on efferent innervation, and uses another
label for afferent based differences. The esophagus too is gaining
increased attention in interoception research, as it allows to
distinguish between visceroception (if stimulated distally, i.e., the
lower part) and somatoception (if stimulated proximally, i.e., the
upper part; Aziz et al., 2000; Ceunen et al., 2015). As for the
respiratory system, since early human experience it has been the
gateway to altering and gaining control over ANS function and
thus control over the viscera (Sovik, 1999). In fact, one of the
first written records where breathing is considered to be able to
affect the viscera, is in a book by Tao Hongjing, written sometime
around the end of the 5th or start of the 6th century, where
six different methods of breathing are considered beneficial to
the health and functioning of six different viscera (Zhang et al,,
2007). Because respiration can be used to increase the inotropic
output of heart rate (Shannahoff-Khalsa and Kennedy, 1993),
which in turn increases heartbeat perception accuracy (Herbert
etal., 2012a), respiration may even be considered to be a gateway
for altering heartbeat perception and perhaps also for altering
other forms of visceroception.

Definition as Based on “Typical” Sensory Properties
A final note on methods for distinguishing between somatic
and visceral tissues concerns sensory properties. The viscera are
often attributed three typical sensory properties that are thought
to distinguish them from somatic tissue. These three visceral
properties are said to be (1) the inability to volitionally bring
visceral sensations into awareness, (2) poor discrimination of
sensations, and (3) poor localization (Ray and Neill, 1947; Aziz
et al,, 2000; Dunckley et al., 2005; Dworkin, 2007). Each of these
points will be addressed here.

As to the first point, although visceral sensations generally
only enter awareness bottom-up (e.g., when homeostasis is
disrupted, or in mental disorders), it is actually possible to
volitionally attend in a top-down method to visceral sensations
as is done in meditative practices. Even though such increased
awareness does not necessarily imply increased accuracy (Khalsa
et al., 2008; Ceunen et al., 2013a), nevertheless it is possible to
volitionally attend to visceral sensations, which underscores that
the first property associated with visceral sensations is not correct.

The second sensory property often associated with viscera,
namely poor discrimination, i.e., poor perceptual accuracy, is
indeed very common to most ANS innervated organs, yet not
universally applicable to all. For example, there are subgroups
of individuals who can very accurately perceive their heartbeat.
One may argue such accurate heartbeat perception is possible
due to heartbeats resonating in somatic muscle tissue overlying
the heart region, thus implying there is not sufficient evidence
for the existence of accurate visceroception. However, even when
sensations from overlying somatic tissues are absent, accurate
heartbeat detection is still possible (Khalsa et al., 2009), which
indicates that good discrimination is possible even for at least one
type of visceroception, and perhaps also for other types.

As for poor localization, it is true that the majority of visceral
sensations are phenomenologically experienced as vague, diffuse,
or pertaining to a general area, rather than to a precise spot.
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However, from an experience level, pain stemming from kidneys,
appendix, genitalia, and anus all have known instances where
these were subjectively experienced as sharp, and/or in a clearly
localized way (Boyle, 1997; Bajwa et al., 2001; Kafkia et al., 2011;
Sejdinovic et al., 2011; Sandella et al., 2012; Fauconnier et al,,
2013), although none of these pains stem from tissues innervated
by SNS efferents. Moreover, tactile sensations including itch,
sensual touch and temperature can be fairly accurately localized.
Taking into consideration that the skin is partly ANS innervated,
this is yet another example which questions whether all visceral
sensations are indeed poorly localized. Furthermore, note should
be taken that not all somatic tissue sensations are characterized by
accurate localization either (Lewis, 1938; Feinstein et al., 1954).

Implications

One practical implication is that, when classifying body tissues
as either somatic or visceral, it is suggested here not to combine
classification as based on sensory properties with classification
as based on efferents: this is simply not completely accurate and
is confusing to the critical reader. An example of one such to
be avoided, confusing statement would be: “we consider this
organ as visceral BECAUSE it is ANS innervated and BECAUSE
its sensations are poorly localized.” Instead, it would be better
to say: “We consider this organ as visceral because it is ANS
innervated. Sensations from most, but not all ANS innervated
organs, including/excepted this one, are poorly localized.” When
sensory properties are considered truly relevant to specific
research conclusions or predictions, distinguishing viscera with
sensory properties typical to most viscera, from other viscera
with anomalous sensory properties may definitely have its value.
E.g., one could make the distinction between those typical ANS
innervated organs that are always poorly discriminated and/or
poorly localized, as opposed to those few ANS innervated organs
which can at times be accurately discriminated and/or accurately
localized. (Accurate discrimination refers to heartbeat detection
through visceral afferents only; accurate localization, albeit not
always, refers to kidneys, appendix, genitals, anus, and the tactile
sensations — the latter being included because the skin is partly
ANS innervated.)

In practical, research oriented terms, this section clarifies how
to classify stimuli as either visceral or somatic in such a way
that if others apply the same method of classification, they will
make exactly the same conclusions as to which body tissues
are visceral and which are somatic. Moreover, this section also
implies that stimulation of certain organs or systems can elicit
sensations which are a combination of both visceral and somatic
components. For example, respiratory stimuli such as loaded
breathing (i.e., breathing against a resistance) and CO; inhalation
have as visceral component the sensory feedback from the lungs
and the CO; levels in the circulatory system, while the somatic
component is the sensory feedback from the respiratory muscles
(Epstein et al., 1995). Likewise, cold pain as induced by the
cold pressor test (a test where subjects are required to submerge
their hand in cold water), is not a purely somatic stimulus as is
often suggested by those who interchange the terms “somatic,”
“exteroceptive,” and “exogenous” as synonyms. Immerging the
hand in cold water in fact affects visceral tissue in addition to

somatic tissue. It does so through the baroreflex which involves
the (visceral) circulatory system, but also because the skin is an
organ with both visceral and somatic components, rather than
being purely somatic. Moreover the cold penetrates beyond the
skin, not only into the somatic muscle tissue beneath the skin,
but potentially penetrating as deep as into the bones, for which
there even is an English expression, namely “being cold/chilled
to the bone.” Even without being literally cold to the bone, cold
pain as induced by the cold pressor test has been known to
have been subjectively perceived as radiating from the submerged
hand all along the veins across the entire lower arm, as reported
by participants in an earlier study of the authors (Ceunen et al.,
2013b). Such subjective experience of ‘spreading’ cold suggests
that pain induced by the cold pressor is at least partly dependent
on visceral sensory feedback stemming from the circulatory
system, as described by Livingston (1935).

The most important implication of this section for research
purposes, is that under natural circumstances visceral sensations
are frequently accompanied by somatic sensations as is the case
for heartbeats, and possibly also for ingestion of large amounts
of food. Therefore, it is imperative that before designing an
experiment, the researcher determines whether it is absolutely
crucial to elicit visceral sensations without eliciting any somatic
sensations whatsoever, or whether ecological validity is more
important. If the aim is merely to elicit a sensation that
resembles a real life sensation as close as possible, it may not be
necessary to come up with elaborate, time consuming or other
effortful investments intended to annihilate any possible somatic
sensation from co-occurring with a visceral sensation. Moreover,
these contraptions intended to block out somatic sensations can
create other (albeit constant) variables into an experimental set-
up, affecting the outcomes of a study just as much, but merely in a
different way than when such ‘precautions’ would not have been

taken.

Overview of “Visceroceptor, Visceroceptive,

Visceroception — A Reference to Efferent Innervation”
In summary, this section argues in favor of labeling visceral
and somatic sensations specifically when needed, rather
than invariably lumping them under the more generalized
terms interoception and exteroception, and it also argues
that interoception and exteroception are not synonyms for
respectively visceral and somatic. Although, it is true that
sensations arising from viscera are most often contributing
to the phenomenological interoceptive percept, in certain
instances visceral sensations can potentially contribute to the
phenomenological exteroceptive percept of what is going on in
the environment around us. It was further argued that viscera
are preferentially to be defined as those organs with efferent
ANS innervation, while somatic tissues are to be defined as
body tissues with efferent SNS innervation. It has been brought
to the reader’s attention that some organs such as skin and
esophagus, or functional units such as the respiratory system
have a combination of both types of innervation. Furthermore,
although poor discrimination and poor localization are common
to most ANS innervated organs, it is inaccurate to conclude that
an organ must be somatic simply because sensations thereof
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can be accurately perceived and/or well-localized. In other
words, it is incorrect to state that poor localization and poor
discrimination are a universally defining characteristic that allow
to determine whether an organ is to be considered ANS or SNS
innervated. Using efferent innervation to guide our definition
allows for physiologically based conformity across researchers
in determining which kind of sensations are to be considered
visceral, which ones somatic, and which ones a combination
of both. Also of note is that in designing experiments where
ecological validity is the aim, attempts at creating ‘purely’ visceral
sensations may not even be necessary, although these may be
informative.

The Homeostatic Afferent Pathways and

Early CNS Processing of Homeostasis
When Bud Craig redefined interoception as the sense of
physiological status of all tissues of the body, he specified this
“sense” as being a CNS representation, while at the same time
arguing that this representation starts at the receptor site and is
relayed via what he labeled as the homeostatic pathway (Craig,
2002). While Craig labels both the relay of the homeostatic
state of the body (from receptor site up to primary levels of
processing) and higher order levels of processing as interoceptive,
we prefer to use two different labels to distinguish these two
aspects. Specifically, we would reserve interoception to refer
to the higher order processing, which occurs once the mid-
insula gets involved (see Interoception as Integrated Percept).
The process from receptor site up to primary areas of processing
are labeled here as homeostatic pathways (see The Homeostatic
Afferent Pathways and Early CNS Processing of Homeostasis).
Take note that there is not just one homeostatic pathway, but
instead there are at least three to five (Critchley and Harrison,
2013) depending on how one counts, as will be outlined in the
paragraphs immediately hereafter.

The spinal homeostatic pathway refers to all processes as
illustrated in Figure 1, prior to mid insula involvement (Craig,
2010). It starts with stimulation of A38 and/or C-fiber receptors,

Homeostatic pathway Non-homeostatic pathway

A8 and C-fiber receptor site AB fiber

dorsal horn of

A lamina IlI-V
spinal cord

lamina I (Il, V)
PAG, PB, NTS, A5-A7, A1-A2 brainstem

thalamic nuclei

posterior basal medial ventral posterior lateral

primary sensory
processing area

dplns (area G)

FIGURE 1 | Schematic representation of spinal homeostatic and
non-homeostatic afferent pathways as based on (Craig, 2010). PAG,
periaqueductal gray; PB, parabrachial nucleus; NTS, nucleus tractus solitarii
a.k.a. nucleus of the solitary tract; dplns, dorsal posterior insula; SI, primary
somatosensory cortex.

is relayed via the first (and also the second and fifth) lamina of the
dorsal horn of the spinal cord, on to the brainstem homeostatic
regions which form a pre-cortical homeostatic representation,
and then to the posterior, basal and medial thalamic nuclei.
Finally there is activation of the primary sensory processing area
for homeostatic sensory input, namely the dorsal posterior insula.
This spinal homeostatic pathway is distinct from the spinal relay
of non-homeostatic sensory information, which is schematically
depicted on the right hand side of Figure 1, and of which
discussion in further detail is beyond the purpose of this review.

Other than (1) the spinal homeostatic pathway, there are
also other routes via which primary homeostatic processing can
occur (Critchley and Harrison, 2013). There is the (2) cranial
homeostatic pathway. It is that of the cranial nerves, such as
vagus and glossopharyngeal nerves carrying information from
the receptor sites to the brainstem - first to the NTS, and then
on to the parabrachial nucleus (PB) and periaqueductal gray
matter (PAG) - and from there on to thalamus, hypothalamus,
amygdala, and ultimately to the anterior cingulate cortex (ACC)
and the insula. It may be of interest to note here that taste — often
categorized as one of the distinctly non-interoceptive sensations —
is in fact relayed via cranial nerve afferents (Craig, 2005).

Then there is also (3) the humoral homeostatic pathway,
which reaches the CNS via circulating substances. The humoral
pathway refers in fact to at least three different pathways of
information transduction, which all share the commonality that
they are in first instance activated via circulating substances. The
(a) ventricular (or classical) humoral pathway detects changes
in substances present in the third and fourth ventricles, and
first engages the circumventricular organs which are located
adjacent to these ventricles; these include the area postrema
(AP), the organum vasculosum of lamina terminalea (OVLT),
and the subfornical organ (SFO). The humoral info processed
here in turn projects to the NTS, the hypothalamus, the PB,
sympathetic medullary nuclei, the dorsal motor nucleus, the
nucleus ambiguous, midline thalamic nuclei, and again the
insula and ACC. The (b) blood-brain (or non-classical) humoral
pathway is that which detects changes in those substances passing
the blood-brain barrier. It involves the NTS, hypothalamic
nuclei, the medial amygdala nucleus, and monoamine systems,
and can influence the information relay between ventral striatum,
insula, and cingulate. The (c¢) microglial (or extraneuronal)
humoral pathway is that in which the microglia in the
circumventricular organs, leptomeninges and choroid plexus
respond to peripheral presence of pathogens and inflammation.
The changes taking place in these microglia in response to
these signs of infection and tissue damage activate a cascade of
microglial activation across the CNS.

Interoception as Integrated Percept

Although, the spinal, cranial, and humoral homeostatic pathways
are the most direct routes of sensory feedback concerning the
status of all tissues and the state of the body, they are not
exclusive contributors to the highest order percept of the body
status. In constructing a central, higher order representation
of the body status (i.e., interoception) the CNS relies on all
available information, which it integrates in the mid insula
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(Craig, 2008). Other than homeostatic feedback relayed from
the dorsal posterior insula (or primary interoceptive cortex) to
the mid insula, the mid insula also receives input from the
secondary somatosensory cortex, thus effectively allowing for
the integration of spinal non-homeostatic afferent information
(see Figure 1) in the interoceptive percept. In addition, also
visual, auditory and vestibular feedback are integrated at the
mid insula (Craig, 2008). The mid insula further communicates
with and integrates information from the amygdala regarding
stimulus salience and emotional memories, as well as with the
hypothalamus regarding current state of the ANS and of ongoing
metabolic processes (see Figure 2, adapted from Craig, 2008).
Thus, the mid insula is considered to be the locus responsible
for the integrated re-representation, feature extraction and cross-
modality integration, i.e., the core structure needed for what can
be considered interoception (Craig, 2010). When this integrated
re-representation is relayed to the right anterior insula where also
subjective time perception is processed, interoception enters the
realm of apperception, i.e., conscious interoception. As can be
seen in Figure 2 from the presence of reciprocal connections
represented by two-way arrows, as well as is indirectly evident
from section 2.2.3, arriving at this higher order integrated percept
involving the mid insula and the anterior insula, is in fact
not an entirely sequential hierarchical process (Critchley and
Harrison, 2013). Although there is a posterior-to-mid-to-anterior
processing in the insula, there is also a lot of cross-talk between
many of the “lower” areas with one another as well as cross-talk
from these areas from and to the mid insula and the anterior
insula. As such, interoception is in fact the sum total of all
structures involved in addition to activation of mid and anterior
insula - it is the product of a neural matrix for body state
perception (Craig, 2005; Legrain et al., 2011; Moseley et al., 2012;
Critchley and Harrison, 2013).

Examples from the subjective perception of body state will
be given here and in paragraphs immediately following this
one, to illustrate the part that each of the sensory inputs as

illustrated in Figure 2, contribute to interoception. In Figure 2,
we can see that somatic sensations relayed via the secondary
somatosensory cortex can potentially contribute to interoception.
Although, the ability to accurately perceive heartbeats does not
necessarily require afferent feedback from somatic tissue (Khalsa
et al., 2009), in cases were such afferents are involved, there is
activation of somatosensory areas, which results from sensations
relayed via the spinal non-homeostatic pathway (see Figure 1). It
is likely that such clear somatic sensations are most common with
inotropic activation of the heart, as manipulations that increase
inotropic output, also increase cardioceptive accuracy (Herbert
etal, 2012a).

As seen in Figure 2, vision can play a significant role in
interoception. This contrasts to popular views, wherein vision
is generally considered to be a sensory faculty which solely
contributes to the perception of the surrounding environment.
An example where a visual experience is part of interoception
is the gray-out that often occurs shortly before the onset of
syncope. For the individual, subjectively this gray-out is part
of the cascade of sensations of the fainting experience and of
the percept that the homeostatic status of the body is disrupted
(Kamiya et al.,, 2005; Shukla and Zimetbaum, 2006). Another
well-accepted finding that supports and illustrates the notion that
vision can in fact contribute to the perception of the body status
comes from satiety research, in which visual feedback has long
been recognized as one of the factors affecting food intake, a
basic homeostatic function crucial for survival (Berthoud, 2006;
Morton et al., 2006; Cornier et al., 2007). Moreover, visual
feedback also affects the experience of acute pain and phantom
limb pain (Ramachandran and Rogers-Ramachandran, 1996;
Chan et al., 2007; Mancini et al., 2011), which further underscores
that vision has the potential to contribute to the perception of the
own body state. Even the sight of facial expressions of others can
affect processing of information about the own body state — at
least for pain (Mailhot et al., 2012; Khatibi et al., 2014; Wieser
etal., 2014).
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Not only vision has the potential to contribute to
interoception. Auditory information or the disruption or absence
thereof can just as much contribute to the phenomenological
interoceptive percept. The most obvious example is tinnitus,
which can indicate either the onset of syncope, inner ear damage,
or which can be part of a set of symptoms which indicate some
sort of homeostatic disruption (McGuinness and Harris, 1961;
Bitterman, 2004; K6nig et al., 2006; Shukla and Zimetbaum, 2006;
Nam et al., 2010). Tinnitus also includes instances of actually
hearing one’s own heartbeat, which is referred to as pulsatile
tinnitus and which can go together with high blood pressure or
other circulatory abnormalities (Mattox and Hudgins, 2008).
Of course not all forms of pulsatile tinnitus correspond to the
heart-rate, e.g., when pulsing is caused by spasms of ear muscles,
but even then the pulsatile tinnitus reflects a physiological
abnormality, i.e., deviation from the homeostatic state of the
body. Moreover, verbal information can also alter perception of
the body state and affect it, for example under social stress or
during hypnosis (Darwin, 1872; Drummond et al., 2003; Tan
etal., 2005). All these are mere examples which indicate auditory
feedback can and does at times contribute to the perception of
the body state.

As for the potential of vestibular sensory information adding
to interoception, many may have experienced it as the feeling
of dizziness or vertigo which sometimes accompanies physical
illness and therefore can be indicative of it. From all these
examples, it should be clear that really any type of sensory
information, and not merely that from homeostatic pathways can
get integrated into the overall body percept. It is only because of
this integration of sensory input that biofeedback is possible in
the first place and can help in the treatment of many psychiatric
disorders in which interoception plays a major role (Schoenberg
and David, 2014). Of course the selection of examples listed here
are by no means exhaustive of how non-homeostatic sensory
information can contribute to interoception: they merely serve
as illustrations of how multisensory interoception truly is.

Note also that interoception is defined as a cross-modal
integrated representation of the body status, rather than merely
a multisensory representation. It is cross-modal because this
phenomenological experience of the body status not only
integrates input from a variety of peripheral sensory channels, but
also integrates information from, and cross-talks with different
structures within the CNS as can be seen in Figure 2. Much of the
information relayed via the sense organs which gets integrated
in the interoceptive percept, can only be integrated because
learning provides the opportunity to identify these percepts as
informative on the body state. This learned integration can be
effected via conditioning or other forms of learning (e.g., Pappens
et al., 2013; Bevins and Besheer, 2014). Seth (2013) proposes
that interoception, or interoceptive inference as he labels it, is
not just passive, bottom-up processing, but is something which
also involves active top—down activation to make predictions
of the causes of sensory input. His view is based on the
central idea of predictive coding, which is that perception is a
process of not only afferent feedback, but also of predictions,
and ultimately the integration of both, resulting in prediction
errors. Predictive coding models also consider MUS as arising

from not only peripheral sensory feedback, but also from prior
beliefs, where attention, attributed agency, expectation, prior
experience and even cultural beliefs all play a role in perception of
symptoms (Edwards et al., 2012). This is clear for example from
the effect of instruction in decreasing (placebo) or increasing
(nocebo) visceral pain intensity (Schmid et al., 2013). More
support for the argument made here, is that interoception can be
manipulated by something as simple as categorizing interoceptive
sensations versus rating those same sensations on a continuous
dimension (Petersen et al., 2014). The change in interoception
with this sort of experimental manipulation is likely effected via
a mechanism of biasing perceptual decision making, as shown
extensively in categorization research involving exteroception.
Further supporting the argument of CNS involvement in body
state perception are corollary discharge models of effort, which
hold that the perception of physical exertion is entirely centrally
generated, rather than resultant from somatic afferents (Marcora,
2009). Taken together, we should at least consider the possibility
that body state perception other than perception of effort may
also be in part centrally generated.

It has been suggested by Paulus and Stein (2010) that
with increased ambiguous or noisy sensory input from the
homeostatic pathways and decreased accuracy of perception,
the brain relies especially on itself (as well as on alternative
sensory channels) enhancing top-down modulation and creating
a self-referential biased percept of what is going on with the
body. Whether, individuals with somatoform disorders, mood
disorders and anxiety disorders are less or more visceroceptively
accurate is hard to conclude given opposing research findings.
That people with these disorders are not entirely homogenous
with regard to their ability for heartbeat detection, can be
related to findings from McGrath et al. (2013). Their findings
suggest that at least for major depression, and perhaps for
mood and other disorders, there are two subgroups of patients:
one group consists of individuals with an overactive anterior
insula, and the other of individuals with an underactive
anterior insula. These two distinct neurological biomarker
patterns of these two subgroups are suggestive respectively of
accurate and inaccurate perceivers. This would explain why
findings regarding cardioceptive accuracy in the aforementioned
disorders are contradictory. Regardless of the accuracy with
which individuals with mood and anxiety disorders can perceive
sensory homeostatic afferent feedback, individuals with such
disorders excessively rely on sources other than actual bottom-
up homeostatic pathways, giving more weight to maladaptive
cognitive-emotional schemes of interpretation (Paulus and Stein,
2010). All of the aforementioned further contributes to the view
that the perception of the body state, i.e., interoception, is a truly
multimodal percept.

CONCLUSION

Although, Sherrington (1906) originally came up with and used
the label interoceptive as a synonym for things visceral, over
the course of time, interoception has come to mean much more
than just that. While interoception is sometimes referred to
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as viscerosensory integration (Critchley and Harrison, 2013),
interoception is more than the central sensory integration of
afferents stemming from only the viscera. Interoception has in
fact come to refer to a multimodal integration not restricted to
any sensory channel, not restricted to mere sensations, but also
relying on learned associations, memories, and emotions and
integrating these in the total experience which is the subjective
representation of the body state. Interoception defined as such
includes any form of pain, not just visceral pain, but somatic pain
as well.

This inclusive definition of interoception is not new. Rather,
this review expands on this view and the formerly made
association with the inclusion of pain in this definition. It is
guided by the most commonly accepted definition of pain to
serve as inspiration for the definition of interoception. Pain
is defined as based on its phenomenological experience rather
than referring to the physical origin of the pain sensation or
any physiologically objectively quantifiable aspect (Merskey and
Bogduk, 1994). The IASP considers pain to be a psychological
state, and although it recognizes that pain often has a proximate
physical cause such as a noxious agent activating nociceptors and
nociceptive pathways, it emphasizes that this need not always be
the case, and that therefore the presence or absence of a noxious
stimulus is not relevantin determining whether there is pain or
not, and neither is the activation of nociceptors or nociceptive
pathways.

Like this definition of pain then, so too has “interoception”
become such a broad concept that it has been argued here that
interoception should be defined as a subjective experience of
the body state. Although in many instances, this experience
may well be elicited by a peripheral change in homeostasis,
this need not necessarily always be so. Independent of the
phenomenological experience which is interoception, aspects
potentially contributing to interoception can be classified in
myriad ways. One way is to consider whether sensations
have an endogenous or exogenous origin. Whatever, the
actual source of a sensation, endogenous or exogenous, it
does not determine whether a perceived sensation is to be
considered interoceptive or not. The only thing determining
whether something is interoceptive is whether it contributes
to the subjective perception of body state. The same can be
said of the distinction between somatic tissue and viscera.
Although it is often relevant to distinguish visceral from somatic
tissue, it does not mean sensations stemming from somatic
tissue cannot contribute to the phenomenological percept of
the status of the body. To avoid confusion between visceral
sensations on the one hand, and the subjective feeling state
that is interoception on the other, it is suggested in this
review to not use these two related but distinct concepts
as synonyms. In particular, it is preferable to keep words
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In summary, in this review we have critically examined the
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a statement on that which we argues is the true origin of
interoception. In first instance, (1) the etymological origin of
the word interoception has been investigated, and in extension
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from clarifying why there is a lack of consensus, has provided
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André Schulz* and Claus Végele

Institute for Health and Behaviour, Integrative Research Unit on Social and Individual Development, University of
Luxembourg, Walferdange, Luxembourg

Afferent neural signals are continuously transmitted from visceral organs to the brain.
Interoception refers to the processing of visceral-afferent neural signals by the central
nervous system, which can finally result in the conscious perception of bodily processes.
Interoception can, therefore, be described as a prominent example of information
processing on the ascending branch of the brain—body axis. Stress responses involve a
complex neuro-behavioral cascade, which is elicited when the organism is confronted
with a potentially harmful stimulus. As this stress cascade comprises a range of
neural and endocrine pathways, stress can be conceptualized as a communication
process on the descending branch of the brain—body axis. Interoception and stress
are, therefore, associated via the bi-directional transmission of information on the brain—
body axis. It could be argued that excessive and/or enduring activation (e.g., by acute
or chronic stress) of neural circuits, which are responsible for successful communication
on the brain—body axis, induces malfunction and dysregulation of these information
processes. As a consequence, interoceptive signal processing may be altered, resulting
in physical symptoms contributing to the development and/or maintenance of body-
related mental disorders, which are associated with stress. In the current paper, we
summarize findings on psychobiological processes underlying acute and chronic stress
and their interaction with interoception. While focusing on the role of the physiological
stress axes (hypothalamic-pituitary-adrenocortical axis and autonomic nervous system),
psychological factors in acute and chronic stress are also discussed. We propose a
positive feedback model involving stress (in particular early life or chronic stress, as
well as major adverse events), the dysregulation of physiological stress axes, altered
perception of bodily sensations, and the generation of physical symptoms, which may
in turn facilitate stress.

Keywords: chronic stress, HPA axis, interoception, SAM axis, somatization, stress disorders, sympathetic
nervous system, symptom perception

Introduction

Interoception, i.e., the perception of bodily processes, plays an important role for symptom
generation in body-related mental disorders, such as panic disorder (PD; Ehlers and Breuer, 1996),
somatoform disorders (SDs; Bogaerts et al.,, 2010; Pollatos et al., 2011b), dissociative disorders
(Michal et al., 2014; Sedeno et al., 2014; Schulz et al., 2015b), or eating disorders (Pollatos
et al., 2008; Herbert and Pollatos, 2014). Stress responses involve a complex neuro-behavioral
cascade, which is elicited when the organism is confronted with a potentially harmful stimulus,
and includes cognitive (e.g., facilitation of selective attention; Chajut and Algom, 2003), affective
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(e.g., anxiety or fear; McEwen, 2000), and physiological changes
[e.g., activation of the autonomic nervous system (ANS) and
the hypothalamic-pituitary-adrenocortical (HPA) axis; Chrousos
and Gold, 1992]. Exposure to an acute stressor of limited duration
does not normally affect an organism’s health. Nevertheless,
the experience of early life stress, chronic stress or major
adverse events may represent one of the most important risk
factors for mental disorders, cardiovascular diseases, and auto-
immune disorders. Previously, it has been proposed that stress
alters the central representation of bodily processes (Craig,
2002). Although interoception may be affected differentially
across disorders, it is likely that the role of stress in the
etiology of these disorders is mediated by interoception. As
the knowledge on the interaction of interoception, stress and
mental disorders associated with physical symptoms is only
fragmentary (e.g., limited to a single interoceptive indicator, to
one stress test or one physiological stress axis, or to one mental
disorder), the objective of the current review is to summarize
and synthesize existing knowledge from both ‘normal’ and
‘dysregulated’ interoception in mental disorders. This review
of the existing literature may help to identify yet unanswered
questions in this field and our synthesized framework model as
developed in this review may stipulate further research in the
area.

Structure of this Review

In the current paper we describe the psychobiology of
interoception and stress, as well as a framework to demonstrate
why both concepts are interconnected and of immediate
relevance for health and disease (see The Ascending and the
Descending Branch of the Brain-Body Axis). First, we briefly
describe both physiological stress axes with specific attention
on processes, which may be relevant for the interaction of
interoception and stress (see Physiological Stress Axes). We then
review the literature on the relationship between interoception
and stress, as well as on the role of interoception in mental
disorders, which are associated with both dysregulations of
physiological stress axes and physical symptoms (see Method
and Results). Before we present the results of our literature
search, we summarize methodological approaches to assess
facets of interoception, which have been used in the relevant
literature (see Methodology to Assess Interoception). The
summary of findings on interoception and stress (see Synthesis
of Findings on Interoception and Stress) is separated into
effects of acute and chronic stress on interoception, and into
effects of both physiological stress axes on interoception. The
synthesis of findings results in a postulation of a framework
model incorporating a positive feedback loop that describes
the relationship of (chronic) stress, dysregulation of stress axes,
altered perception of bodily sensations and physical symptom.
Further, we integrate findings on interoception and stress into
existing knowledge on the neurobiology of interoception and
speculate on the possibly underlying neuro-endocrine signal
circuitry (see Neuroendocrine Pathways). Finally, we identify a
number of psychological mechanisms (e.g., attention, learning,
intuitive decision making), which are known to be affected by
interoception and stress and which may play an additional role in

the proposed framework model (Psychobiological Mechanisms
Involved in Interoception and Stress).

Physiological Stress Axes

Physiological systems to provide resources to cope with the
confrontation with a potentially harmful stimulus (e.g., elicitation
of a fight-or-flight response) can be sub-divided into two partially
independent stress axes: (1) The sympatho-adreno-medullary
(SAM) axis, including components of the ANS and (2) the
HPA axis (for a detailed review: see Chrousos and Gold, 1992;
Chrousos, 2009).

The SAM axis represents a heterogeneous network of
neural and endocrine functions, which are interconnected to
activate sympathetic processes. The release of corticotropin
releasing factor (CRF) as neurotransmitter in the locus coeruleus
(LC) leads to the activation of medullary centers, which
control the sympathetic nervous system. When activated,
sympathetic processes may stimulate two mechanisms with
different pathways: (a) a neural pathway via ganglia, which
innervate effector organs over mainly noradrenergic synapses
and (b) an endocrine pathway that elicits the release of
catecholamines (e.g., epinephrine and norepinephrine) into the
circulation by the adrenal glands. Circulating catecholamines
stimulate effector organs via specific adrenergic receptors (e.g.,
pl-adrenergic receptors at the myocardium). The LC is part of
the central noradrenergic system and connected with structures
in the limbic system (e.g., amygdalae) and the frontal cortex.
Central a2-adrenergic receptors in the noradrenergic system,
mainly located in the LC and the nucleus tractus solitarius (NTS),
may down-regulate sympathetic activation and thus represent a
negative feedback mechanism in the SAM axis (Isaac, 1980).

The HPA axis involves three consecutive stages: when
encountering a stressor, (a) CRF is released from the
hypothalamus into the blood circuit, which elicits (b) a release
of adrenocorticotropic hormone (ACTH) from the pituitary.
Circulating ACTH is registered by (c) the adrenal cortex that
releases cortisol in humans, or corticosterone in rodents. Cortisol
(or corticosterone) may inhibit the production of both CRF and
ACTH and thus constitute a negative feedback loop. Receptors
for glucocorticoids, such as cortisol, are distributed over all cells
in the entire body. Nuclear mineralocorticoid and glucocorticoid
receptors may slowly induce changes in gene transcription over
a time frame of hours (De Kloet et al., 1998). Furthermore,
glucocorticoids may also elicit rapid, non-genomic effects on
cells (mediated via membrane receptors) within several minutes
(de Kloet et al., 2008; Groeneweg et al., 2011). As every cell is
potentially affected by circulating cortisol, it is a challenge for
stress research to understand signaling pathways. Cortisol, for
example, has been shown to affect metabolism, immune function
and various CNS processes, such as sleep and activity, learning
and memory, and attention. Nevertheless, CRF and ACTH may
also affect CNS processes, as is evident from their role in anxiety
and depression (Arborelius et al, 1999; Strohle et al., 2000).
Given the interdependence between CRF, ACTH and cortisol via
negative feedback mechanisms, all in vivo relationships between
cortisol and psychological processes cannot be solely attributed
to cortisol. However, since the majority of findings on HPA axis
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activity focuses on cortisol effects, the current review will focus
on the latter.

It should be noted that the two axes are not fully independent
from each other. For instance, circulating CRF may inhibit
central noradrenergic processes, while noradrenergic activity
inhibits CRF production in the hypothalamus (Chrousos and
Gold, 1992). There is evidence for between-individual specificity
in stress response patterns (Fahrenberg and Foerster, 1982),
which is assumed to play a role for individuals’ vulnerability
for certain disorders (Cohen and Hamrick, 2003). This partial
independence of the two stress axes may also imply that a
response in one stress axis may not necessarily be associated with
the other, depending on individual and environmental factors.

The Ascending and the Descending Branch of
the Brain—-Body Axis

The strong relationship between stress and interoception
is illustrated by the fact that both processes reflect the
communication between the CNS (i.e., the brain) and the
periphery (i.e., the body). On the one hand, interoception
describes the processing and perception of internal bodily states,
which are transmitted from peripheral organs, presumably via
afferent nerve fibers, to the brain. Interoception can, therefore,
be seen as an example for ascending information on the brain—
body axis. On the other hand, stress, can be seen as a prominent
example of communication on the brain-body axis in descending
direction (Schulz, 2015), as physiological stress responses affect
the activity of peripheral organs, and metabolic and immune
functions via neural and endocrine pathways.

It is important to note that ascending and descending
information between the brain and the body is continuously
exchanged, and not only during interoception and stress.
Homeostatic regulation of peripheral physiological processes via
neural and endocrine feedback loops typically work without the
involvement of higher CNS functions, unless they are working
beyond a ‘normal’ range of functioning. If they exceed a certain
threshold, they may be pushed into awareness of the organism.
A physiological stress response elicits the activation of the
SAM and HPA axes, which is far above the ‘normal’ range of
homeostatic regulation, a process that has been named ‘allostasis’
(McEwen, 2004). Stress can, therefore, be conceptualized as
descending information on the brain-body axis of increased
amplitude as compared to a state of homeostasis, which may shift
into focus of awareness. Interoception implicates that awareness
is focused on bodily functions, even if they work in a normal,
homeostatic range.

In summary, the relationship between interoception and stress
involves a bi-directional communication on the brain-body axes.
The aims of this review are to elucidate (1) the bi-directional
communication between the brain and the body and (2) its role
in the etiology of mental disorders. Using a systematic literature
review we investigated the relationship between descending
(stress) and ascending (interoception) transmission on the
brain-body axis. We further address the question whether the
dysregulation of bi-directional communication on the brain-
body axis facilitates the generation of physical sensations.
Furthermore, we defined psycholological processes (anxiety,

attention, learning, decision making) that have previously been
shown to be associated with stress.

Method

A systematic literature review was performed on the relationship
between interoception and stress, and between interoception and
mental disorders, which are associated with stress and physical
symptoms (i.e., depression, PD, SDs, dissociative disorders) using
Pubmed/Medline, PsycInfo and PSYNDEX. Primary keywords
used were “interoception,” “heartbeat perception/detection,”
“visceral perception” and “symptom perception.” To address
research objective (1), primary keywords were combined with
secondary keywords “stress,” “anxiety,” “autonomic/sympathetic
nervous system,” “nor/epinephrine;,” “HPA axis” and “cortisol.”
To address objective (2), primary keywords were combined
with keywords “depression/depressive,” “panic/agoraphobia,”
“somatoform,”  “fucntional  disorder/syndrome/complaint,’
“medically unexplained symptoms,” “dissociation/dissociative”
and “depersonalization/derealization.” On abstract-based search,
studies were identified to contain at least one interoceptive
indicator and either an experimental task that is considered
inducing stress in a laboratory environment, and/or a player
in physiological stress axes, and/or self-reported stress, and/or
the inclusion of at least one of the respective mental disorders.
Secondary literature as provided by the identified papers was
also screened according to these criteria. For supplementary
sections addressing the relationship between interoception
psychological processes, which are affected by stress (anxiety,
attention, learning, decision making), non-exhaustive literature
searches were performed. Therefore, primary keywords were
combined with secondary keywords dependent on the topic
of the respective section. Based on the identified literature,
interoceptive research methods are summarized and discussed
in Section “Terminology and Definition,” which precedes the
integration of the main results. Extraction of literature was
performed independently by both authors.

Results

The search on the relationship between interoception and
stress resulted in 24 studies, which are exhaustively reported
below (see Table 1). Furthermore, we identified nine studies
on interoception in depression (one review), 14 studies on
interoception in PD (three reviews), 12 studies on interoception
and somatoform/functional disorders, and five studies on
interoception in depersonalization disorder (DPD; one
hypothesis paper). Due to space limitations the search was
restricted to studies investigating the relationship between
interoception and stress or stress-related processes.

Terminology and Definition

Sensory information from the body can originate from different
sources, ie., (1) from exteroceptors, e.g., located in the
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TABLE 1 | Summary on empirical research papers addressing acute or chronic stress and interoception.

Reference Stress intervention Interoceptive indicator Study type Sample size Main findings on stress
and interoception
Durlik et al. (2014) Anticipation of public Schandry-based heartbeat Control-/stress group 62 (42 1) Increase of IA during anticipation

Eichler and Katkin
(1994)

Elsenbruch et al.
(20104)

Fairclough and

Goodwin (2007)

Gupta et al. (2014)

Gray et al. (2007)

Herbert et al. (2010)

Jones and
Hollandsworth
(1981)

Kindermann and

Werner (2014)

Moor et al. (2005)

Pohl et al. (1998)

Pollatos et al.
(2007b)

Richards et al.
(1996)

Rosenberger et al.
(2009)

Schandry and
Specht (1981)

speakting (10 min)
Mental arithmetic task
(1 min; 3 min rest)

Public speaking
paradigm (5 min prep.,
5 min speaking), fMRI
compatible

4 x mental arithmetic
task (3 min each)

No intervention; early
life stress assessed via
Early Trauma Inventory

Mental arithmetic task

Mental arithmetic task
(first 5 min)

Physical exercise
(bicycle; to achieve
75% increase in heart
rate)

3 x 3 min mental
arithmetic test (PASAT)

Epinephrine; esmolol;
norepinephrine;
sodium-nitroprusside
(dose-response)
Preparation for public
speech

Isometric handgrip
exercise

Physical exercise
(stepping machine; 1
min)

Public speaking
paradigm, fMRI
compatible

Public speaking test

perception task
Whitehead-/Katkin-based
heartbeat perception tasks

BOLD response to painful
and non-painful rectal
stimulation

Whitehead-based heartbeat
perception task

Functional connectivity in six
resting state networks
(BOLD)

Heartbeat-evoked potentials
(arithmetic/control task)

Schandry-based heartbeat
perception task

Identification of correct or
false heart rate feedback

Schandry-based heartbeat
perception task

Whitehead-based heartbeat
perception task

Report of hypoglycemia
symptoms after insulin bolus

Schandry-based heartbeat
perception task

Correlation between actual
and perceived changes in
heart rate

BOLD response to painful
and non-painful rectal
stimulation

Schandry-based heartbeat
perception task

(between design)

Baseline-/stress period
(within factor); fixed order;
good vs. poor heartbeat
perceivers
(quasi-experimental factor)
Stress-/relaxation period
(within design)

Stress-/relaxation session
(within design);
counterbalanced order
IBS/healthy control group
(between design);
correlative design (early life
stress and brain network
activity)

Baseline-/stress period
(within design)

Baseline-/stress period
(within factor); fixed order;
good vs. poor heartbeat
perceivers
(quasi-experimental factor)

Baseline-/exercise period
(within factor); exercise:
tennis players, distance
runners, control
(quasi-experimental)
Good vs. poor heartbeat
perceivers
(quasi-experimental factor)
Placebo-controlled study
(within design); fixed order

Placebo-controlled study
(2 x 2 between design:
insulin vs. placebo; stress
vs. control intervention)
Baseline-/exercise period
(within factor); high vs. low
cardiovascular responders
(quasi-experimental factor)
Relaxation-/exercise
condition (within); panic
vs. control individuals
(group); intra-correlation
design

baseline-/stress period
(within design);
randomized order

Baseline-/stress period
(within design)

48 m; 23 good vs.
25 poor perceivers

15 (f) IBS patients,
12 (f) healthy
controls

40 (20 f)

58 (28 f) IBS

patients, 110 (72 f)
healthy controls

10 m with cardiac
dysfunction

38 (19 f); 19 good
vs. 19 poor
perceivers

36 (18 1)

20 good vs. 20
poor perceivers

24 m

40 m

18 m; 9 high vs. 9
low cardiovascular
responders

26 panic patients
(14 1); 14 healthy
controls (9 f)

141

41

Good perceivers show higher
PEP and HI, and marginally
higher CO stress response

During stress increased
activation of insula, midcingulate
cortex, and ventrolateral
prefrontal cortex in IBS

Decrease of IA after stress in
females

Correlation between early life
stress and activation of
salience/executive control
network in IBS patients

Change of cardiac output
correlated with HEP changes
during stress; no effect of stress
on HEPs

Stress-induced increase of HR,
PEP and Hl correlated to IA;
good perceivers show higher HR
and PEP stress response

Distance runners had highest IA
during baseline; 1A in tennis and
control group after exercise

Good perceivers show higher
negative affect during stress; no
difference in heart rate response

Nitroprussid and epinephrine
increased, esmolol decreased IA

Less accurate detection of
insulin adminstration and
recudes hypoglycemia
symptoms after stress

Higher 1A in high than low
responders; IA correlated with
response in HR, SBP, CO and
PEP

Higher IA (intra-correlation) after
exercise, no interaction with
group factor

Stress induces differences in
activity of right posterior
cingulate and S1, and left
thamalus during painful
stimulations

Increase of A after stress

(Continued)
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TABLE 1 | Continued

Reference Stress intervention Interoceptive indicator Study type Sample size Main findings on stress
and interoception
Schandry et al. 0-90° tilt; ergometric Schandry-based heartbeat 0, 25, 50, 75 W; fixed 25 (14 1) |A correlated with HR, SV, HI and

(1993)

Schmitz et al.
(2012)

Schulz et al. (2011)

Schulz et al.
(2013a)

Schulz et al.
(2013b)

Shao et al. (2011)

Steptoe and Vogele
(1992)

Stevens et al.
(2011)

Sturges and

bicycle exercise (0, 25,
50, 75 W)

Public speaking test
(8 min)

3-min
socially-evaluated cold
pressor test (0-3°C)
3-min
socially-evaluated cold
pressor test (0-3°C)

4 mg of intraveneous
cortisol

10-min cold pressor
test (10°C)

5-min mental
arithmetic, 3-min cold
pressor test
Anticipation of public
speaking

7-min mental arithmetic

perception task

Schandry-based heartbeat
perception task

Cardiac modulation of startle

Schandry-/Whitehead-based
heartbeat perception task

Heartbeat-evoked potentials
(rest)

Heartbeat-evoked potentials
(rest/control task/CP)

Correlation between actual
and perceived physiology

Schandry-based heartbeat
perception task

Schandry-based heartbeat

order conditions (within
design)

Low vs. high social anxiety
(quasi-experimental factor)

Control-/stress group
(between design)

Control-/stress group
(between design)

Placebo-controlled study
(within design),
counterbalanced order
Baseline-/stress period
(within design);
randomized order
Baseline-/arithmetic/cold
pressor condition
(intra-correlation design)
Resting-/anticipation
period (within factor); low
vs. high social anxiety

(quasi-experimental factor)

Baseline-/stress period

40 (21 ) children;
20 high vs. 20 low
socially anxious

38 (24 )

42 (29)

16'm

2191

30f

48 (25 f); 24 high
vs. 24 low socially
anxious

59 f; 29 high vs. 30

momentum over all conditions

After stress high socially anxious
show higher IA than low socially
anxious children

Earlier CMS effect after stress

Higher Schandry-, lower
Whitehead-based IA after stress

Higher HEPs after cortisol in
open than in closed eyes

Decrease of HEPs during CP

No effect of stress on IA
reported; |A correlated with
information-seeking coping style
Marginal increase of IA after
stress; no interaction between
stress and anxiety groups

Higher IA after stress in high than

Goetsch (1996) task perception task

(within factor); low vs. high
anxiety sensitivity

low anxiety
sensitive

in low anxiety sensitivity

(between factor)

skin, which transmit somatosensory information, (2) from
proprioceptors, e.g., receptors in the spindles of skeletal muscles,
and (3) from interoceptors, e.g., mechano-, chemo-, thermo-, or
metabo-receptors within visceral organs (Schulz, 2015). In fact,
signals from interoceptive and somatosensory sources are likely
to be integrated in CNS structures to construct a representation
of bodily processes (Craig, 2002, 2009; Wiens, 2005). This could
explain, for instance, why patients with damaged or degenerated
afferent autonomic nerves show impaired perception of visceral
sensations (Pauli et al, 1991; Leopold and Schandry, 2001;
Schulz et al., 2009a), while largely maintaining their affective
experience (Cobos et al, 2004; Heims et al., 2004), which
is assumed to be associated with interoception. However, the
current review makes the pre-assumption that visceral-afferent
signal transmission plays an important, yet not an exclusive role
in the central representation of bodily signals.

There has been a debate in the literature on the taxonomy
of facets of interoception. Garfinkel and Critchley (2013) have
suggested separating the subjective tendency to be focused on
interoceptive sensations from the actual accuracy in interoceptive
tasks. They call the former ‘interoceptive sensibility’ and the
latter ‘interoceptive sensitivity.” In between, a third level was
proposed, which was hypothesized to represent the degree of
predictive value between interoceptive sensibility and sensitivity,
which was named ‘interoceptive awareness.” This taxonomy is in

partial disagreement with earlier studies, which consider accuracy
in heartbeat perception tasks to be an index of ‘interoceptive
awareness.” It is undisputed that awareness is required to
perform in heartbeat perception tasks, but empirical evidence
clearly shows that ‘awareness’ to interoceptive sensations and
performance in heartbeat perception are partially unrelated
(Khalsa et al, 2008; Ceunen et al, 2013). Although the
differentiation between ‘sensibility’ and ‘sensitivity’ is plausible,
in our opinion the measure indexed by interoceptive tasks should
be called ‘interoceptive accuracy’ (IA) instead. ‘Interoceptive
sensitivity’ originates from signal detection theory and implies
the minimum threshold to detect an interoceptive signal from
background noise (Farb et al., 2015). In contrast, TA’ refers to
the objective performance in counting interoceptive sensations
or in discriminating and interoceptive from an exteroceptive
sensation (see below; Ceunen et al., 2013). TA’ does not suggest
that a specific score reflects ‘sensitivity’ or ‘awareness, as some
individuals may be hyper-sensitive or show extreme awareness
to interoceptive sensations, which leads to misinterpretation of
signals and thus to lower accuracy, while others may rarely
focus awareness toward interoceptive stimuli, but may be highly
accurate in performing heartbeat perception tasks (Schulz, 2015).
In a revised version of the theory, performance in heartbeat
perception tasks was now called ‘TA’ (Garfinkel et al., 2015), which
is also reflected in this review.
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The perception of bodily processes involves at least three
consecutive stages: (1) afferent neural signals from the body,
such as visceral organs, (2) the direction of attention toward
bodily sensations, and (3) the evaluation of these signals and
their integration into psychological processes. As suggested by
Vaitl (1996) these three stages can be further differentiated.
For instance, visceral-afferent signals involve the stimulation of
interoceptors at the peripheral organ, the neural transmission of
these signals from interoceptors to CNS structures, and finally
the CNS representation of these signals. The evaluation of bodily
sensations and their integration into psychological processes are
associated with subjective reports of physical sensations, and an
individual learning history concerning these sensations.

Methodology to Assess Interoception

Interoceptive Sensibility

The meta-cognitive tendency (ie., interoceptive sensibility)
to focus on interoceptive sensations is commonly assessed
via questionnaires. The majority of existing questionnaires
is designed to assess physical symptoms and clinically
altered interoception in mental disorders, such as eating
disorders (Eating Disorder Inventory-2: Garner, 1991) or
SDs (Somatosensory Amplification Scale: Barsky et al., 1990).
Instruments for the assessment of ‘normal’ interoception are
scarce. Several existing studies have focused on the Body
Perception Questionnaire by Porges (1993). However, there are
no sufficient estimations for psychometric properties available
for this questionnaire. The recently developed Multidimensional
Assessment of Interoceptive Awareness (MAIA; Mehling et al.,
2012) incorporates a number of interoceptive aspects (noticing,
non-distracting, not-worrying, attention regulation, emotional
awareness, self-regulation, body-listening, trusting) and is
thus designed to study ‘normal’ and clinically dysregulated
interoception.

Interoceptive Accuracy

The majority of empirical data on interoception is based on TA
as assessed by experimental paradigms that require subjective
reports of physical sensations. Regarding the cardiovascular
system, there are two main categories of tasks: (1) heartbeat
counting tasks and (2) heartbeat discrimination tasks, as
summarized elsewhere (Schulz, 2015). Heartbeat counting tasks
were developed by Schandry (1981), who named the task ‘mental
tracking test.” The task consists of time intervals of different
duration (original version: 35, 45, and 55 s), during which
participants are instructed to silently count the number of their
heartbeats. This number is later compared to the actual number
of heartbeats in this interval. The absolute value of the difference
between both is divided by the actual number of heartbeats and
this ‘inaccuracy’ index is then subtracted from 1, which results
in the accuracy score of the heartbeat counting task. It has been
repeatedly demonstrated that the accuracy score depends on the
wording of the instruction given. The comparison between a
standard instruction (“count all heartbeats you feel in the body”)
and a strict instruction (“count only those heartbeats about which

you are sure of”) suggests that an individual’s knowledge on
their heart rate and capacity to accurately estimate the duration
of time intervals may be important factors for the accuracy in
heartbeat counting tasks (Ehlers et al., 1995; Ehlers and Breuer,
1996). Heartbeat discrimination tasks were originally developed
by Brener and Jones (1974) and further elaborated by others
(Whitehead et al., 1977; Katkin et al., 1981; Brener and Kluvitse,
1988). In these tasks participants are asked to judge whether
a set of consecutive exteroceptive stimuli (e.g., lights, tones,
tactile stimuli) appear simultaneously with their own heartbeats
(S+ trials) or not (S— trials). The available variants of this
task mainly differ in the setup of S— trials, since some present
exteroceptive stimuli with a fixed delay to heartbeats, while others
simulate a set of artificial stimuli without any relation to the
actual heartbeats. Previous research has yielded mixed findings
regarding the question whether IA assessed by both tasks families
are correlated: some report a moderate positive correlation (Knoll
and Hodapp, 1992; Schaefer et al., 2012; Hart et al., 2013), while
others did not find any association (Phillips et al., 1999; Schulz
et al., 2013a; Michal et al., 2014).

Beyond heartbeat perception tasks, subjective reports are
also required for paradigms incorporating the perception of
respiratory resistances (Pappens et al., 2013; Tsai et al., 2013;
Petersen et al., 2014), of gastric distensions (Rosenberger et al,,
2009; Elsenbruch et al, 2010b), and of non-specific skin
conductance fluctuations (Andor et al., 2008). In our view,
the outcomes of these tasks reflect all stages of interoception
at any given point in time (i.e., learning, report, awareness,
CNS representation, visceral-afferent signal transmission, and
stimulation of interoceptors). We would argue, therefore, that
in addition to these measures, methods are required that enable
the differentiation of interoception stages, e.g., between those at
lower and higher levels of awareness.

Psychophysiological Methods

To date, at least three psychophysiological indicators are available
to assess interoceptive signal transmission below the threshold
of consciousness: (1) Baroreflex-sensitivity (BRS) quantifies the
changes in heart period in responses to changes in arterial blood
pressure (Robbe et al., 1987). As this brainstem reflex requires
intact baro-afferent signals transmission, BRS is considered
an indicator of the integrity of afferent autonomic nerves
(Frattola et al., 1997). The disadvantage of this indicator is
the fact that it reflects both the afferent and efferent branch
of the baroreflex at a time. (2) Using the ‘cardiac modulation
of startle’ (CMS) paradigm we could show that visceral-
afferent neural signals from the cardiovascular system may
affect acoustic startle responses (Schulz et al., 2009a,b,c, 2011).
This modulation is largely diminished in individuals with
degeneration of afferent autonomic nerves (Schulz et al., 2009a)
and may also involve afferent signals from other organ systems
(Schachinger et al., 2009; Schulz et al., 2013b, 2015c). The CMS
effect can be interpreted as an indicator of visceral-afferent
neural signal processing at brainstem level, as it probably only
involves brainstem mechanisms and occurs below the threshold
of consciousness, (3) viscerally evoked brain potentials are
considered indicators for the cortical representation of afferent
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signals from visceral organs. They can be further differentiated
into heartbeat-evoked potentials (HEPs), which are related to
the processing of heartbeats (Schandry et al., 1986; Leopold
and Schandry, 2001), and respiratory-related potentials that
are observed when an inspiratory or expiratory occlusion is
presented (Davenport et al., 1986; Chan and Davenport, 2010;
von Leupoldt et al., 2010).

Another psychophysiological indicator of interoception is the
single trial covariance between event-related brain potentials
(N300) and changes in heart period (~3-4 s after stimulus)
in response to feedback in decision making tasks (Mueller
et al., 2010a, 2012, 2013). This indicator is limited, however,
to the use with decision making paradigms involving feedback.
The theoretical background for this effect is provided by
Damasio’s (1994) “somatic marker hypothesis” positing that
afferent information from visceral organs is integrated in the
evaluation of alternatives in decision making. It is plausible
that the covariation between cortical and cardiac responses
is specifically relevant for decision making paradigms tasks,
although it is for future research to show whether this effect also
extends to other embodied cognitions.

Synthesis of Findings on Interoception
and Stress

Based on the findings from the current review, we propose a
conceptual framework that allows for the explanation of the
role of the dysregulated association between interoception and
stress for the generation of physical symptoms (see Figure 1).
In this model we postulate that stress is the initial point of a
positive feedback cascade. In case of an acute stressor, the cascade

will follow the pathway b-d-e. In particular, acute stress will
activate physiological stress axes, such as the release of cortisol
and activation of peripheral organs by sympathetic mechanisms.
The altered stimulation of peripheral interoceptors and central
effects of cortisol and noradrenergic structures will affect the
perception of bodily sensations (e.g., perception of tachycardia or
positive cardiac inotropy). Alterations in the perception of bodily
sensations may temporarily feed into the experience of physical
symptom during acute stress, for instance, palpitations, nausea or
breathlessness. The perception of these symptoms could then be
perceived as stressful and thus contribute to the maintenance of a
stress response. However, due to the limited duration of an acute
stress response, the cascade will be disrupted after the stress-
eliciting stimulus has disappeared. In case of the confrontation
with a chronic, early or major life stressor, the dysregulation
of physiological stress axes (e.g., chronic hyper-activation of the
HPA axis or the SAM axis) is implied and the model will follow
the pathway a-c-d-e. Once the manifestation of a stress axis
disorder has occurred, the cascade cannot be easily disrupted
anymore, even if the initial stressor has disappeared. In detail,
if the organism experiences chronic dysregulation of a stress
axis, this state may permanently induce altered perception of
bodily sensations and contribute to the manifestation of physical
symptoms, whose perception consolidates the experience of
stress. This model has an intended similarity to the model of
somatosensory amplification by Barsky et al. (1988) and Barsky
(1992), which emphasizes the importance of positive feedback
mechanisms in activation, stress and physical symptoms. In
contrast to the model by Barsky et al. (1988) however, the current
model makes no assumptions about the role of attention to bodily
sensations, although the latter could be conceived of as one of
several psychobiological mechanisms. The core assumption in

e.g.. hvper-secretion of cortisol.
hyper-activity of sympathetic NS,
reduced negative feedback sensitivity

e.g.. perception of tachycardia,
positive cardiac inotropy,
reduced gastric motility

dysregulation of
physiological stress axes

early life stress
chronic stress
major adverse events

stress

activation of physiological stress
axes: HPA axis and SAM axis
(including ANS)

physical symptoms into model comprising a positive feedback loop.

FIGURE 1 | Synthesis of findings on acute and chronic stress, dysregulation of physiological stress axes, altered interoception and the generation of

altered perception of
bodily sensations

{d)

generation of physical
symptoms

(e)

e.g., palpitations, cardiac chest
pain, nausea, abdominal pain,
breathlessless
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the current model concerns the interrelation of ascending and
descending signals on the brain body axis in a positive feedback
fashion. The following paragraphs will summarize empirical
findings supporting this model.

Chronic Stress and Dysregulation of
Physiological Stress Axes (Path a)

It is well documented in the literature that prolonged exposure
to psychosocial stress, early life adversity and/or major adverse
events represent major risk factors for the dysregulation of the
physiological stress axes. The regulation of the HPA axis can be
differentiated into three different mechanisms (Li-Tempel et al.,
submited): (1) baseline activity and circadian rhythmicity, such
as morning or daily profiles in cortisol level, (2) reactivity of
CRE, ACTH, and cortisol in response to acute stress, and (3)
(negative) feedback sensitivity, such as the suppression of cortisol
release by dexamethasone. In general, similar mechanisms also
exist for the SAM axis. In particular, baseline concentrations of
catecholamines can be assessed from blood or urine, indirectly
from salivary samples via alpha-amylase, or psychophysiological
indicators, such as pre-ejection period. The investigation of
circadian rhythmicity is limited due to the very short plasma
half-life of catecholamines (~1-3 min.). Furthermore, the same
indicators can be investigated in response to an acute stressor.
Negative feedback mechanisms in the SAM axis are, for instance,
central a2-adrenergic receptors. These receptors are critically
involved in brainstem-relayed reflex circuits that regulate the
homeostasis of sympathetic and parasympathetic output, e.g., the
arterial baroreflex (Sved et al., 1992). As the players involved
in SAM axis regulation involve complex neural and endocrine
pathways and are, therefore, more heterogeneous, the same is
true for their indicators. For example, some parameters, such as
low frequency heart rate and blood pressure variability are more
sensitive to central sympathetic activation, while others, such
as pre-ejection period are indicative of peripheral sympathetic
activation (e.g., circulating catecholamines; Schachinger et al,
2001).

Early life and chronic stress, as well as major adverse life
events, are consequently associated with dysregulation in all
three types of mechanisms and in both stress axes (McEwen,
2000). Regarding HPA axis baseline and circadian rhythmicity,
for instance, chronic stress, resulting from caregiving to family
members, is reflected in altered cortisol awakening response
(CAR; de Vugt et al, 2005), reduced cortisol release during
daytime (Bella et al, 2011), and elevated hair cortisol levels
(Stalder et al., 2014). In chronic stress associated with peer
bullying and victimization reduced CAR was observed (Knack
et al, 2011). Aberrant cortisol responses to acute stressors
have been also found in family caregivers (De Andres-Garcia
et al., 2012) and those exposed to peer victimization (Knack
et al,, 2011). Feedback sensitivity by dexamethasone suppression
is altered in individuals exposed to high work stress, as
indicated by self-reported burnout symptomatology (Pruessner
et al., 1999), and after major traumatic experiences (Yehuda
et al., 1993). Regarding the SAM axis, chronic stress by
caregiving is associated with baseline indices of peripheral
sympathetic activation (Cacioppo et al., 2000). Work stress

as indicated by over-commitment to work is related to
lower baseline norepinephrine levels (Wirtz et al., 2008), but
increased activity in psychophysiological indicators of peripheral
epinephrine circulation (Vrijkotte et al., 2004) and lower central
parasympathetic output (Chandola et al., 2010). Furthermore,
lower norepinephrine responses to acute stress have been found
in individuals high in over-commitment, suggesting high work-
related stress (Wirtz et al., 2008). Individuals exposed to early
life stress show blunted reactivity to acute stress in indicators
reflecting peripheral sympathetic activation (i.e., pre-ejection
period; McLaughlin et al., 2014). Finally, there is evidence from
animal models of reductions in the expression of a2-adrenergic
receptors (which are involved in SNS-down-regulation) in
response to chronic psychosocial stress (Flugge et al.,, 2003).
The arterial baroreflex circuit, which is partially mediated by
a2-adrenoceptors (Sved et al., 1992), shows reduced functioning
under conditions of chronic work stress (Thomas et al., 2004).

Chronic stress and the associated dysregulation of
physiological stress responses represent important factors for the
development and maintenance of mental disorders, in particular
those, which are associated with symptoms of altered perception
of bodily sensations (e.g., depression, PD, SDs, dissociative
disorders). Nevertheless, the current literature lacks a discussion
of the mechanisms underlying the relationship between
stress, interoception and physical symptoms. For example, it
has been repeatedly suggested that somatic syndromes, e.g.,
chronic fatigue syndrome (CES) or fibromyalgia (FMS), are
associated with lower cortisol responsiveness or increased
feedback sensitivity (Cleare, 2004; Tanriverdi et al, 2007;
Wingenfeld et al., 2008; Tak et al., 2011), but only few hypotheses
addressing the mechanisms of how cortisol may contribute to the
generation of physical symptoms. One such hypothesis addresses
immunological changes that are associated with dysregulation of
the HPA axis (Fries et al., 2005). It is possible that the modulation
of pro- and anti-inflammatory cytokines may contribute to
somatic syndromes, such as FMS. Another explanation focuses
on the importance of hypocortisolism in CFS and argues that
cortisol mobilizes energy resources to overcome daily demands,
which are insufficiently available in CFS (Tak and Rosmalen,
2010). However, both explanations are focused on peripheral
bodily processes and do not incorporate possible effects of stress
on cortical representation and perception of bodily sensations.
The possibility that cortisol could also modulate the perception
of bodily sensations was first raised by Rief et al. (1998b).

Acute Stress and Interoception (Path b)
Laboratory Stress Tests

A broad variety of methods has been used to induce acute stress in
laboratory settings (Steptoe and Vogele, 1991). Mental arithmetic
tasks elicit ‘psychological’ stress generally by inducing mental
load and specifically by involving central control mechanisms
over autonomic processes (Moriguchi et al., 1992; Sloan et al,,
1995). Psychosocial stressors that emphasize public speaking
challenges, such as the Trier Social Stress Test (TSST), are known
to provoke an intense response of the HPA axis (indexed e.g.,
by an increase of salivary cortisol; (Kirschbaum et al.,, 1993;
Kudielka et al., 2004) and activation of the cardiovascular system
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by sympathetic mechanisms. Given the TSST’s comparatively
long duration of ~15 min on the one hand, and the very fast
acting release and effects of catecholamines (i.e., seconds) on
the other hand, specific sympathetic processes involved in the
TSST are difficult to disentangle. As the cold pressor test induces
stress associated with the experience of ischemic pain, these
results in specific cardiovascular response patterns, which can
partially be attributed to the experience of pain, but also to
the vaso-constricting effect of cold water (Streff et al., 2010).
The socially-evaluated cold pressor task (SECPT) attempts to
integrate psychosocial and physical stressors, and has been
demonstrated to elicit significant increases in saliva cortisol
(Schwabe et al., 2008; Lass-Hennemann et al., 2010, 2011; Larra
et al., 2014), as well as sympathetic activation, as indicated by an
increase of heart rate, and systolic and diastolic blood pressure
(Schwabe et al., 2008; Schulz et al., 2011, 2013a) and a decrease of
pulse-transit time and BRS (Schulz et al., 2011). To understand
possibly diverging results on the impact of acute stressors on
indicators of interoceptive signal processing and IA, differences
in the methods used to induce stress and to assess interoception
have to be taken into account (Steptoe and Vogele, 1992).

Interoceptive Accuracy Assessed with Heartbeat
Perception Tasks

Interoceptive accuracy as estimated by Schandry-based heartbeat
tracking tasks typically increase under acute stress. While this
effect has been observed in anticipation of (Durlik et al., 2014)
and after a public speaking test (Schandry and Specht, 1981), one
study only found a marginal increase in IA during anticipation
(Stevens et al, 2011). The importance of the amplitude of
cardiovascular responsiveness during stress for the enhancement
of IA is underlined by the positive correlation between IA and
responsiveness in heart rate, pre-ejection period and the Heather
index in a mental arithmetic task (Herbert et al., 2010). A similar
association between cardiovascular responsiveness and IA could
also be shown for the heartbeat discrimination task (Eichler
and Katkin, 1994). Acute responses to stress include sympathetic
effects on the cardiovascular system, and a delayed increase
in cortisol secretion, if a psychosocial challenge (e.g., public
speaking) is involved. There are also attentional and affective
changes in response to stress (see Psychobiological Mechanisms
Involved in Interoception and Stress), which may interact
with interoception. For instance, individuals with high IA in
heartbeat perception show higher negative affect during stress
than individuals with low TA (Kindermann and Werner, 2014).
Furthermore, it has been shown that IA increases after physical
exercise (Jones and Hollandsworth, 1981; Richards et al., 1996),
and that the same correlation between cardiovascular reactivity
measures (cardiac output, heart rate, systolic blood pressure,
Heather index, momentum, stroke volume) to exercise and IA
exists (Schandry et al., 1993; Pollatos et al., 2007b). It could be
argued, therefore, that peripheral sympathetic activation during
stress represents the core factor of this relationship. In contrast
to these results using Schandry-based heartbeat tracking tasks,
IA as assessed with heartbeat discrimination tasks, is reduced
in women performing a mental arithmetic task (Fairclough and
Goodwin, 2007). Using the SECPT we could replicate these

seemingly contradictory findings, i.e., an increase in IA after
stress as assessed by the Schandry-heart beat tracking task and
a decrease in IA when using a visual heartbeat discrimination
task (Schulz et al., 2013a). As the results obtained in these studies
seems to be IA-paradigm dependent the observed differences
are most likely associated with task specific characteristics: while
heartbeat tracking tasks require participants to only focus their
attention on visceral sensations, the heartbeat discrimination task
involves the concurrent monitoring of visceral sensations and
external signals. According to the competition-of-cues model by
Pennebaker and Lightner (1980), interoceptive and exteroceptive
signals compete for a limited resource, i.e., attention. As acute
stress may narrow attentional resources and favor attention
to task-relevant stimuli (Chajut and Algom, 2003; Plessow
et al, 2011), the multisensory integration of information as
required by the heartbeat discrimination task may be impaired
by stress exposure. This assumption is further supported by
the observation that after the preparation for public speech,
individuals exhibited reduced accuracy in detecting an insulin-
induced hypoglycemic state (Pohl et al, 1998), which also
requires attention focused on multiple symptoms. In summary,
there is evidence for two mechanisms relevant for IA in response
to acute stress: (1) peripheral sympathetic activation, which
induces an increased stimulation of cardiac interoceptors (e.g.,
arterial baroreceptors) and intensifies afferent signal transmission
from the cardiovascular system, and (2) attention focus on
visceral sensations, which may improve the detection of visceral
signals, but diminish the integration of signals from other
sensory modalities. When both effects are opposed, as e.g., in the
heartbeat discrimination task, it appears that attention represents
the more important determinant of IA. This dissociation
emphasizes the need for the separate assessment of visceral-
afferent signal transmission and representation on the one hand,
and attention to visceral signals on the other hand.

Psychophysiological Indicators of Interoceptive
Signal Processing

While HEPs and CMS may serve as indicators of visceral-afferent
signal transmission independent of attention to these signals,
empirical data on stress effects on these indicators is scarce. In
one study we investigated the impact of the SECPT on CMS
(Schulz et al., 2011). After stress exposure we observed CMS
to occur earlier within the cardiac cycle (0-200 ms instead of
200-300 ms after the R-wave); yet, contrary to our expectations,
there was no amplification of the CMS effect. Nevertheless,
as the CMS reflects the intact transmission of afferent neural
signals from the cardiovascular system at brainstem level (Schulz
et al, 2009a), these findings suggest that the amplitude of
representation of afferent signals may be unchanged by stress.
Similar findings have also been reported for HEPs, with reduced
amplitudes during a long-term, but mild cold pressor test
(10-min, 10°C) and a return to baseline levels after the cold
pressor test (Shao et al., 2011). This response pattern may be
explained by participants focusing their attention during the
cold pressor primarily on the pain experience, and thus away
from cardiovascular sensations. Nevertheless, after termination
of stress exposure, the expected sympathetic response did not

Frontiers in Psychology | www.frontiersin.org

July 2015 | Volume 6 | Article 993 | 61


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Schulz and Vogele

Interoception and stress

affect HEP amplitudes. Gray et al. (2007) investigated the impact
of a mental arithmetic task on HEPs in 12 men with cardiac
dysfunction, and found a positive relationship between changes
in cardiac output and HEPs, but no effect of the stress task
on HEP amplitudes. To the best of our knowledge, there
is only one study reporting an effect of acute stress on a
psychophysiological indicator of interoception: after an MRT-
compatible public speaking test, the BOLD response to painful
rectal distensions was different in the right posterior cingulate
and right somatosensory area, as well as the left thalamus
(Rosenberger et al., 2009). Despite the large methodological
differences across these studies in terms of laboratory stress
tasks employed, organ systems investigated and derivation of
interoceptive indicators, it may be speculated that acute stress
specifically changes the processing of visceral-afferent signals
from the gastrointestinal system. As the majority of studies
demonstrate no quantitative change of raw representations of
visceral-afferent signals by stress, it is still plausible that stress
induces a qualitative change in interoception, as suggested by
our findings (Schulz et al, 2011). It can be summarized that,
contrary to expectations, current results implicate that there is
no main effect of acute laboratory stress on the amplitude of
psychophysiological indicators of interoception after the stressor.
Possible reasons for the null findings in these studies could
involve the limited effectiveness of mental arithmetic and 10°C
cold pressor tasks, as well as the limited time frame after stress
during which responses were monitored. Given the heterogeneity
of mechanisms induced by acute laboratory stress, it seems
necessary to determine the differential role of the physiological
stress axes on interoception. Table 1 provides an overview of
studies addressing the relationship of stress and indicators of
interoception.

The Sympatho-Adreno-Medullary Axis and
Interoception

As described earlier, reactivity in pre-ejection period or Heather
index to laboratory stress, (which may reflect peripheral
sympathetic activation) is positively related to heartbeat
perception (Eichler and Katkin, 1994; Herbert et al,, 2010).
However, as neither study derived heartbeat perception
scores from a post-stress period, it can only be concluded
that individuals with a general tendency for responding
with peripheral sympathetic activation show higher IA in
heartbeat perception tasks. To elucidate the contribution of
both the central and peripheral sympathetic branch to heartbeat
perception, the impact of different adrenergic agents on accuracy
in a heartbeat discrimination task has been investigated by
(Moor et al., 2005). In particular, sodium nitroprusside as
al-adrenergic antagonist, and norepinephrine as al-agonist,
as well as the Pl-agonist epinephrine and the Bl-antagonist
esmolol were employed. Since p1-adrenoreceptors are located in
the myocardium and are sensitive to circulating catecholamines,
especially epinephrine, selective stimulation or de-stimulation
represents a pharmacological model for peripheral sympathetic
activity (Schachinger et al., 2001). Epinephrine increased and
esmolol decreased IA as assessed by a heartbeat discrimination
task as compared to placebo (Moor et al., 2005). This finding

suggests that peripheral sympathetic activation enhances IA.
Since epinephrine cannot cross the blood-brain barrier, two
alternative ways of signal transmission are possible: first,
p-adrenergic receptors localized at vagal nerve endings may
directly be stimulated by circulating epinephrine (Mravec, 2011).
Second, increased cardiac contractility may cause increased
stimulation of cardiac interoceptors (e.g., baroreceptors), whose
neural signals are transmitted over the nervus glossopharyngeus
(Janig, 2006). al-adrenoreceptors are primarily located in the
vascular musculature. Their stimulation induces an increase
in vascular resistance and, therefore, in blood pressure. This
information is relayed via the arterial baroreflex circuit in
order to decrease heart rate accordingly for the maintenance of
blood pressure level. The dis-stimulation of al-adrenoreceptors
causes the opposite effect. This pharmacological design is thus
suitable to investigate the selective loading and unloading of
arterial baroreceptors and the subsequent central sympathetic
activation induced by this baroreceptor stimulation (Schachinger
et al., 2001). Baroreceptor unloading by sodium nitroprusside
resulted in an increase in IA as compared to placebo, while
norepinephrine had no effect on heartbeat perception (Moor
et al., 2005), which could be explained by increased central
sympathetic output due to baroreceptor unloading. Central
a2-adrenoreceptors, which are mainly located in the LC and NTS
act as negative feedback mechanism in the central noradrenergic
system (Rockhold and Caldwell, 1980). Hence, administration
of a a2-adrenergic antagonist causes a concurrent activation
of central and peripheral sympathetic mechanisms (Isaac,
1980; Philippsen et al., 2007). In a pilot study we found the
a2-antagonist yohimbine to suppress the CMS effect (Schulz
et al., 2007). This finding implies that concurrent central and
peripheral sympathetic activation combined with increased
arousal and vigilance as caused by noradrenergic activation
may diminish the central processing of visceral-afferent signals
at a low, presumably brainstem-associated level. Our own
observations on a2-antagonism and IA suggest reduced IA after
the administration of yohimbine. This observation may implicate
that central noradrenergic activation, including increased
alertness and vigilance, may also impair the cortical processing
of visceral-afferent signals. Taken together, it can be concluded
that there is a strong positive relationship between peripheral
sympathetic activation and cardiac IA, but only a limited
association between central sympathetic tone and IA. A strong
activation of central noradrenergic mechanisms may even inhibit
interoception, although concurrent peripheral activation would
suggest a more intense stimulation of interoceptors.

The HPA Axis and Interoception

Cortisol has been found to modulate HEP amplitudes within
a timeframe of 1-17 min after infusion (Schulz et al., 2013c).
More specifically, 4 mg of cortisol resulted in higher HEPs
under open- compared with closed-eyes conditions, i.e., states
of high vs. low alertness. This effect could eventually feed
into a vicious circle of increased attention focus on physical
symptoms, increased anxiety and higher levels of cortisol, and
represent a psychobiological mechanism underlying positive
feedback models of somatosensory amplification (Barsky et al.,

Frontiers in Psychology | www.frontiersin.org

July 2015 | Volume 6 | Article 993 | 62


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Schulz and Végele

Interoception and stress

1988). In this study HEPs were assessed during rest, without
the conscious perception of heartbeats. The effect of cortisol
administration on resting HEPs suggests that cortisol may affect
the raw representation of visceral-afferent signals, independent
of the conscious perception of heartbeats. Moreover, we did
not observe any effect of cortisol on cardiovascular activation.
This finding suggests that cortisol may selectively modulate the
central, presumably cortical, representation of visceral-afferent
signals, while the peripheral origination of these signals remain
unaffected. Interestingly, in a complementary study no effect
of 1.5 mg cortisol on the CMS was observed within the same
time frame (Schulz et al., 2010). Since the CMS is assumed to
reflect visceral-afferent signal transmission at brainstem level,
one could speculate that the effects of cortisol on visceral-afferent
signal relaying are restricted to the cortex. However, it needs
to be acknowledged that the dosages of administered cortisol
were not identical. Furthermore, the first study covered a time
frame of up to 37 min and therefore includes possible genomic
effects, while the second study focused on non-genomic effects
only. The importance of cortisol for the cortical representation
of visceral-afferent signals is further emphasized by the negative
relationship between basal cortisol level and HEP amplitudes of
r = —0.29 (Schulz et al., 2015b). Despite the fact that this result
was based on a mixed sample of healthy individuals and patients
with DPD, the correlation was unaffected by the diagnosis, or
depression and anxiety scores. It can be summarized that acute
cortisol administration tends to increase HEP amplitudes (when
eyes are open), presumably via a non-genomic mechanism,
while basal cortisol level shows a negative relationship with
HEPs. One may speculate that the effect of cortisol on the
cortical representation of visceral-afferent signals reverses into
long-term cortisol elevations. Interestingly, these opposite effects
contrast with findings in pain research: in experimental short-
term manipulation of cortisol, an oral administration of 40 mg
of cortisol reduces pain sensitivity (Michaux et al., 2012), while
cortisol blockade by metyrapone intensifies pain perception
(Kuehl et al., 2010). Meanwhile, in chronic pain syndromes,
such as FMS, also reduced cortisol baseline levels and hyper-
suppression by dexamethasone were observed (Wingenfeld et al.,
2007, 2008). This possible dissociation in cortisol relationships
between ‘normal’ visceral-afferent neural transmission and pain
has to be acknowledged, since interoception and pain processing
only partially share neural structures (Craig, 2002). Future
research should clarify whether acute cortisol release may
selectively favor the representation of ‘normal’ visceral-afferent
transmission, which may reverse in long-term increases of
cortisol levels. The majority of the existing literature on processes
of body, symptom and pain perception concentrates on the role
of cortisol, the final product of HPA axis activation. However, it
needs to be taken into account that the role of CRF and ACTH on
interoceptive processes remains unclear and possible differences
in acute and chronic cortisol levels may also be attributed to
feedback-induced changes in CRF or ACTH.

Taken together, there is considerable evidence to show that
acute stress and players of physiological stress axes may alter the
perception of bodily sensations. Based on our model, we propose
that acute stress may induce an acute alteration of physical

sensations and transient symptoms specific to the stress, which
constitute the subjective experience of the stress response (e.g.,
tachycardia, palpitations, nausea, etc.). However, these symptoms
disappear when the stress is of limited duration.

Dysregulation of Physiological Stress Axes and
Interoception (Path ¢)
So far there is only partial and indirect evidence for a direct
effect of dysregulated stress axes on altered perception of bodily
sensations. Earlier findings suggest that chronic stress in healthy
individuals is not related to heartbeat perception accuracy (Schulz
et al., 2013a) or sensitivity for gastric stimulations (Rosenberger
et al., 2009). The direct pathway between chronic stress and
altered perception of bodily sensations was, therefore, omitted in
our model. It should be noted, however, that moderately elevated
levels of self-reported chronic stress in healthy individuals, as
reported in the former studies, are unlikely to be accompanied
by a dysregulation of the physiological stress axes.

Our assumption that the dysregulation of the physiological
stress axes may induce altered perception of bodily sensations is
mainly based on the following observations:

(1) In numerous mental disorders that are accompanied by
physical symptoms, altered interoception and dysregulation
of physiological stress axes are reported. In detail, (a)
individuals with major depression (MD) and depressive
symptoms exhibit reduced IA and HEP amplitudes (Dunn
et al., 2007; Terhaar et al.,, 2012). Concerning the activity
of the HPA axis, previous research has shown differences
between the melancholic and the atypical sub-type (Gold
and Chrousos, 2002; O’Keane et al., 2012; Gold, 2015):
on the one hand, the atypical sub-type exhibited normal
basal cortisol levels and increased dexamethasone-induced
feedback sensitivity (Levitan et al., 2002; O'Keane et al., 2005;
O’Keane et al., 2012). On the other hand, the more frequent
melancholic sub-type is characterized by hypersecretion
of CRF (Nemeroft et al., 1984; Wong et al, 2000), and
reduced concentration and sensitivity of CRF neurons,
resulting in a blunted ACTH response to CRF administration
(Gold et al., 1988; Lesch et al., 1988; Ehlert et al., 2001),
elevated basal cortisol levels (Gold et al., 1988; Ehlert et al.,
2001; Gold, 2015), blunted cortisol responsiveness to acute
stressors and reduced feedback sensitivity as provoked by
dexamethasone (Gold et al., 1995; Pariante and Lightman,
2008). (b) Patients with PD show increased IA compared to
healthy individuals (Ehlers and Breuer, 1992, 1996; Ehlers
et al, 1995), whereas a meta-analysis has pointed out
that this difference may be due to a minority within the
PD group (Willem Van der Does et al., 2000). However,
PD patients exhibit an increased coupling of feedback-
evoked EEG amplitude and heart rate changes than healthy
individuals (Mueller et al., 2014), which has previously been
shown to be an indicator of neuro-visceral connectivity
(Mueller et al., 2010a). Regarding the physiological stress
axes, PD patients do not differ from healthy individuals
in baseline morning or diurnal cortisol release or negative
feedback sensitivity (Ising et al., 2012), but they show blunted
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cortisol responses to psychosocial stress (Petrowski et al.,
2010, 2013). In terms of SAM axis activity existing studies
have yielded mixed findings. While some failed to find
differences in indicators of central (e.g., low frequency heart
rate variability/HRV) or peripheral sympathetic activation
(a-amylase) between PD and healthy controls (Tanaka et al.,
2012), others observed reduced central (McCraty et al., 2001),
but increased peripheral activation (Marshall et al., 2002).
However, it has been proposed that dysfunction in o2-
adrenergic regulation of the ANS represents an important
neurophysiological correlate of PD (Bremner et al., 1996).
(c) In SDs previous studies have yielded mixed findings,
which may be partially explained by the heterogeneity of
symptomatology collapsed in this diagnostic category. Some
studies have failed to find differences in IA between patients
with SD and healthy individuals (Barsky et al., 1995; Mussgay
et al., 1999; Schaefer et al., 2012), while others observed
exaggerated report of bodily sensations (Bogaerts et al.,
2010), resulting in an overall decrease of IA (Pollatos et al.,
2011a; Weiss et al., 2014). SD patients show both alterations
in baseline cortisol levels, such as the CAR (Rief et al,
1998b) or daily profile (Tak et al., 2009; Tak and Rosmalen,
2010), and aberrant cortisol responses to psychosocial stress
(Janssens et al., 2012). The question, therefore, is not
whether dysregulation of physiological stress axes, altered
interoception and physical symptoms are associated, but how
they are related and which direction these relationships have.

(2) In pharmacological studies, the acute administration of
catecholamines (Moor et al., 2005) or cortisol (Schulz
et al., 2013c) affects interoception and interoceptive signal
transmission. Despite the fact that chronically altered
levels of adrenergic stress hormones or cortisol are not
fully comparable to an acute administration, it is unlikely
that chronic alterations of these hormones do not affect
interoception at all. We interpret these findings as support for
the assumed direction of physiological stress axes affecting
interoception in our model.

Previous studies have addressed mental disorders with
physical symptoms, interoception, and indicators of only one
physiological stress axis in the same sample. Pollatos et al. (2011a)
found lower IA in patients with SD to be accompanied with
decreased autonomic balance, as indicated by low/high frequency
HRYV ratio. In a study by Ehlers et al. (1995) higher heart rates
were observed in panic patients than in healthy individuals,
suggesting increased sympathetic tone in patients with PD. As
both stress axes may differentially affect interoceptive processes,
however, future studies are needed that include indicators of
both stress axes at a time. Currently, there is only one study
using multiple indicators of both physiological stress axes in
the investigation of physical symptoms associated with a mental
disorder (Schulz et al., 2015b). Results show an insensitivity of
HEDP:s for attention focused on heartbeats in patients with DPD,
but not in healthy individuals. This difference was associated
with higher basal level of salivary a-amylase, an indicator for
peripheral sympathetic activation (Chatterton et al., 1996; Nater
et al., 2005). Furthermore, across DPD patients and healthy

individuals there was a negative correlation between basal cortisol
level and HEP amplitude (Schulz et al., 2015b). In the same
sample IA did not differ between DPD and healthy control
individuals (Michal et al., 2014), although differences between
DPD and healthy individuals have been reported in another study
(Sedeno et al., 2014).

To elucidate the direction of the relationship between
dysregulated stress responses and interoception, prospective
long-term observations may be required. There is a notable lack
of reports on interoception in chronically stressed individuals,
who already show a dysregulation of both physiological stress
axes, but do not yet fulfill the diagnostic criteria for a mental
disorder associated with physical symptoms. To date, there is
only one study investigating the relationship of early life stress
and brain activity in healthy individuals and patients with
irritable bowel syndrome (IBS): Gupta et al. (2014) report altered
activation of brain networks associated with pain processing and
early life stress in IBS patients. The importance of chronic stress
for altered interoception in IBS is further underlined by the fact
that IBS patients also show altered activation of brain regions
associated with interoception during stress (Elsenbruch et al,
2010a).

The question remains whether there is a direct relationship
between the dysregulation of physiological stress axes and the
generation of physical symptoms without the mediating effect
of interoception. Based on the currently available evidence this
question cannot be unequivocally answered. We do not assume
a direct pathway for the following reasons: (1) There is currently
no model to explain the psychobiological processes connecting
the dysregulation of physiological stress axes and the generation
of physical symptoms, despite a broad empirical basis showing
stress axes dysregulation in mental disorders to be associated with
bodily symptoms, e.g., in depression (Holsboer, 2000; Ehlert et al.,
2001; Gold and Chrousos, 2002; Pariante and Lightman, 2008),
FMS (Tanriverdi et al., 2007; Wingenfeld et al., 2007, 2008); IBS
(Chang etal., 2009; Suarez-Hitz et al., 2012), or CFS (Cleare, 2004;
Nater et al., 2008). (2) Some direct relationships between stress
axes and physical symptoms are even more heterogeneous than
those observed between interoception and physical symptoms,
e.g., in SD. Previous studies addressing interoception in SD have
either produced null findings or shown reduced IA. Meanwhile,
studies investigating indicators of stress axes in SD find directly
opposing findings, ranging from higher (Rief et al., 1998a; Rief
and Barsky, 2005), identical (Rief and Auer, 2000) to reduced
cortisol output in SD patients compared to healthy controls
(Heim et al., 2000; Tak and Rosmalen, 2010; Janssens et al., 2012).
A popular way of explaining these potentially conflicting findings
is to emphasize the heterogeneity of symptoms collapsed into
SD classification. However, an alternative explanation would be
a mediating factor between stress axes and physical symptoms,
i.e., altered interoceptive processes.

Interoception and the Generation of Physical
Symptoms (Path d)

Many mental disorders that are associated with physical
symptoms are characterized by altered interoception, as discussed
earlier in this paper. Among those, PD is a prominent example,
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where the experience of (frightening) physical symptoms is
a defining diagnostic criterion. It is, therefore, not surprising
that PD has had perhaps the longest standing history in the
investigation of interoceptive processes, however, with very
mixed results. There are reports of increased IA in panic patients
(Ehlers and Breuer, 1992; Ehlers et al., 1995), but also those
failing to find any differences in IA between panic patients and
healthy individuals (Antony et al, 1995; Van der Does et al.,
1997; Wolk et al,, 2014). This mixed picture of results gave
rise to the assumption that methodological differences (e.g., the
precise wording of instructions for the most often employed
heart-beat tracking task) between studies may account for these
inconsistent findings (Ehlers et al, 1995; Ehlers and Breuer,
1996). Alternatively, the possibility of differences in IA between
PD patients has been discussed (i.e., a PD subgroup high in
1A; (Ehlers et al., 1995; Ehlers and Breuer, 1996; Van der Does
et al., 1997; Willem Van der Does et al., 2000). Furthermore, the
question arose whether IA may represent a risk factor for the
development of PD symptoms. Supporting this assumption, IA
was found to be higher in patients with maintained or relapsed
PD and infrequent panic attacks, than in remitted patients
(Ehlers, 1995). Moreover, exposure treatment did not change IA
(Ehlers et al., 1995).

In contrast to PD, IA has been shown to be lower in SD
(Bogaerts et al., 2010; Pollatos et al., 2011a; Weiss et al., 2014), and
there also seems to be a positive association between symptom
severity and IA impairment (Schaefer et al., 2012). Accordingly,
reduced IA could be a risk factor for the development of SD.
This hypothesis is supported in a recent study by Schaefer et al.
(2014), showing that state symptom perception is reduced after
cardiac A training. Although the course of symptom severity
in dependence of IA may suggest the direction of the assumed
pathway, the quasi-experimental design of these studies prevents
from causal inferences to be drawn. In fact, all of these studies
included individuals who had already been diagnosed with a
mental disorder at the time of the investigation and, therefore, a
pre-morbid indicator of IA was not available. Again, to address
this potential shortcoming, prospective studies in the general
population or in specific high-risk groups (e.g., exposed to
chronic stress) are required.

In addition to SD, reduced IA has also been observed
in patients with anorexia nervosa (Pollatos et al., 2008) and
obesity (Herbert and Pollatos, 2014), whereas intuitive eating is
positively associated with IA (Herbert et al., 2013). The direction
of the pathway between interoception and the generation
of physical symptoms may depend on the type of mental
disorder. As almost all studies in this field are cross-sectional
and quasi-experimental in design, it is difficult to come to
any conclusions on the direction of this relationship. Beyond
clinically relevant eating behavior, the experimental manipulation
of eating behavior using short-term food deprivation induces
an increase in IA as assessed by heartbeat perception (Herbert
et al., 2012) and HEP amplitudes (Schulz et al., 2015a). As some
neuroendocrinological parameters, such as sympathetic tone or
peptide YY output reverse from hyper- to hypo-activation in
long-term fasting, one may argue that eating behavior could
serve as a coping mechanism to regulate the perception of

bodily sensations. The direction of the relationship between
interoception and physical symptoms in eating disorders may,
therefore, be reversed in disordered eating (path d) or even bi-
directional. It needs to be acknowledged that this interpretation
is based on experimentally manipulated eating behavior and its
translation to pathological eating behavior (i.e., eating disorders)
should be done with caution. In the interest of greater simplicity
of our suggested model, we have refrained, however, from
including this reversed path d, and acknowledge, therefore,
that the current model is limited to physical symptoms and
disorders that imply the passive experience of altered bodily
sensations (e.g., MD, PD, SD, DPD), and does not apply to
physical symptoms that are partially induced by disordered eating
behavior.

Physical Symptoms and Stress (Path e)

It is widely accepted that the repeated and enduring experience
of physical symptoms is (probably causally) related to the
experience of stress, as denoted by the term ‘symptom distress.’
The majority of reported physical ‘somatization’ symptoms
involve the experience of pain (Rief et al., 2001). Chronic pain is
described in the literature as severe ‘inescapable stress.” In animal
models chronic pain has been shown to induce depressive-like
symptoms, which may provide a model for the co-occurrence
of chronic stress, pain and depression in humans (Blackburn-
Munro and Blackburn-Munro, 2001). In support of this notion,
individuals with chronic pain exhibit higher perceived chronic
stress and higher cortisol as assessed from hair (Van Uum et al,,
2008), an indicator sensitive to chronic stress (Russell et al., 2012).
Symptom distress may not necessarily have sufficient quality and
intensity to be comparable to severe chronic psychosocial stress,
such as caregiving to family members or harassment at working
place. Nevertheless, the current model posits that the repeated
exposure to physical symptoms may induce stress, thereby
increasing and adding to the experience of already existing
stress. In SD, symptom distress is largely affected by SD-typical
forms of behavior, such as inadequate reassurance or negative
interactions between patient and doctor (Rief and Broadbent,
2007). As symptom distress is associated with the automatic
negative evaluation of afferent somatosensory signals (Witthoft
etal., 2012), it could be hypothesized that specific cognitive styles
may contribute to the positive feedback mechanism relating stress
and physical symptoms. The correlational design of this study,
however, does not allow for any such causal interpretations, i.e.,
whether automatic negative evaluation is a cause or consequence
of symptom distress. In the current model, negative evaluation
style may be seen as a moderator of the pathway between physical
symptoms and stress. In summary, we propose that via the
impact of physical symptoms on stress, the vicious circle between
stress and symptoms are completed, which is characteristic of a
self-maintaining positive feedback mechanism.

Neuroendocrine Pathways

Comprehensive reviews on neural structures supporting
interoceptive signal processing, and original research papers
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including neuroimaging data are available elsewhere (Cameron,
2001; Craig, 2002; Critchley et al., 2004; Pollatos et al., 2007a,c).
In the following we provide a summary of neural pathways that
are important for transmitting and processing afferent signals
from the body to the brain, and which may also be involved in
the experience of stress. The majority of the available literature
focuses on interoception of cardiac sensations. As previously
described (Schulz et al., 2013c), visceral-afferent neural signals
from the cardiovascular system are relayed over the NTS, the
major sensory center for visceral-afferent neural signals in the
brainstem (Jénig, 2006). The NTS projects onto the parabrachial
nucleus and the LC, from where hypothalamic and thalamic
nuclei are reached (Cameron, 2001). Cortical structures that
process visceral-afferent neural signals include the anterior
cingulate cortex (ACC), the frontal cortex, the somatosensory
cortex and the right insula (Cameron, 2001; Critchley et al,
2004; Pollatos et al., 2007a,c). In a dipole localization study
it was demonstrated that HEPs originate from exactly these
four brain areas (Pollatos et al., 2005). When focusing on brain
regions that are involved in the elicitation of a stress response,
specific attention is paid to the ACC and the right insula. Blood
perfusion in both areas is increased after a mental arithmetic
task in individuals with high self-reported stress (Wang et al.,
2005). The replication of these results suggests that these areas
are specifically sensitive to psychological stress in women
(Wang et al., 2007). The importance of the ACC in mediating
stress responses has been demonstrated in numerous studies:
functional connectivity in the ACC is related to cortisol release in
response to a combined dexamethasone/CRF administration in
healthy individuals (Kiem et al., 2013), while ACC connectivity
may be reduced in traumatic stress experience (Kennis et al.,
2014). Altered insular activity can be observed in early life
(Mueller et al., 2010b) and traumatic stress (Bruce et al., 2012).
However, these studies may not disentangle whether the ACC
and the insula are involved in the up-regulation of physiological
stress axes or if their altered activity and connectivity is a
result of altered afferent input from visceral organs due to the
dysregulation of stress responses.

Brain regions that are sensitive to the effects of stress
hormones, and play a role in interoception, involve the
thalamus, and other limbic structures, such as the amygdala and
hippocampus, which are important for learning and memory
(see below). In particular, blood perfusion in the thalamus is
reduced within a time frame of 17 min after cortisol infusion,
implying a rapid, non-genomic effect of cortisol (Strelzyk et al.,
2012). In contrast, when investigating a later time period, in
which genomic and non-genomic mechanisms overlap, cortisol
affects activity in the amygdala and hippocampus, whereas no
effect on the thalamus could be observed (Lovallo et al., 2010).
The thalamus is a major relay center for sensory information
that processes and integrates intero- and exteroceptive signals.
Cortisol may rapidly affect thalamic activity and could eventually
favor the processing of interoceptive signals at the cost of others,
while this effect disappears over time. Future studies should
clarify if thalamic activity may be chronically altered in HPA axis
dysregulation, which may play a role in the perception of physical
symptoms.

At receptor level, special attention has been paid to the
role of a2-adrenoceptors. As repeatedly demonstrated, early
life stress (Caldji et al, 1998; Liu et al., 2000) and chronic
stress (Flugge et al,, 2003) may impair the expression of a2-
receptors in the NTS, which plays an important role in the
down-regulation of the sympathetic nervous system (Flugge,
1999) and the sensory relaying of visceral-afferent neural signals
(Janig, 2006). a2-adrenoceptors are involved in the adequate
processing of visceral-afferent signals from the cardiovascular
(Sved et al., 1992) and the gastrointestinal system (Myers et al.,
2005). It could be argued, therefore, that the reduced density
and functionality of a2-adrenoceptors under chronic stress may
reduce the individual’s capacity for the adequate processing
of visceral-afferent signals, which may eventually result in the
generation of physical symptoms.

In SD patients there is evidence for altered activity in
medullary control mechanisms for the sympathetic nervous
system (Laederach-Hofmann et al., 2008), the ACC (Klug et al.,
2011) and insula (Gundel et al., 2008). PD may be accompanied
by reduced sensitivity of a2-adrenoceptors (Bremner et al., 1996),
while reduced gray matter in the insula (Uchida et al., 2008) and
altered ACC activity (Asami et al., 2008; Shin et al., 2013) could
also be observed. Anorexia nervosa is characterized by changes in
insular activity (Oberndorfer et al., 2013; Strigo et al., 2013). We
propose that alterations in receptor sensitivity, volume, blood-
flow or connectivity of the respective brain regions could be a
result of stress system dysregulation and represent an important
factor in altered interoception in these disorders.

Taken together, acute stress, the release of stress hormones
and chronic stress may affect the processing of visceral-afferent
neural signals at different brain levels, which are important for
interoception, such as the NTS, the thalamus, the ACC and the
insula. It remains for future research to elucidate whether certain
mental disorders, which are associated with physical symptoms,
can be differentiated by specific neurobiological patterns of
dysregulated receptor- and brain area functioning.

Psychobiological Mechanisms Involved
in Interoception and Stress

While the present review and the proposed model focus on the
role of physiological stress responses and their dysregulation
for altered interoception and the generation of physical
symptoms, stress responses include psychological processes that
are constituent factors of the experience of stress. In the following
we, therefore, briefly discuss psychological processes that may be
important for interoception and stress, without making specific
reference to these in the proposed model.

Anxiety and Interoception

Individual stress responses are accompanied by mood changes
that include anxiety or fear. There is indeed such an overlap
of concepts, methodologies (including experimental paradigms)
and physiological correlates of acute stress and anxiety that
it seems all but impossible to differentiate between the two
constructs (Stevens et al., 2011; Schmitz et al., 2012; Durlik et al.,
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2014). At least part of the literature discussed in the Section on
“Acute Stress and Interoception (Path b)” could, therefore, also
be subsumed under the title “Anxiety and Interoception.” To
understand similarities and differences between both concepts,
their theoretical definitions have to be evaluated. On the one
hand, anxiety is a distinct emotion, which is characterized by
a limited duration, an antecedent appraisal of a stimulus, and
multiple components including specific affective, behavioral,
cognitive, and physiological response patterns (Russell, 2003;
Ekkekakis, 2013). Anxiety has a state component, ie., a
transitory condition of anxiety, and a trait component, which
describes a relative stable disposition to respond to stimuli with
state anxiety (Spielberger and Reheiser, 2004). On the other
hand, psychological (dis-)stress is characterized as core affect
(component of negative affect), which has a long duration,
a variable intensity, it does not require either an antecedent
appraisal or an eliciting stimulus, and is restricted to the
affective component (Russell, 2003; Ekkekakis, 2013). It has to
be acknowledged, however, that this definition may be limited
to affective response patterns as to be expected in enduring
or chronic stress, but it does not include specific physiological
response patterns that are implied by chronic exposure to stress.
In stress research, the definition of acute stress is commonly
based on a neuro-psycho-endocrine perspective. This perspective
emphasizes physiological response patterns, as earlier described,
but also includes behavioral, cognitive and affective components
of stress, such as increased anxiety (McEwen, 2000). In contrast to
the core affect of psychological distress, in research on acute stress
as induced by established laboratory stressors, an antecedent
appraisal of a specific stimulus exists, which may be an additional
overlap with the emotional state of anxiety. Important differences
between state anxiety and acute stress would be the broader range
of distinct emotions that could be elicited during acute stress
(e.g., anxiety, fear, anger, etc.) that imply a more diffuse pattern of
behavioral and physiological responses, and the longer duration
of an acute stress response. Trait anxiety, anxiety sensitivity, and
anxiety disorders are all strongly associated with interoception.
For example, healthy individuals with high social anxiety show
higher TA than those with low social anxiety (Stevens et al.,
2011). Furthermore, anxiety sensitivity may moderate the effects
of acute stress on interoception (Sturges and Goetsch, 1996).
As argued by Domschke et al. (2010), anxiety sensitivity may
increase the vulnerability to anxiety disorders by increasing
the perceptual basis for catastrophic interpretations of physical
symptoms. Although we do not explicate the role of trait anxiety
or anxiety sensitivity for interoception in the current model, it
may be speculated that either aspect of anxiety could potentially
moderate almost all proposed variables (e.g., the probability and
intensity of stress experience, physical symptoms) and pathways,
e.g., between physiological stress axes and interoception (path c),
between interoception and perception of physical symptoms (d)
and between symptoms and stress experience (e).

Attention and Interoception

In models on altered interoception in PD (Ehlers and Breuer,
1996; Willem Van der Does et al., 2000) or SD (Rief and Barsky,
2005; Rief and Broadbent, 2007) attention focused on physical

symptoms plays an essential role. While there is largely agreement
in the literature on attentional bias to body- and health-related
sensations in patients with PD and SD, evidence on the factors
or processes contributing to attentional bias (e.g., acute and
chronic stress) and, therefore, physical symptom generation,
is lacking. Regarding the SAM axis, the central noradrenergic
system, including the LC, is of particular importance. Early life or
chronic stress may decrease the expression of a2-adrenoceptors
in the LC (Caldji et al., 1998; Liu et al., 2000), which are involved
in the regulation of the ‘alertness’ component of attention. As
described above, a2-adrenoceptors are involved in a negative
feedback mechanism that down-regulates sympathetic activation
and associated processes, such as alertness and vigilance.
Consequently, the acute activation of a2-adrenergic receptors
increases vigilance and alertness (Berridge and Foote, 1991),
while their deactivation results in chronic hypervigilance and
alertness (Aston-Jones et al., 1999; Usher et al., 1999). Regarding
the HPA axis, the relationship between stress hormones and
attentional processes may be more complex, since cortisol may
affect all neurons in the entire brain. As summarized by Erickson
et al. (2003), glucocorticoids facilitate focused attention at the
cost of irrelevant stimuli and alter the perceptual threshold of
external stimuli (Fehm-Wolfsdorf and Nagel, 1996). These effects
are probably due to increased availability of norepinephrine, as
caused by glucocorticoids (Irwin et al., 1986; Kvetnansky et al.,
1993). Future research should clarify whether this change in
perceptual threshold may also apply to interoceptive signals.
Mental stress tests that have been shown to affect both stress axes,
also induce increased selective attention on primary tasks at the
expense of cognitive flexibility (Chajut and Algom, 2003; Plessow
et al., 2011). The differential effects of stress on IA as assessed by
the Schandry- and Whitehead-based heartbeat perception tasks
(Schulz et al., 2013a) indicate that different facets of attention
are of relevance for the impact of stress on interoception. It is
plausible, for example, that focused attention on interoceptive
signals is facilitated (Schandry task), while the integration of
intero- and exteroceptive signals is attenuated (Whitehead task)
during stress. With respect to the proposed model, attention may
moderate the relationship between physiological stress axes and
interoception (path c), between interoception and the perception
of physical symptoms (d), and between symptoms and the
experience of stress (e).

The Role of Interoceptive Signal Processing in
Stress Effects on Memory and Learning

Stress affects memory at acquisition, consolidation and recall.
Interoceptive signal processing may contribute to some of
these mechanisms (Schulz, 2015). McGaugh (2000) and
Roozendaal et al. (2006) postulated the requirement of two
physiological processes for the enhancement of memory
consolidation after stress: (1) glucocorticoids that bind on
glucocorticoid receptors within the NTS, the LC and the
basolateral amygdala (BLA) and (2) peripherally circulating
epinephrine, which cannot cross the blood-brain barrier,
but activates visceral organs, whose afferent signals are
transmitted via the vagus nerve to the NTS and LC. From
these structures, via noradrenergic pathways, p-adrenergic
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synapses in the BLA are activated, which induces the release
of cyclic adenosine monophosphate (cAMP) and cAMP-
dependent protein kinase. Both substances can enhance
memory consolidation. Postsynaptic efficacy of B-adrenergic
synapses is increased by glucocorticoids. In animal studies it
could be shown that both processes glucocorticoid secretion
(Quirarte et al., 1997) and afferent signal transmission from
visceral organs (Roozendaal et al, 1999) are necessary for
improvement of memory consolidation. In humans, the increase
of baro-afferent neural feedback induced by norepinephrine-
infusion can improve long-term memory (Moor et al., 2005).
Interoceptive neural signals, therefore, play an important role
for the stress-induced improvement of memory consolidation.
It is plausible that increased visceral-afferent input could also
facilitate dysfunctional learning processes that contribute to the
generation of physical symptoms, such as the formation of pain
memory.

Intuitive Decision Making

The influential somatic marker hypothesis by Damasio (1994)
postulates that interoceptive signals are regularly integrated
into processes of intuitive decision making. It is assumed
that in every context, in which intuitive decisions are made,
the outcomes of possible action alternatives are anticipated.
This anticipation produces a specific visceral response to be
integrated in affective responses to the expected outcome. These
responses, either transmitted over somatosensory or visceral-
afferent circuits, are called ‘somatic markers.” Dunn et al. (2006)

have provided a comprehensive review of the somatic marker
hypothesis. In support of this theory IA positively correlates
with performance in decision-making tasks (Werner et al., 2009;
Wolk et al., 2014). Stress affects executive functions and thus
decision making: cortisol may reduce performance in intuitive
decision making tasks both in humans and rodents (van den
Bos et al., 2009; Koot et al., 2013). This effect was explained
by rapid, presumably non-genomic glucocorticoid effects in the
orbitofrontal and insular cortex (Koot et al., 2013), which are
also involved in interoceptive signal processing. Furthermore,
a quadratic relationship exists between peripheral SAM axis
activity and performance in decision making tasks, implying a
performance increase in moderate sympathetic activation (Pabst
etal., 2013). Again, since catecholamines do not cross the blood-
brain barrier, afferent neural signals from visceral organs (e.g.,
transmitted over the vagus nerve) due to increased stimulation of
interoceptors, are likely to be involved in this effect. All effects of
peripheral sympathetic activation on brain functions, therefore,
require neural signal transmission from visceral organs, which
can be considered ‘interoceptive’ signals.

Integration and Outlook

In the earlier introduced model of interoception by Vaitl (1996)
different levels of interoception were proposed. The model
implies that interoception is a bottom-up process, whose effects
at a low hierarchical level consecutively affect higher levels.
The current review summarizes the state-of-the-art knowledge
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on the effects of stress (research objective 1), mainly based on
research investigating afferent signals from the cardiovascular
system. In Figure 2 we integrate the reported findings on
interoception and stress into a model, specifically providing
links to different levels of interoception, as suggested by
Vaitl (1996). In contrast to the existing model, and based on
evidence of dissociations between interoceptive indicators for
cortical (HEP; Schulz et al., 2013c) and brainstem processes
(CMS; Schulz et al., 2010), in the current model we separated
‘CNS representation’ into cortical and sub-cortical processes.
Furthermore, we focus on visceral-afferent signals and do not
address the possible contribution of somatosensory information
to interoception. As some conditions are associated with
selective degeneration of afferent autonomic nerves (e.g., diabetes
mellitus), the level ‘afferent neurotransmission’ was newly
introduced into the model. Although the same mechanisms (e.g.,
stress axes) are involved in mediating acute stress responses
and chronic stress conditions, the complex interplay between
stress hormones, binding sites and feedback regulation requires
their independent consideration. Acute peripheral sympathetic
activation clearly increases stimulation of cardiac interoceptors
(Moor et al.,, 2005). Given the clear physiological relationship
between circulating catecholamines and stimulation of cardiac
interoceptors (e.g., arterial baroreceptors), we assume that this
relationship persists also in chronic elevations of catecholamine
output. To our knowledge, selective effects of stress on
afferent neurotransmission or sub-cortical CNS representation
concerning interoception are unknown, as of to date. A first
study by our group suggests that there is no effect of cortisol
on the CMS (Schulz et al., 2010), possibly reflecting brainstem
processing of visceral-afferent neural signals (Schulz et al.,
2009a). On the one hand, acute administration of cortisol affects
the cortical representation of visceral-afferent signals (Schulz
et al., 2013c) as indicated by larger HEP amplitudes (when
eyes are open). On the other hand, basal cortisol levels are
negatively associated with HEPs (Schulz et al., 2015b). The
additional finding that HEP sensitivity for attention focused
on heartbeats is negatively associated with a-amylase may
implicate that repeated stimulation of interoceptors could reduce
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This review examines cross-cultural differences in interoception and the role of culturally
bound epistemologies, historical traditions, and contemplative practices to assess four
aspects of culture and interoception: (1) the extent to which members from Western
and non-Western cultural groups exhibit differential levels of interoceptive accuracy and
somatic awareness; (2) the mechanistic origins that can explain these cultural differences,
(3) culturally bound behavioral practices that have been empirically shown to affect
interoception, and (4) consequences for culturally bound psychopathologies. The following
outlines the scope of the scientific review. Part 1 reviews studies on cultural variation
in spontaneous somatic word use, linguistic expressions, traditional medical practices,
and empirical laboratory studies to assess the evidence for cultural differences in somatic
processes. Integration of these findings suggests a startling paradox: on the one hand, non-
Western cultures consistently exhibit heightened somatic focus and awareness across a
variety of contexts; on the other hand, non-Western cultures also exhibit less interoceptive
accuracy in laboratory studies. Part 2 discusses the various mechanistic explanations
that have been proposed to explain these cultural differences in somatic awareness
and interoceptive accuracy, focusing on cultural schemas and epistemologies. Part 3
addresses the behavioral and contemplative practices that have been proposed as possible
“interventions,” or methods of cultivating bodily awareness and perceptual accuracy.
Finally, Part 4 reviews the consequences of interoception for psychopathology, including

somatization, body dysmorphia, eating disorders, and anxiety disorders.

Keywords: culture, somatic awareness, interoception, somatization, meditation

How does culture shape interoception? A growing body of psy-
chological research has compellingly demonstrated that humans
are a uniquely cultural species insofar as the extent to which
we are able to learn from our social groups and the extent to
which such learning can radically change a broad spectrum of our
thoughts, feelings, and behaviors (Tomasello, 1999; Richerson and
Boyd, 2005; Heine and Norenzayan, 2006). As a result of these
advances, many of the most foundational psychological processes
previously assumed to be universal have been shown to be pro-
foundly culturally bound (for review, see Heine and Norenzayan,
2006).

Although this notion that culture shapes our most basic features
of our psyche has been applied to a host of processes, there has
been few attempts to systematically understand how cultural forces
shape awareness of the body. Thus, the purpose of this review is
to elucidate the role of culturally bound epistemologies, historical
traditions, and contemplative practices in shaping somatic aware-
ness and interoceptive accuracy. Given the multitude of ways that
a process as complex as interoception and culture can be stud-
ied, the approach here will be interdisciplinary—bringing together
evidence from anthropology, clinical science, and psychology.

Specifically, the review will focus on four key features of cul-
ture and interoception. First, I will review both empirical and

ethnographic evidence that examines the extent to which members
from Western and non-Western cultural groups exhibit differen-
tial levels of somatic awareness and interoceptive accuracy (Part
1). From there, I will discuss the proposed mechanistic origins that
can explain these cultural differences (Part 2). I will then review
culturally bound behavioral practices that have been empirically
shown to affect interception (Part 3), and end with a discussion
for how culturally bound interoception many have consequences
for culturally bound psychopathologies (Part 4).

PART 1: CROSS-CULTURAL DIFFERENCES IN SOMATIC
AWARENESS AND INTEROCEPTIVE ACCURACY
As with virtually all scientific inquiry, the first step to understand-
ing a complex phenomena is to predict and discover interesting
features of the process at hand (see Cronbach, 1986; Rozin, 2001,
for review). In the context of cultural processes and interocep-
tion, this first stage involves identifying key cultural differences in
the way individuals perceive and understand their own bodies. To
what extent do people from different cultural backgrounds vary in
their somatic awareness and interoceptive accuracy?

The question of how cultures differ in somatic awareness and
interoceptive accuracy is a challenge because the two process, albeit
related, may not align insofar as whether or not cultural differences
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in the one also entails (the same) cultural differences in the other.
Somatic or interoceptive awareness centers on the extent to which
individuals find bodily cues salient, whereas interoceptive accuracy
centers on individuals’ abilities to accurately infer the cause and
magnitude of their bodily changes. While interoceptive awareness
is typically operationalized as the frequency of reporting bodily
sensation and beliefs about the importance of such bodily states,
interoceptive accuracy is typically operationalized as the degree of
precision in reporting actual bodily states (e.g., heart rate). This
distinction is also reflected on the neural level, as somatic aware-
ness and interoceptive accuracy rely on different brain mechanisms
(Critchley etal., 2004). Somatic awareness stands as a firmly top—
down process that is driven by attention, beliefs and expectations
(Rimé etal., 1990; Philippot and Rimé, 1997). In contrast, inte-
roceptive accuracy depends on both bottom—up processes (e.g.,
the detection of bodily cues and the presence of physiological fea-
tures that facilitate such detection, such as fitness level—]Jones
etal., 1987), as well as top—down ones (e.g., attention, cultural
schemas—Pennebaker and Hoover, 1984; Van den Bergh etal,
1998; Wiens, 2005). Thus, the former does not serve as simply
a proxy for the latter. Indeed, outside the cultural literature, a
number of studies have found that awareness and accuracy can be
dissociated (Pennebaker and Hoover, 1984; Gardner etal., 1990;
Pennebaker, 1995; Critchley etal., 2004), or even inversely related
(Fairclough and Goodwin, 2007). Given their qualitative differ-
ences, evidence for cultural differences in each process will be
reviewed separately, and their implications will subsequently be
discussed.

These challenges in disentangling somatic awareness from inte-
roceptive accuracy are further complicated by the fact that somatic
awareness is, in itself, a multi-faceted construct that have been
construed in different ways across different disciplines (for review,
see Mehling etal., 2012). On the one hand, somatic awareness
can be defined by the outcome achieved by focusing direct atten-
tion on in-the-moment bodily changes and affective responses;
training aimed at increasing this type of awareness (e.g., con-
crete somatic monitoring; sensory discrimination) suggests that
it can be adaptive (Flor etal., 2001; Watkins and Moulds, 2005).
In contrast, ruminating on the body for the purpose of vigilance
appears to be a less adaptive form of somatic awareness (Cioffi,
1991; Cioffi and Holloway, 1993; Watkins and Moulds, 2005).
Additionally, a further distinction can be made between proprio-
ceptive versus interoceptive awareness. While the former centers
on perception of muscles, joints, movements, posture, and balance
(Laskowski, 2000), the later centers on perception of internal bod-
ily sensation—including, but not limited to: heart rate, breathing,
and hunger (Vaitl, 1996; Cameron, 2001; Craig, 2002; Barrett et al.,
2004).

Given this multi-dimensional nature of somatic awareness,
it is difficult to draw conclusive inferences about the nature of
cross-cultural variation in how people perceive bodily states. Nev-
ertheless, convergent evidence from both empirical studies and
ethnographic work is suggestive that members of a number of
non-Western cultures may exhibit higher levels of somatic aware-
ness than members of Western cultures. In their seminal work
on culture, emotion, and language, Tsai etal. (2004) found that
Chinese—Americans respondents consistently used more somatic

words than European—-Americans when discussing a variety of
events, including their relationships, early childhood experiences,
and conversations with their romantic partners; furthermore,
even among Chinese—Americans, those who were less accultur-
ated to North-American culture exhibited this greater reliance
on somatic words relative to those who were more accultur-
ated. This finding is consistent with a broad body of work that
has suggested that Chinese culture perceives bodily and psycho-
logical states to be closely intertwined (Kleinman, 1986; Ots,
1990). Likewise, close examination of the findings on culture
and the self from Kanagawa etal. (2001) study on spontaneous
self-description among college students highlights the dispro-
portionately higher use of somatic descriptors among Japanese
compared to North Americans. Taken together, these findings sug-
gest that East-Asians appear to demonstrate a greater emphasis on
their bodily states when describing themselves and their emotional
experiences.

Additional evidence from linguistics suggests that this greater
emphasis on somatic cues in everyday life among East-Asians may
be traced back to historic traditions steeped within Asian lan-
guage and medicine. In the Chinese language, for example, many
idiomatic emotional expressions use the body parts (specifically,
visceral organs) as metaphors: xuan-xin diao dan (to have one’s
heart in one’s mouth), ti xin diao dan (lift the heart, hang the gall-
bladder), dan-zhan xin jib (gall trembling, heart startled), dan-po
xin jin (gall breaking, heart startled), jing-xin diao-dan (shock the
heart, drop the gallbladder), xin-dan ju lie (heart and gallbladder,
both split), all refer to states of fear, where the heart and the gall-
bladder are described as lifted, hanging in the air, jolted, broken,
dropped, or torn. We find the same pattern of somatic focus in
Chinese holistic medicine, which model the body as a powerful
psychological force. According to traditional holistic models of
the human body, decision-making and thought reside primarily
not in the mind, but in the liver, the site of contemplation; the
gallbladder, the place where judgments are made; and the heart,
the executive center (Ye, 2002).

Similar cultural patterns also emerge in other East-Asian cul-
tures. In Japanese, anger starts off by being contained the belly
(hara), then progresses to the chest (mune), and finally reaches
the head (atama; Matsuki, 1995). Given that cultural ideas and
language have long been argued to be inseparable—after all,
language stands as the primary mechanism for transmitting cul-
tural ideas (Wierzbicka, 1993, 1995; Tomasello, 1999; Slobin,
2003)—these provide convergent evidence of cross-cultural vari-
ation in the degree to which individuals emphasize somatic
experiences.

East-Asians cultures are not the only non-Western cultural
groups that exhibit this pattern. A growing number of recent
studies has found that many cultural groups, including those
from Papua New Guinea (Lindstrom, 2002), aboriginal Australia
(Turpin, 2002), and West Africa (Geurts, 2003) display a similar
emphasis on the body. In the West African case, anthropolo-
gists have observed that cultural terms exist that refer exclusively
to bodily sensations for which there is no English translation
(e.g., “seselelame,” which can be roughly translated as “feel-feel-
inside-the-body”—Geurts, 2003). Likewise, many West-African
languages use the body as a basis for their emotional terms
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(Ameka, 2001; Dzokoto and Okazaki, 2006), much like the way
they are used in Chinese and Japanese. Likewise, African tradi-
tional medicine also focuses on harmony and holism, treating
the body and mind as fundamentally integrated rather than
separate (Mbiti, 1970). In line with these cultural practices, it
is not surprising that recent research by Dzokoto (2010) and
Chentsova-Dutton and Dzokoto (2014) found that West-Africans
also self-reported greater sensitivity to bodily changes relative to
European—Americans.

Taken together, these findings offer suggestive—but not
definitive—evidence for cultural variation in somatic awareness.
At best, the majority of the aforementioned work has yielded
indirect evidence for a greater cultural emphasis on bodily parts
and processes among members of non-Western cultural groups—
namely, East-Asians and West-Africans. Given the indirect nature
of this evidence, it remains unclear the precise nature and form of
these cross-cultural differences, and whether they extend to pro-
prioception or interoception, mindful awareness of bodily states
or vigilant monitoring of bodily cues.

These limitations notwithstanding, to what extent does this
potential cultural difference in somatic awareness translate into
interoceptive accuracy? As a construct, interoceptive accu-
racy stands as a crucial feature of numerous emotion theories
(e.g., James, 1884; Schachter and Singer, 1962; Damasio, 1994)
with a wide range of consequences for a variety of psycho-
logical processes, including self-regulation (e.g., Barrett etal.,
2004), decision-making (e.g., Werner etal., 2009) and atten-
tion (e.g., Matthias etal, 2009). Although the majority of
studies to date on interoceptive accuracy have focused on indi-
viduals’ abilities to accurately detect cardiac signals given its
non-invasive nature, more recent findings suggest that cardiac
accuracy predicts other forms of accuracy—namely, sensitiv-
ity for gastric functions, and thus may reliably stand as a
more general indicator of interoceptive accuracy (Herbert etal.,
2012b). Furthermore, a number of individual differences, situa-
tional forces and practices can influence interoceptive accuracy,
including: food deprivation (e.g., Herbert etal., 2011), gender
(e.g., Koch and Pollatos, 2014a); obesity (e.g., Herbert and Pol-
latos, 2014), and disordered eating (e.g., Koch and Pollatos,
2014b).

A striking paradox emerges in the literature on culture, somatic
awareness, and interoceptive accuracy. Until now, few studies have
dealt specifically with the relationship between culture and internal
bodily states. The bulk of the existing literature has focused exclu-
sively on actual (rather than perceived) bodily changes and has
found few, if any, cultural differences (Tsai etal., 2002; Soto etal.,
2005). Thus, it appears that there is little evidence for consistent
cross-cultural variation in actual bodily events.

Nevertheless, recent work by Ma-Kellams etal. (2012) found
that when it comes to perceiving bodily changes, East-Asians are
less accurate than European—Americans. Across four studies, East-
Asians consistently demonstrated less interoceptive accuracy: they
were more likely to misattribute the cause of their bodily changes
and displayed greater discrepancies between their perceived and
actual bodily states (in this case, heart rate).

Chentsova-Dutton and Dzokoto (2014) found a similar pattern
of results with West-Africans. Despite the fact that West-Africans

reported higher levels of interoceptive awareness, they nevertheless
displayed less interoceptive accuracy—as in the previous case,
they were less able to accurately report their heart rate relative
to European—Americans. Taken together, these two studies offer
limited and tentative evidence for an interesting paradox: both
East-Asians and West-Africans are simultaneously more aware of
their own bodies (“aware” insofar as they find bodily features more
salient in everyday life and report higher levels of somatic sensi-
tivity), and yet they display a relative inability to accurately infer
bodily changes. How can this be?

PART 2: EXPLAINING CROSS-CULTURAL VARIATION IN
SOMATIC AWARENESS AND INTEROCEPTIVE ACCURACY
Part 1 of this review, in identifying the key differences in
somatic focus and interoceptive accuracy between Western and
non-Western cultural groups, highlighted an important puz-
zle: members of East-Asian and West-African cultures appear
to be both more somatically focused and more inaccurate in
their somatic inferences. This raises the deeper issue of how the
previously observed cultural differences in interoception can by
explained. In the following sections, I articulate the divergent pro-
posed explanations for these cultural differences in somatic focus
and interoceptive accuracy.

Given that culture, at its core, consists of collectively shared
meaning systems that involve beliefs, values, language, and rituals
that serve to both produce behavior in culturally consistent way
and reinforce such behavior (Kroeber and Kluckhohn, 1952), it
is not surprisingly that the long-standing explanation put forth
for why cultures vary in the degree of somatic focus is differ-
ences in these culturally specific meaning systems. However, there
lacks a consensus as to which feature of culture is the critical
one that can explain differences in bodily focus. Some scholars
argue that differences in cultural conceptualizations of the body
and how it relates to other key features of the self is the pri-
mary process at hand; namely, Eastern cultural models of the self
and emotion portray the body as fundamentally entwined with
the body (Kleinman, 1986; Ots, 1990). Other scholars, in con-
trast, contend that differences in language is the critical driving
force, and that for members of a Chinese-speaking culture, for
example, somatic and emotion words are less differentiated (i.e.,
bodily words are oftentimes embedded in other words—Tung,
1994).

Work by Tsai et al. (2004) addresses this question of mechanism
by dissociating cultural conceptions from language. In comparing
European—Americans, less-acculturated Chinese—~Americans, and
more-acculturated Chinese—Americans speaking the same lan-
guage (i.e., English), they were able to directly contrast the effects
of cultural beliefs while holding language constant. If differences in
somatic focus between members of Eastern and Western cultures
were the product of language differences, then their experimental
design would have yielded no differences between the three cul-
tural groups given that all spoke the same (English) language. If
somatic focus differences were the product of culturally specific
conceptions about the psychological meaning afforded to bodily
processes, then differences between the three groups would appear,
despite the use of shared language. Their findings provide sup-
port for the latter model, as less-acculturated Chinese—Americans
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displayed more somatic word use relative to more acculturated
Chinese—Americans and European—Americans.

Similar arguments have been made to explain West-Africans’
greater somatic awareness. Chentsova-Dutton and Dzokoto
(2014) argued that top—down factors like cultural schemata sur-
rounding the role of the body, their accompanying culturally
specific terms (e.g., “seselelame”), and their use of emotional
expressions that integrate body parts (e.g., fear as “heart-fly”) can
explain West-African’s self-reported sensitivity to bodily cues.

In contrast to this focus on cultural conceptions of the body
used to explain cross-cultural variation in somatic focus, a differ-
ent set of mechanisms have been used to explain differences in
interoceptive accuracy. Given that cultural differences in these two
processes diverge (i.e., with non-Westerners being more likely to
display the former but less likely to display the latter), it is not sur-
prising that attempts to explain East-Asians and West-Africans’
relative inaccuracy in interoceptive perception have focused not
on cultural models of the body, but a different set of processes that
are more cognitive in nature.

Attempts to explain cultural variation in interoceptive accu-
racy between East-Asians and European—Americans have focused
on analyses of East—West epistemologies, and have suggested that
despite the heightened focus on bodily processes, cultural dif-
ferences in cognitive styles may nevertheless render those from
Eastern cultures less able to accurately attend to internal cues.
Specifically, Ma-Kellams etal. (2012) proposed that Asians and
European—Americans differ in interoceptive abilities due to dif-
ferences in context dependency. Past research on culture and
cognition has consistently demonstrated that Easterners attend
more to contextual cues when evaluating both the self (e.g., Kana-
gawa etal., 2001) and others and external events (e.g., Morris
and Peng, 1994). Furthermore, such an attentional difference
appears to be more than a matter of voluntary control: even
when asked to ignore contextual cues, Asians exhibit greater dif-
ficulty (compared with European—Americans) on such tasks (Ji
etal., 2000; Masuda and Nisbett, 2001; Kitayama and Ishii, 2002;
Ishii etal., 2003; Kitayama etal., 2003). This focus on contextual
cues should render Asians less attentive to their internal states
(relative to the external cues stemming from the external world)
because if the individual self is not the central object of focus
or primary unit of analysis compared to the surrounding con-
text, then bodily changes should be relatively less attended to. In
other words, Asians tend to disproportionately focus on exter-
nal contextual entities outside of themselves—both in terms of
other individuals (as part of the interdependent self—Markus and
Kitayama, 1991) as well as other factors in their environment
(e.g., field-dependence—IJi etal., 2000)—and yet accurate inte-
roception requires one to ignore such external factors in order
to focus on one’s internal state. Thus, the argument is that
contextual dependency explains East Asians’ lower interoceptive
accuracy. Consistent with this argument, Ma-Kellams et al. (2012)
found that individual differences in the ability to ignore contex-
tual cues mediated performance differences between Easterners
and Westerners on an interoceptive task—in this case, heartbeat
detection.

In the West-African cultural context, Chentsova-Dutton and
Dzokoto (2014) proposed that the higher levels of somatic

awareness reported by members of this cultural group may be the
precise mechanisms that hinders their interoceptive accuracy. That
is, West-African culture holds a particular schema that links fear
with a racing heart. Although this schema may accurately portray
the link between emotion and physiological change in general, it
may not serve to accurately describe online (i.e., in-the-moment)
bodily changes. Thus, in the context of their study, in which they
had West-Africans estimate their own heart rates while watching
a fear-inducing film, it might have been possible that the saliency
of the emotional content led these participants to expect increases
in heart rate (in line with the schema) but ignore the actual, more
subtle cues from their body. Thus, another possible explanation
for cultural differences in interoceptive accuracy is that cultures
that exhibit high levels of somatic focus may ironically be worse
at detecting actual somatic change because highly salient somatic
schema are chronically accessible and renders individuals less likely
to attend to actual somatic cues.

PART 3: CULTURAL PRACTICES AND INTEROCEPTION

Culture is not known of its timeless, unchanging nature; if any-
thing, culture changes as social life changes, and a fundamental
component of culture is the practices, rituals, and traditions indi-
viduals of any given cultural group rely on that promotes culturally
consistent ways of thinking, feeling, and behaving. Thus, this
section focuses on the behavioral and contemplative practices
from different cultural origins that have been proposed as pos-
sible “interventions,” or methods of cultivating bodily awareness
and perceptual accuracy.

Meditation, mindfulness, and yoga are ancient Eastern prac-
tices, but in recent years they have received increasing empirical
attention in the context of psychological well-being and health. At
the core, yoga and its related practices takes a holistic approach
to the mind and body, assuming that exercises with a mental
focus will have bodily effects, and bodily exercises will have men-
tal effects. Together, they share a variety of common features,
including prolonged physical stillness and/or some kind of men-
tal control characterized by stability and focus, a perceptual style
in which there is little active effort to interpret sensory informa-
tion. From a scientific standpoint, they have conceptualized these
practices as a complex set of emotional and attentional training
regimens (Lutz etal., 2007). Although these techniques are tra-
ditionally used in spiritual contexts, there is a growing trend in
using them as a form of alternative therapy (Astin etal., 2003;
Barnes et al., 2004; Arias et al., 2006).

Meditation, yoga, and mindfulness techniques typically incor-
porate somatic awareness and use the body as an object of focus
(Kabat-Zinn, 1990; Selby, 1992; Kornfield, 1996; Nairn, 2000).
It is important to note that in this context, somatic awareness
is defined primarily by adaptively focusing direct attention on
in-the-moment bodily changes (Flor etal., 2001; Watkins and
Moulds, 2005) rather than engaging in emotionally driven vig-
ilance (Cioffi, 1991; Cioffi and Holloway, 1993; Watkins and
Moulds, 2005).

Beyond focusing on the body, bodily sensations are also mod-
ulated through breathing and posture (Bhajan and Khalsa, 20005
Arambula etal., 2001; Peng etal., 2004). Theorists have posited
that the benefits observed from practicing any or all of these actions
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are derived from these common elements (for review, see Watts,
2000), and followers of these practices attest that engaging in this
kind of intentional attunement leads to improved awareness of a
variety of internal states, including bodily awareness (Kabat-Zinn,
1990; Kornfield, 1996; Nairn, 2000).

Khalsa etal. (2008) empirically tested this assertion by exam-
ining interoceptive accuracy among two groups of experienced
meditators, Tibetan Buddhists and Kundalini monks, and compar-
ing them to a group of non-meditators. The authors assessed both
self-perceived interoceptive awareness (i.e., participants’ reports
of their interoceptive performance) and actual interoceptive accu-
racy (i.e., on a heartbeat detection task). Contrary to prediction,
experienced meditators displayed comparable levels of accuracy
relative to non-meditators, but self-reported higher levels of inte-
roceptive awareness. Similar findings have also been reported by
Nielsen and Kaszniak (2006), albeit with a smaller sample size
and no control group. Taken together, these findings suggest that
contrary to lay assumptions, chronic engagement in meditative
practices only appears to heighten somatic awareness but does not
appear to improve actual interoceptive accuracy.

Despite the lack of evidence for a direct link between medita-
tive practices and interoceptive accuracy, these practices are not
without other physiological and psychological benefits. Empiri-
cal studies comparing yoga with relaxation exercises, for example,
have found that both practices yielded similar physical and psycho-
logical benefits (e.g., decreases in heart rate and blood pressure,
increases in self-esteem—7Jaggi, 1979; Cusumano and Robinson,
1992). Other studies have found additional physiological ben-
efits of yoga, including asthma and hyperventilation (Chandra,
1994) and hypertension (Steptoe, 1981). Similar arguments have
been made about mindfulness techniques, which have been shown
to prevent depressive rumination (e.g., Teasdale etal., 1995).
Recently, Shannahoff-Khalsa proposed that combining medita-
tion with breathing and somatic exercises based on the Hindu
Tantric practice of Kundalini Yoga can be used as an interven-
tion for a wide range of psychiatric disorders. Thus, a review
of the empirical studies on meditation, mindfulness, and yoga
reveals mixed evidence for the effects of such contemplative
practices on bodily awareness and interoceptive accuracy—these
meditative practices appear to facilitate the former, but not the
latter; these limitations notwithstanding, they may offer physi-
ological and psychological benefits in other contexts apart from
interoception.

PART 4: CULTURE, INTEROCEPTION, AND
PSYCHOPATHOLOGY

A substantive body of work demonstrates that members of dif-
ferent cultural backgrounds exhibit differential levels of somatic
symptoms in response to both physical and mental illness. In the
context of physical illness, African—Americans are more likely to
report bodily symptoms after exercise, surgery, and in response
to a variety of diseases (Faucett etal., 1994; Sheffield etal., 1999;
Edwards etal., 2001). In the context of psychological distress,
members of non-Western cultures are more likely to report bod-
ily symptoms rather than purely affective ones; this pattern has
been demonstrated with African (Chowdhury, 1996; Dzokoto
and Adams, 2005); African—American (Friedman and Paradis,

2002); Cambodian (Hinton et al., 2006, 2007); and Chinese sam-
ples (Park and Hinton, 2002; Ryder etal., 2008; Ryder and
Chentsova-Dutton, 2012).

The heightened rates of somatization of psychological distress
in Asian culture is perhaps the most widely studied example of
cultural variation in the cultural psychopathology literature (see
Ryder etal., 2002). Compared to individuals of European descent,
those from Asian countries are allegedly more likely to manifest
bodily symptoms when experiencing psychological distress. In one
of the initial studies on culture and epidemiology, Kleinman and
Good (1985) found that depression was rarely reported in Chi-
nese cultures, but neurasthenia—a similar illness characterized by
somatic symptoms—was much more prevalent; he subsequently
concluded the neurasthenia emerged as a culturally specific man-
ifestation of depression. Subsequent studies have similarly found
a greater tendency among Chinese to report somatic symptoms
(Tsoi, 1985; Chan, 1990; Simon et al., 1999; Yen et al., 2000; Parker
etal., 2001). In the attempt to explain these cultural differences,
numerous theoretical arguments have been put forth, including
linguistic features of the Chinese language (e.g., Leff, 1981); stigma
associated with psychiatric conditions (e.g., Goffman, 1963), and
differences in emotional expression norms (Sayar et al., 2003).

More recent research has challenged both theoretically and
empirically. Theoretically speaking, Cheung (1995) posited that
most of the explanations put forth for cultural variation in soma-
tization were formed on a post hoc basis rather than built as part
of the study designs. Empirically, Ryder etal. (2008) contended
that many of the existing studies that have found cultural differ-
ences in somatic symptom reporting lacked a Western comparison
sample and thus could not rule out the alternative explanation
that somatic symptoms is a general feature of depression; fur-
thermore, most studies relied on a single assessment mode, thus
leaving the influence of modality on the finding an open question.
Thus, in their study, Ryder et al. (2008) used three different assess-
ment modalities (self-report, clinical interview, questionnaire)
to assess symptom presentation among Chinese and European—
Canadians; they found that although Chinese patients reported
more somatic symptoms than European—Canadians, European—
Canadians reported more psychological symptoms, and the latter
effects was larger and more consistent than the former. The
authors concluded that in the context of depression, cultural dif-
ferences may center more on Western “psychologization” rather
than Eastern somatization.

Zaroff etal. (2012) also challenged the long-standing view of
somatization as a culture-specific pathology in their review of the
literature, which found that rates of somatic symptom report-
ing are comparable across cultures when ascertainment methods
are controlled for. They suggest that cultural variation in stigma
associated with psychological illness and service provision, along
with cultural socialization patterns, can explain what appears to be
cultural differences in symptom reporting; however, when assess-
ment techniques include direct questioning of mood and consider
response patterns on self-report, much of the aforementioned
cultural differences are attenuated.

Beyond depression, limited work has examined cultural differ-
ences in somatization with other psychopathologies. For example,
Viernes etal. (2007) examined the link between somatization of
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distress, food restriction and fat phobia among Filipino and West-
ern teenagers. They found that Western teenagers displayed more
food restriction practices and fat phobia, and lower levels of
somatization of distress. Fear of fatness was correlated with soma-
tization, and the authors raised the question of whether fat phobia
and somatization stand as culturally specific forms of expressing
psychological distress (see also Helman, 1990). Nevertheless, it
remained unclear based on their data whether such a link was
causal or epiphenomenal. However, given that past studies have
reliably shown interoceptive accuracy to relate to food deprivation
(Herbert etal., 2011, 2012a), obesity (Herbert and Pollatos, 2014)
and disordered eating (Koch and Pollatos, 2014b), it is likely that
cultural differences in accuracy may also lead to related differences
in food and eating disorders.

Likewise, somatization has been linked to other disorders in
cultural contexts, including a variety of anxiety-based disorders
(e.g., ataque de nervios, or “attack of nerves,” an unexplained
distress syndrome found in parts of Latin-America—Lopez etal.,
2011; Dhat syndrome, a culturally bound preoccupation with
perceived semen loss found in India—Ranjith and Mohan, 2006;
“Ode Ori,” a disorder characterized by a perceived crawling sen-
sation in the body found in Nigeria—Makanjuola, 1987). Beyond
these culture-specific disorders, somatic symptoms has also been
linked to more generalized reports of anxiety and depression (e.g.,
in Pakistan—Minhas and Nizami, 2006; Israel—Al-Krenawi and
Graham, 2004; Egypt— Abdel-Khalek and Lester, 2009; Mexico—
Varela etal., 2004), as well as specific reports of post-traumatic
stress and panic disorder (e.g., in Cambodia—Boehnlein, 2001).
Though suggestive, the limited number of studies done on the
role of culture and somatization in these disorders make it dif-
ficult to draw firm conclusions about how and why somatic
symptoms feature so prominently in a variety of both gener-
alized and culture-specific anxiety-based and depression-based
disorders. Nevertheless, the prevalence of somatization in non-
Western cultures is largely consistent with the finding that many
non-Western cultural group members exhibit lower levels of inte-
roceptive accuracy, given that somatization may reflect an inability
to accurately perceive one’s bodily states. Indeed, a growing body
of research supports this notion that somatization is a reflection
of poor interoceptive abilities (Gardner et al., 1990; Bogaerts et al.,
2008).

CONCLUSION
In summary, a review of the existing literature suggests that cross-
cultural differences in interoception can be summarized as follows:
(1) members of non-Western cultures tend to exhibit higher levels
of somatic awareness but lower levels of interoceptive accuracy; (2)
variation in cultural conceptualizations and epistemic traditions
can, in part, explain these differences, (3) cultural practices related
to meditation, yoga, and mindfulness, in line with the aforemen-
tioned evidence, appear to facilitate bodily awareness but fail to
improve actual accuracy, and (4) the heightened somatic aware-
ness among non-Western cultures is linked to a greater emphasis
on somatic symptoms in a wide array of psychopathologies—most
notably, depression and anxiety.

These findings notwithstanding, there remains several areas
that warrant further research in the context of culture and

interoception. First and most broadly, the overwhelming majority
of research in culture and interoception in particular and cul-
tural psychology in general has been focused on the East—West
comparison. Although this reliance on comparing members of
East—Asian and European—American cultures has been fruitful and
telling, there remains a substantive gap in our knowledge about
how Western models of embodiment and related psychological
processes emerge—or fail to emerge—in other cultural contexts.
A small but growing body of work has begun to tackle this ques-
tion in West Africa and Latin-America, but there remains much to
be explored in other cultural contexts.

A related need is greater precision in defining the nature of
observed cross-cultural differences. Few studies, if any, have
attempted to take a multidimensional view of somatic aware-
ness when assessing for cross-cultural differences. However, given
recent developments in our understanding of the complex nature
of body awareness (Mehling etal., 2012), future research can
more systematically use multidimensional measures of somatic
awareness (e.g., the MAIA—Mehling et al., 2012) in cross-cultural
contexts. Similarly, more work is needed to assess the robustness
of cross-cultural differences in interoceptive accuracy given the
relative paucity of empirical studies to date that have investigated
this construct.

Second, little is known about the role of somatic awareness
and interoceptive accuracy in cross-cultural, psychopathological
contexts apart from those relating to depression and/or anxiety.
An example of one pathology that warrants further research is the
role of culture and interoception in eating disorders. Although
there is some initial evidence that interoception is a key process in
anorexia nervosa (e.g., Arnold, 2012) and rates of anorexia nervosa
varies across cultures (e.g., see Simpson, 2002, for review), few
studies, if any, have examined whether interoceptive differences
can explain cultural variation in this disorder. The case of anorexia
nervosa serves as just one example of a psychopathology that may
be moderated by culture and interoception, but for which there is
limited research.

Third, more research is needed to elucidate how and when
culture-specific practices—including, but not limited to mindful-
ness, meditation, and yoga—can assist in or hinder interoceptive
accuracy. Despite the fact that existing empirical studies have
failed to find a reliable relationship between experienced medi-
tators and interoceptive accuracy, various alternative explanations
remain. Subsequent studies can aim to manipulate the practice
of meditation rather than rely on a self-selected sample of exist-
ing meditators to more directly assess the causal link between
meditation and interoceptive accuracy. Furthermore, additional
studies can assess interoceptive abilities in a wider array of forms
(e.g., in modalities other than heartbeat detection) and bodily
states (e.g., in states other than resting state). Doing so can help
further elucidate the precise mechanisms and boundary condi-
tions underlying the relationship between cultural practices and
interoception.

REFERENCES
Abdel-Khalek, A. M., and Lester, D. (2009). Death anxiety as related to
somatic symptoms in two cultures. Psychol. Rep. 105, 409-410. doi:

10.2466/PR0.105.2.409-410

Frontiers in Psychology | Consciousness Research

December 2014 | Volume 5 | Article 1379 | 81


http://www.frontiersin.org/Consciousness_Research/
http://www.frontiersin.org/Consciousness_Research/archive

Ma-Kellams

Culture, somatic awareness, and interoceptive accuracy

Al-Krenawi, A., and Graham, J. R. (2004). Somatization among Bedouin-Arab
women: differentiated by marital status. J. Divorce Remarriage 42, 131-143. doi:
10.1300/J087v42n01_06

Ameka, E K. (2001). “Multiverb constructions in a West African areal typological
perspective,” in Proceedings of TROSS-Trondheim Summer School (Trondheim:
Norwegian University of Science and Technology), 1-24.

Arambula, P, Peper, E., Kawakami, M., and Gibney, K. H. (2001). The physio-
logical correlates of Kundalini Yoga meditation: a study of a yoga master. Appl.
Psychophysiol. Biofeedback 26, 147-153. doi: 10.1023/A:1011343307783

Arias, A. ], Steinberg, K., Banga, A., and Trestman, R. L. (2006). Systematic review of
the efficacy of meditation techniques as treatments for medical illness. J. Altern.
Complement. Med. 12, 817-832. doi: 10.1089/acm.2006.12.817

Arnold, C. (2012). Inside the wrong body. Sci. Am. Mind 23, 36—41. doi:
10.1038/scientificamericanmind0512-36

Astin, J. A., Berman, B. M., Bausell, B., Lee, W. L., Hochberg, M., and Forys, K. L.
(2003). The efficacy of mindfulness meditation plus Qigong movement therapy
in the treatment of fibromyalgia: a randomized controlled trial. J. Rheumatol. 30,
2257-2262.

Barnes, P. M., Powell-Griner, E., McFann, K., and Nahin, R. L. (2004). “Complemen-
tary and alternative medicine use among adults: United States, 2002,” in Seminars
in Integrative Medicine, Vol. 2 (Philadelphia, PA: W.B. Saunders), 54-71.

Barrett, L. E.,, Quigley, K. S., Bliss-Moreau, E., and Aronson, K. R. (2004). Interocep-
tive sensitivity and self-reports of emotional experience. J. Pers. Soc. Psychol. 87,
684—697. doi: 10.1037/0022-3514.87.5.684

Bhajan, Y., and Khalsa, G. S. (2000). Breathwalk: Breathing Your Way to a Revitalized
Body, Mind and Spirit. New York: Broadway Books.

Boehnlein, J. K. (2001). Cultural interpretations of physiological processes
in PTSD and Panic disorder. Psychiatry 38, 461-467. doi:
10.1177/136346150103800403

Bogaerts, K., Millen, A., Li, W., De Peuter, S., Van Diest, I., Vlemincx, E., et al. (2008).
High symptom reporters are less interoceptively accurate in a symptom-related
context. J. Psychosom. Res. 65, 417—424. doi: 10.1016/].jpsychores.2008.03.019

Cameron, O. (2001). Interoception: the inside story-a model for psychosomatic pro-
cesses. Psychosom. Med. 63, 697-710. doi: 10.1097/00006842-200109000-00001

Chan, D. W. (1990). The meaning of depression: the Chinese word associations.
Psychologia 33, 191-196.

Chandra, E A. (1994). “Respiratory practices in yoga,” in Behavioral and Psychologi-
cal Approaches to Breathing Disorders, eds B. H. Timmons and R. Ley (New York:
Plenum).

Chentsova-Dutton, Y. E., and Dzokoto, V. (2014). Listen to your heart: the cul-
tural shaping of interoceptive awareness and accuracy. Emotion 14, 666-678. doi:
10.1037/a0036193

Cheung, F. M. (1995). “Facts and myths about somatization among the Chinese,”
in Chinese Societies and Mental Health, eds T.-Y. Lin, W. S. Tseng, and E. K. Yeh
(Hong Kong: Oxford University Press), 156—180.

Chowdhury, A. N. (1996). The definition and classification of koro. Cult. Med.
Psychiatry 20, 41-65. doi: 10.1007/BF00118750

Cioffi, D. (1991). Beyond attentional strategies: cognitive-perceptual model
of somatic interpretation. Psychol. Bull. 109, 25-41. doi: 10.1037/0033-
2909.109.1.25

Cioffi, D., and Holloway, J. (1993). Delayed costs of suppressed pain. J. Pers. Soc.
Psychol. 64, 274-282. doi: 10.1037/0022-3514.64.2.274

Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological
condition of the body. Nat. Rev. Neurosci. 3, 655—-666. doi: 10.1038/nrn894

Critchley, H. D., Wiens, S., Rotshtein, P, Ohman, A., and Dolan, R. J. (2004).
Neural systems supporting interoceptive awareness. Nat. Neurosci. 7, 189-195.
doi: 10.1038/nn1176

Cronbach, L. . (1986). “Social inquiry for and by earthlings,” in Metatheory in Social
Science: Pluralisms and Subjectivities, eds D. W. Fiske and R. A. Shweder (Chicago:
University of Chicago Press), 83-107.

Cusumano, J. A., and Robinson, S. E. (1992). The short-term psychophysiological
effects of hatha-yoga and progressive relaxation on female Japanese students.
Appl. Psychol. Int. ]. 42, 77-90. doi: 10.1111/j.1464-0597.1993.tb00725.x

Damasio, A. R. (1994). Descartes’ Error: Emotion, Reason and the Human Brain.
New York: Grosset/Putnam.

Dzokoto, V. A. (2010). Different ways of feeling: emotion and somatic awareness
in Ghanaians and Euro-Americans. J. Soc. Evol. Cult. Psychol. 4, 68-78. doi:
10.1037/h0099299

Transcult.

Dzokoto, V. A., and Adams, G. (2005). Understanding genital-shrinking epidemics
in West Africa: koro, juju, or mass psychogenic illness? Cult. Med. Psychiatry 29,
53-78. doi: 10.1007/s11013-005-4623-8

Dzokoto, V., and Okazaki, S. (2006). Happiness in the eye and heart: a com-
parison of somatic referencing in the emotion vocabularies of two West
African emotion lexica. J. Black Psychol. 32, 117-140. doi: 10.1177/0095798406
286799

Edwards, C. L., Fillingim, R. B., and Keefe, F. (2001). Race, ethnicity, and pain. Pain
94, 133-137. doi: 10.1016/50304-3959(01)00408-0

Fairclough, S. H., and Goodwin, L. (2007). The effect of psychological stress
and relaxation on interoceptive accuracy: implications for symptom perception.
J. Psychosom. Res. 62, 289-295. doi: 10.1016/j.jpsychores.2006.10.017

Faucett, J., Gordon, N., and Levine, J. (1994). Differences in postoperative pain
severity among four ethnic groups. J. Pain Symptom Manage. 9, 383-389. doi:
10.1016/0885-3924(94)90175-9

Flor, H., Denke, C., Schaefer, M., and Grusser, S. (2001). Effect of sensory discrim-
ination training on cortical reorganisation and phantom limb pain. Lancet 357,
1763-1764. doi: 10.1016/S0140-6736(00)04890-X

Friedman, S., and Paradis, C. (2002). Panic disorder in African-Americans: symp-
tomatology and isolated sleep paralysis. Cult. Med. Psychiatry 26, 179-198. doi:
10.1023/A:1016307515418

Gardner, R. M., Morrell, J. A., and Ostrowski, T. A. (1990). Somatization tendencies
and ability to detect internal body cues. Percept. Mot. Skills 71, 364-366. doi:
10.2466/pms.1990.71.2.364

Geurts, K. L. (2003). Culture and the Senses: Bodily Ways of Knowing in an African
Community. Berkeley: University of California Press.

Goffman, E. (1963). Stigma: Notes on the Management of Spoiled Identity. New York:
Prentice Hall.

Heine, S., and Norenzayan, A. (2006). Towards of psychology for a cultural species.
Perspect. Psychol. Sci. 1,251-269. doi: 10.1111/j.1745-6916.2006.00015.x

Helman, C. G. (1990). Culture, Health and Wellness. London: Wright.

Herbert, B. M., Herbert, C., Pollatos, O., Weimer, K., Enck, P, Sauer, H.,
etal. (2012a). Effects of short-term food deprivation on interoceptive aware-
ness, feelings and autonomic cardiac activity. Biol. Psychol. 89, 71-79. doi:
10.1016/j.biopsycho.2011.09.004

Herbert, B., Muth, E., Pollatos, O., and Herbert, C. (2012b). Interoception
across modalities: on the relationship between cardiac awareness and the sen-
sitivity for gastric functions. PLoS ONE 7:e36646. doi: 10.1371/journal.pone.
0036646

Herbert, B., Herbert, C., Pollatos, O., Weimer, K., Sauer, H., Enck, P, etal. (2011).
Effects of short-term food deprivation on interoceptive awareness, feelings and
autonomic cardiac activity. Biol. Psychiatry 28, 103-108.

Herbert, B., and Pollatos, O. (2014). Attenuated interoceptive sensitiv-
ity in overweight and obese individuals. Eat. Behav. 5, 445-448. doi:
10.1016/j.eatbeh.2014.06.002

Hinton, D. E., Chhean, D., Fama, J. M., Pollack, M. H., and McNally, R. J. (2007).
Gastrointestinal-focused panic attacks among Cambodian refugees: associated
psychopathology, flashbacks, and catastrophic cognitions. J. Anxiety Disord. 21,
42-58. doi: 10.1016/j.janxdis.2006.03.009

Hinton, D. E., Chhean, D., Pich, V., Um, K., Fama, J. M., and Pollack,
M. H. (2006). Neck-focused panic attacks among Cambodian refugees; a
logistic and linear regression analysis. J. Anxiety Disord. 20, 119-138. doi:
10.1016/j.janxdis.2005.02.001

Ishii, K., Reyes, J. A., and Kitayama, S. (2003). Spontaneous attention to word
content versus emotional tone differences among three cultures. Psychol. Sci. 14,
39—46. doi: 10.1111/1467-9280.01416

Jaggi, O. P. (1979). Yogic and Tantric Meditation. Delhi: Atman Ram.

James, W. (1884). What is an emotion? Mind 9, 188-205. doi: 10.1093/mind/os-
1X.34.188

Ji, L. J., Peng, K., and Nisbett, R. E. (2000). Culture, control, and perception
of relationship in the environment. J. Pers. Soc. Psychol. 78, 943-955. doi:
10.1037/0022-3514.78.5.943

Jones, G. E., Jones, K., Rouse, C., Scott, D., and Caldwell, J. (1987). The effect
of body position on the perception of cardiac sensations: an experiment and
theoretical implications. Psychophysiology 24, 300-311. doi: 10.1111/j.1469-
8986.1987.tb00300.x

Kabat-Zinn, J. (1990). Full Catastrophe Living: Using the Wisdom of Your Body, and
Mind to Face Stress, Pain, and Illness. New York: Delta Trade Paperbacks.

www.frontiersin.org

December 2014 | Volume 5 | Article 1379 | 82


http://www.frontiersin.org/
http://www.frontiersin.org/Consciousness_Research/archive

Ma-Kellams

Culture, somatic awareness, and interoceptive accuracy

Kanagawa, C., Cross, S. E., and Markus, H. R. (2001). “Who am I?” The cul-
tural psychology of the conceptual self. Pers. Soc. Psychol. Bull. 27, 90-103. doi:
10.1177/0146167201271008

Khalsa, S., Rudrauf, D., Damasio, A., Davidson, R. J., Lutz, A., and Tranel, D. (2008).
Interoceptive awareness in experienced meditators. Psychophysiology 45,671-677.
doi: 10.1111/).1469-8986.2008.00666.x

Kleinman, A. (1986). Social Origins of Distress and Disease: Depression, Neurasthenia,
and Pain in Modern China. New Haven: Yale University Press.

Kitayama, S., Duffy, S., Kawamura, T., and Larsen, J. (2003). Perceiving an object
and its context in different cultures: a cultural look at new look. Psychol. Sci. 14,
201-206. doi: 10.1111/1467-9280.02432

Kitayama, S., and Ishii, K. (2002). Word and voice: spontaneous atten-
tion to emotional speech in two cultures. Cogn. Emot. 16, 29-59. doi:
10.1080/0269993943000121

Kleinman, A., and Good, B. (eds). (1985). Culture and Depression: Studies in the
Anthropology and Cross-Cultural Psychiatry of Affect and Disorder. Berkeley, CA:
University of California Press.

Koch, A., and Pollatos, O. (2014a). Cardiac sensitivity in children: sex differences
and its relationship to parameters of emotional processing. Psychophysiology 51,
932-941. doi: 10.1111/psyp.12233

Koch, A., and Pollatos, O. (2014b). Interoceptive sensitivity, body weight and
eating behavior in children: a prospective study. Front. Psychol. 5:1003. doi:
10.3389/fpsyg.2014.01003

Kornfield, J. (1996). Living Dharma: Teachings of Twelve Buddhist Masters. Boston,
MA: Shambala Publications.

Kroeber, A. L., and Kluckhohn, C. (1952). Culture: a critical review of concepts and
definitions. Papers of the Peabody Museum of Archaeology and Ethnology, Harvard
University, Cambridge, MA.

Laskowski, E. R. (2000). Proprioception. Sci. Princ. Sport Rehabil. 11, 323-340.

Leff, J. (1981). Psychiatry Around the Globe: A Transcultural View. New York, NY:
Marcel Dekker.

Lindstrom, E. (2002). Topics in the Grammar of Kuot, a Non-Austronesian Language
of New Ireland, Papua New Guinea. Ph.D. thesis, Department of Linguistics,
Stockholm University, Stockholm.

Lopez, I, Ramirez, R., Guarnaccia, P, Canino, G., and Bird, H. (2011).
Ataques de nervios and somatic complaints among Island and mainland Puerto
Rican children. CNS Neurosci. Therapeutics 17, 158-166. doi: 10.1111/j.1755-
5949.2010.00137.x

Lutz, A., Dunne, J. D., and Davidson, R. J. (2007). Meditation and the Neuroscience
of Consciousness: An Introduction. New York: Cambridge University Press.

Makanjuola, R. O. (1987). ‘Ode Ori’: a culture-bound disorder with prominent
somatic features in Yoruba Nigerian patients. Acta Psychiatr. Scand. 75, 231-236.
doi: 10.1111/§.1600-0447.1987.tb02781.x

Ma-Kellams, C., Blascovich, J., and McCall, C. (2012). Culture and the body: East—
West differences in visceral perception. J. Pers. Soc. Psychol. 102, 718-728. doi:
10.1037/20027010

Markus, H. R., and Kitayama, S. (1991). Culture and the self: implications
for cognition, emotion, and motivation. Psychol. Rev. 98, 224-253. doi:
10.1037/0033-295X.98.2.224

Masuda, T., and Nisbett, R. E. (2001). Attending holistically versus analytically:
comparing the context sensitivity of Japanese and Americans. J. Pers. Soc. Psychol.
81,922. doi: 10.1037/0022-3514.81.5.922

Matsuki, K. (1995). “Metaphors of anger in Japanese,” in Language and the Cognitive
Construal of the World, eds J. R. Taylor and R. MacLaury (Berlin: Mouton),
137-151.

Matthias, E., Schandry, R., Duschek, S., and Pollatos, O. (2009). On the rela-
tionship between interoceptive awareness and the attentional processing of
visual stimuli. Int. J. Psychophysiol. 72, 154-159. doi: 10.1016/j.ijpsycho.2008.
12.001

Mbiti, J. S. (1970). African Religions and Philosophies. New York: Doubleday.

Mehling, W., Daubenmeier, J., Price, C., Acree, M., Bartmess, E., and Stewart, A.
(2012). The multidimensional assessment of interoceptive awareness. PLoS ONE
7:¢48230. doi: 10.1371/journal.pone.0048230

Minhas, E A., and Nizami, A. T. (2006). Somatoform disorders: perspectives from
Pakistan. Int. Rev. Psychiatry 18, 55-60. doi: 10.1080/09540260500466949

Morris, M. W.,, and Peng, K. (1994). Culture and cause: American and Chinese
attributions for social and physical events. J. Pers. Soc. Psychol. 67, 949-971. doi:
10.1037/0022-3514.67.6.949

Nairn, R. (2000). What is Meditation? Buddhism for Everyone. Boston, MA:
Shambhala Publications.

Nielsen, L., and Kaszniak, A. W. (2006). Awareness of subtle emotional feelings: a
comparison of long-term meditators and nonmeditators. Emotion 6, 392—405.
doi: 10.1037/1528-3542.6.3.392

Ots, T. (1990). The angry liver, the anxious heart, and the melancholy spleen. Cult.
Med. Psychiatry 14, 22-58. doi: 10.1007/BF00046703

Park, L., and Hinton, D. (2002). Dizziness and panic in China: associated sensa-
tions of zang fu organ disequilibrium. Cult. Med. Psychiatry 26, 225-257. doi:
10.1023/A:1016341425842

Parker, G., Cheah, Y. C., and Roy, K. (2001). Do the Chinese somatize depression?
A cross-cultural study. Soc. Psychiatry Psychiatr. Epidemiol. 36, 287-293. doi:
10.1007/s001270170046

Peng, C. K., Henry, I. C., Mietus, J. E., Hausdorff, J. M., Khalsa, G., Benson, H., et al.
(2004). Heart rate dynamics during three forms of meditation. Int. J. Cardiol. 95,
19-27. doi: 10.1016/j.ijcard.2003.02.006

Pennebaker, J. M. (1995). “Beyond laboratory-based cardiac perception: ecolog-
ical interoception,” in From the Heart to the Brain. The Psychophysiology of
Circulation—Brain Interaction, eds D. Vaitl and R. Schandry (New York: Peter
Lang Publishing), 389-406.

Pennebaker, J. M., and Hoover, C. W. (1984). Visceral perception versus visceral
detection—disentangling methods and assumptions. Biofeedback Self Regul. 9,
339-352. doi: 10.1007/BF00998977

Philippot, P., and Rimé, B. (1997). The perception of bodily sensation during
emotion: a cross-cultural perspective. Pol. Bull. Psychol. 28, 175-188.

Ranjith, G., and Mohan, R. (2006). Dhat Syndrome as a functional somatic syn-
drome: developing a sociosomatic model. Psychiatry Interpers. Biol. Process. 69,
142-150. doi: 10.1521/psyc.2006.69.2.142

Richerson, P. J., and Boyd, R. (2005). Not by Genes Alone. Chicago: University of
Chicago press.

Rimé, B., Philippot, P., and Cisamolo, D. (1990). Social schemata of peripheral
changes in emotion. J. Pers. Soc. Psychol. 59, 38-49. doi: 10.1037/0022-
3514.59.1.38

Rozin, P. (2001). Social psychology and science: some lessons from Solomon Asch.
Pers. Soc. Psychol. Rev. 5, 2—14. doi: 10.1207/S15327957PSPR0501_1

Ryder, A. G., and Chentsova-Dutton, Y. E. (2012). Depression in sociocultural
context: Chinese somatization, revisited. Psychiatr. Clin. North Am. 35, 15-36.
doi: 10.1016/j.psc.2011.11.006

Ryder, A. G., Yang, J., and Heine, S. J. (2002). “Somatization vs. psychologization
of emotional distress: a paradigmatic example for cultural psychopathology,”
in Online Readings in Psychology and Culture, eds W. J. Lonner, D. L. Dinnel,
S. A. Hayes, and D. N. Sattler, Unit 9, Chap. 3. (Bellingham, WA: Center for
Cross-Cultural Research, Western Washington University).

Ryder, A. G., Yang, J., Zhu, X., Yao, S., Yi, J., Heine, S. J., etal. (2008).
The cultural shaping of depression: somatic symptoms in China, psycholog-
ical symptoms in North America? J. Abnormal Psychol. 117, 300-313. doi:
10.1037/0021-843X.117.2.300

Sayar, K., Kirmayer, L. J., and Taillefer, S. S. (2003). Predictors of somatic symptoms
in depressive disorder. Gen. Hosp. Psychiatry 25, 108—114. doi: 10.1016/S0163-
8343(02)00277-3

Schachter, S., and Singer, J. E. (1962). Cognitive, social and physiological determi-
nants of emotional state. Psychol. Rev. 63, 379-399. doi: 10.1037/h0046234

Selby, J. (1992). Kundalini Awakening: A Gentle Guide to Chakra Activation and
Spiritual Growth. New York: Bantam Books.

Sheffield, D., Kirby, D. S., Biles, P. L., and Sheps, D. S. (1999). Comparison
of perception of angina pectoris during exercise testing in African-Americans
versus Caucasians. Am. J. Cardiol. 83, 106-108. doi: 10.1016/S0002-9149(98)
00790-5

Simon, G. E., VonKorff, M., Piccinelli, M., Fullerton, C., and Ormel, ]J.
(1999). An international study of the relation between somatic symptoms and
depression. N. Engl. J. Med. 341, 1321-1335. doi: 10.1056/NEJM199910283
411801

Simpson, K. J. (2002). Anorexia nervosa and culture. J. Psychiatry Ment. Health
Nurs. 9, 65-71. doi: 10.1046/j.1351-0126.2001.00443.x

Slobin, D. (2003). “Language and thought online: cognitive consequences of lin-
guistic relativity,” in Language in Mind: Advances in the Study of Language and
Thought, eds D. Gentner and S. Goldin-Meadow (Cambridge, MA: MIT Press),
157-191.

Frontiers in Psychology | Consciousness Research

December 2014 | Volume 5 | Article 1379 | 83


http://www.frontiersin.org/Consciousness_Research/
http://www.frontiersin.org/Consciousness_Research/archive

Ma-Kellams

Culture, somatic awareness, and interoceptive accuracy

Soto, J. A., Levenson, R. W., and Ebling, R. (2005). Cultures of moderation and
expression: emotional experience, behavior and physiology in Chinese Americans
and Mexican Americans. Emotion 5, 154-165. doi: 10.1037/1528-3542.5.2.154

Steptoe, A. (1981). Psychological Factors in Cardiovascular Disorders. London:
Academic Press.

Teasdale, J. D., Segal, Z., and Williams, J. M. G. (1995). How does cognitive therapy
prevent depression relapse, and why should attentional training (mindfulness)
help? Behav. Res. Ther. 33,25-39. doi: 10.1016/0005-7967(94)E0011-7

Tomasello, M. (1999). The Cultural Origins of Human Cognition. Cambridge, MA:
Harvard University Press.

Tsai, J. L., Chentsova-Dutton, Y., Freire-Bebeau, L., and Przymus, D. (2002).
Emotional expression and physiology in EA and Hmong-Americans. Emotion
2,380-397. doi: 10.1037/1528-3542.2.4.380

Tsai, J. L., Simeonova, D. 1., and Watanabe, J. T. (2004). Somatic and social: Chi-
nese Americans talk about emotion. Pers. Soc. Psychol. Bull. 30, 1226-1238. doi:
10.1177/0146167204264014

Tsoi, W.-E. (1985). “Mental health in Singapore and its relation to Chinese culture,”
in Chinese Culture and Mental Health, eds W.-S. Tseng and Y.-H. Wu (Orlando,
FL: Academic Press), 229-250.

Tung, M. P. (1994). Symbolic meanings of the body in Chinese culture and
“somatization”. Cult. Med. Psychiatry 18, 483—492. doi: 10.1007/BF01565850

Turpin, M. (2002). Body part terms in Kaytetye feeling expressions. Pragmat. Cogn.
10, 271-305. doi: 10.1075/pc.10.1-2.12tur

Vaitl, D. (1996). Interoception. Biol. Psychiatry 42, 1-27. doi: 10.1016/0301-
0511(95)05144-9

Van den Bergh, O., Stegen, K., and Van de Woestijne, K. P. (1998). Memory effects
on symptom reporting in a respiratory learning paradigm. Health Psychol. 17,
241-248. doi: 10.1037/0278-6133.17.3.241

Varela, R., Vernberg, E. M., Sanchez-Sosa, A., Mitchell, M., and Mashunka-
shev, J. (2004). Anxiety reporting and culturally associated interpretation biases
and cognitive schemas: a comparison of Mexican, Mexican American, and
European-American families. J. Clin. Child Adolesc. Psychol. 33, 237-247. doi:

10.1207/s15374424jccp3302_4
Viernes, N., Zaidan, Z. A., Dorvlo, A. S., Kayano, M., Yoishiuchi, K., Kumano,

H., etal. (2007). Tendency toward deliberate food restriction, fear of fatness
and somatic attribution in cross-cultural samples. Eat. Behav. 8, 407-417. doi:
10.1016/j.eatbeh.2006.12.003

Watkins, E., and Moulds, M. (2005). Distinct modes of ruminative self-focus: impact
of abstract versus concrete rumination on problem solving in depression. Emotion
5,319-328. doi: 10.1037/1528-3542.5.3.319

Watts, E. (2000). Psychological research questions about yoga. Ment. Health Religion
Cult. 3, 71-83. doi: 10.1080/13674670050002126

Werner, N. S., Jung, K. Duschek, S., and Schandry, R. (2009).
Enhanced cardiac perception is associated with benefits in decision-
making. Psychophysiology 46, 1123-1129. doi: 10.1111/j.1469-8986.2009.
00855.x

Wiens, S. (2005). Interoception in emotional experience. Curr. Opin. Neurol. 18,
442-447. doi: 10.1097/01.wc0.0000168079.92106.99

Wierzbicka, A. (1993). A conceptual basis for cultural psychology. Ethos21,205-231.
doi: 10.1525/eth.1993.21.2.02a00040

Wierzbicka, A. (1995). The relevance of language to the study of emotions. Psychol.
Ing. 6,248-252. doi: 10.1207/s15327965pli0603_13

Ye, Z. (2002). Different modes of describing emotions in Chinese: bodily changes,
sensations, and bodily images. Pragmat. Cogn. 10, 307-339. doi: 10.1075/pc.10.1-
2.13ye

Yen, S., Robins, C. J., and Lin, N. (2000). A cross-cultural comparison of depressive
symptom manifestation: China and the United States. J. Consult. Clin. Psychol.
68,993-999. doi: 10.1037/0022-006X.68.6.993

Zaroff, C. M., Davis, J. M., Chio, P. H., and Madhavan, D. (2012). Somatic pre-
sentations of distress in China. Aust. N. Z. J. Psychiatry 46, 1053—-1057. doi:
10.1177/0004867412450077

Conflict of Interest Statement: The author declares that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 30 August 2014; accepted: 11 November 2014; published online: 03 December
2014.

Citation: Ma-Kellams C (2014) Cross-cultural differences in somatic awareness and
interoceptive accuracy: a review of the literature and directions for future research.
Front. Psychol. 5:1379. doi: 10.3389/fpsyg.2014.01379

This article was submitted to Consciousness Research, a section of the journal Frontiers
in Psychology.

Copyright © 2014 Ma-Kellams. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

www.frontiersin.org

December 2014 | Volume 5 | Article 1379 | 84


http://dx.doi.org/10.3389/fpsyg.2014.01379
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Consciousness_Research/archive

1' frontiers

CORRECTION
published: 17 August 2016

n Psycholog Yy doi: 10.3389/fpsyg.2016.01240
CrossMark
Addendum: Cross-cultural
differences in somatic awareness
and interoceptive accuracy: a review
of the literature and directions for
future research
Christine Ma-Kellams *
Department of Psychology, University of La Verne, La Verne, CA, USA
Keywords: culture, somatic awareness, interoception, somatization, meditation
An addendum on
Cross-cultural differences in somatic awareness and interoceptive accuracy: a review of the
literature and directions for future research
by Ma-Kellams, C. (2014). Front. Psychol. 5:1379. doi: 10.3389/fpsyg.2014.01379
OPEN ACCESS Reason for addendum:
In the original version of this paper, parts of the text inadvertently contained notes and overlooked
Edited by: important contributions from the literature, resulting in statements that were improperly worded
o ~ Wolf . Mehiing, or insufficiently cited. Below are the corrections, with apologies to the authors.
University of Callfornie, San Francrlsjcsi, In the original text in Part 1: Cross-Cultural Differences describing the differences between
somatic or interoceptive awareness versus accuracy (i.e., the text starting with “Somatic or
Reviewed by:

Beate M. Herbert,
Eberhard Karls University, Tubingen,
Germany

*Correspondence:
Christine Ma-Kellams
cma-kellams@laverne.edu

Specialty section:

This article was submitted to
Consciousness Research,

a section of the journal
Frontiers in Psychology

Received: 22 June 2016
Accepted: 04 August 2016
Published: 17 August 2016

Citation:

Ma-Kellams C (2016) Addendum:
Cross-cultural differences in somatic
awareness and interoceptive
accuracy: a review of the literature
and directions for future research.
Front. Psychol. 7:1240.

doi: 10.3389/fpsyg.2016.01240

interoceptive awareness centers on...” to the end of the paragraph), it should state that Chentsova-
Dutton and Dzokoto (2014) were the ones who contended that awareness and accuracy are
differentially driven by a distinct constellation of processes, citing evidence that awareness is driven
by cultural schemas (e.g., Rimé et al.,, 1990) whereas accuracy is driven more by bodily cues
(e.g., Jones et al., 1987); they also cite additional evidence (e.g., from Pennebaker and Hoover,
1984; Critchley et al., 2004; Fairclough and Goodwin, 2007) that the two forces do not always
go hand-in-hand. It should also state that although previous studies have used performance on
a heartbeat detection task (i.e., assessment of the difference between a participants’ reported
heartbeats and actual heartbeats) as a measure of interoceptive awareness (e.g., Pollatos et al,,
2007; Herbert et al., 2012), there is now a general consensus among interception researchers that
awareness and accuracy are not the same (Bornemann et al., 2015; Farb et al., 2015; Garfinkel et al.,
2015), and that while awareness is about being cognitively mindful of one’s bodily states, accuracy is
about whether perception of one’s bodily states aligns with reality; as such, people who are high on
awareness are not necessarily also high on accuracy (for review, see Ceunen et al., 2013). However,
variation still exists when it comes to the definition of interoceptive awareness, and what usage of
that term refers to Mehling et al. (2012) and Garfinkel et al. (2015).

The original text from the same paragraph in Part 1 stated that traditional models of African
medicine emphasized the holistic, harmonious integration of mind and body (Mbiti, 1970) but
should state that this was a feature of traditional African religions, correct the year of the publication
to 1969, and specify that according to Mbiti, traditional African religion takes a holistic approach to
“occupyling] the whole person” (Mbiti, 1969, p. 3); as such “no line is drawn between the spiritual
and physical” (Mbiti, 1969; p. 4).

Frontiers in Psychology | www.frontiersin.org

August 2016 | Volume 7 | Article 1240 | 85


http://www.frontiersin.org/Psychology
http://www.frontiersin.org/Psychology/editorialboard
http://www.frontiersin.org/Psychology/editorialboard
http://www.frontiersin.org/Psychology/editorialboard
http://www.frontiersin.org/Psychology/editorialboard
http://dx.doi.org/10.3389/fpsyg.2016.01240
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2016.01240&domain=pdf&date_stamp=2016-08-17
http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:cma-kellams@laverne.edu
http://dx.doi.org/10.3389/fpsyg.2016.01240
http://journal.frontiersin.org/article/10.3389/fpsyg.2016.01240/full
http://loop.frontiersin.org/people/76030/overview
http://dx.doi.org/10.3389/fpsyg.2014.01379

Ma-Kellams

Culture and Somatic Awareness

In the original text, also in Part 1, that distinguished
between two forms of bodily awareness (i.e., “Additionally,
a further distinction can be made between proprioceptive
versus interoceptive awareness...” and the following sentence),
it should state that three distinctions can be made for
sensory awareness more broadly (including, but not limited
to, forms of bodily awareness): between: (1) exteroception or
mechanoreception—i.e., of eyes, ears, skin; (2) prioprioception—
i.e., of muscles, joints, and (3) interoception—i.e., of internal
organs (for review, see Cacioppo et al., 2007; see also Chentsova-
Dutton and Dzokoto, 2014 and Garfinkel and Ciritchley,
2013). Although bodily awareness more appropriately describes
prioprioception and interoception (but not exteroception), it
can still include mental processes that follow from perceiving
and judging external features of the body (Daubenmier, 2005;
Mehling et al., 2009; Daubenmier et al., 2016).

In the original text that described cultural groups who
emphasized their body in language and illness (i.e., the paragraph
texts that state “A growing number of recent studies has
found that many cultural groups...” from Part 1 and “In
the context of physical illness...” from Part 4: Interoception
and Psychopathology), it should state that Chentsova-Dutton
and Dzokoto (2014) observed these trends in non-European-
American contexts (i.e., among the cited studies from Papua New
Guinea, aboriginal Australia, West Africa, China, and Cambodia,
and among African-Americans in the U.S.). It should also be
noted that in addition to these cases, many cultural groups
also emphasize the body in their use of language terms. To
illustrate, the Ifaluk of Micronesia do not appear to have a specific

word for “emotion” but rather, related words that refer more to
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characterized by aberrant emotion processing and IA on the subjective as well as on the
neural level. However, a link between neural activity in response to IA and alexithymic
traits in health and depression remains unclear.

Methods: A well-established fMRI task was used to investigate neural activity during
IA (heartbeat counting) and exteroceptive awareness (tone counting) in non-psychiatric
controls (NC) and MDD. Firstly, comparing MDD and NC, a linear relationship between
IA-related activity and scores of the Toronto Alexithymia Scale (TAS) was investigated
through whole-brain regression. Secondly, NC were divided by median-split of TAS
scores into groups showing low (NC-low) or high (NC-high) alexithymia. MDD and
NC-high showed equally high TAS scores. Subsequently, IA-related neural activity was
compared on a whole-brain level between the three independent samples (MDD, NC-low,
NC-high).

Results: \Whole-brain regressions between MDD and NC revealed neural differences
during IA as a function of TAS-DD (subscale difficulty describing feelings) in the
supragenual anterior cingulate cortex (SACC; BA 24/32), which were due to negative
associations between TAS-DD and IA-related activity in NC. Contrasting NC subgroups
after median-split on a whole-brain level, high TAS scores were associated with
decreased neural activity during IA in the sACC and increased insula activity. Though
having equally high alexithymia scores, NC-high showed increased insula activity
during |A compared to MDD, whilst both groups showed decreased activity in
the sACC.
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Conclusions: Within the context of decreased sACC activity during IA in alexithymia
(NC-high and MDD), increased insula activity might mirror a compensatory mechanism
in NC-high, which is disrupted in MDD.

Keywords: major depressive disorder, alexithymia, interoceptive awareness, insula, sACC, interoception, fMRI,

neuroimaging

Introduction

Alexithymia is a multifaceted personality construct characterized
by individuals having difficulties identifying or describing
feelings. The term literally means “no words for feelings” and
was introduced by Sifneos (1973) based on observations of
psychosomatic disorder patients. Subsequent investigations have
identified a link between alexithymic traits and other mental
illnesses, including affective disorders like major depression
(Bankier et al., 2001; Honkalampi et al., 2001; Saarijirvi et al.,
2001; Leweke et al., 2012) and somatoform disorder (Karvonen
etal., 2005; Burba et al., 2006). The 20-item Toronto Alexithymia
Scale (TAS-20, Bagby et al., 1994a,b; see De Gucht and Heiser,
2003 for review) is the most commonly used self-report
measurement of alexithymia. In line with Sifneos’ observations,
TAS scores were found to be associated with increased levels
of subjective body awareness (Nakao et al., 2002; Kano et al,
2007; Ernst et al., 2014) and depressive symptoms (Honkalampi
et al., 2001; Saarijarvi et al., 2001). The described triangular
interconnection between alexithymia, bodily awareness and
depressive symptoms (see Harshaw, 2015 for review) is also
evident in the general population (see Honkalampi et al,
2000 on depression and alexithymia; see Mattila et al., 2008
on alexithymia and somatization). This supports the view of
alexithymia being a relatively stable personality trait (Luminet
et al, 2001; Saarijarvi et al., 2006; Stingl et al., 2008) and
emphasizes the need for more investigations in non-psychiatric
participants. Despite these strong relationships between
alexithymic traits and major depression, both of which include
aberrant emotional and body awareness, the association between
neural activity in response to body awareness and alexithymic
traits in health and depression remains to be described.

A growing body of research in the field of neuroimaging has
investigated body-related processes in the form of interoceptive
stimuli. Neural activity during interoceptive awareness (IA)-the
awareness of stimuli, such as the heartbeat, that originate within
the body-is considered an important factor in the processing of
emotions (Damasio, 1999; Lamm and Decety, 2008; Lamm and
Singer, 2010; Gu et al., 2013). Alexithymia and IA are therefore
linked by a similar feature, namely the perception of body-
related and emotional stimuli. As proposed previously (e.g., by
Gu et al, 2013; Kano and Fukudo, 2013), alexithymia might
show differential associations with IA-related neural activity
in brain regions implicated in subjective interoceptive and
emotional experience. However, few neuroimaging studies have
investigated neural activity during IA in affective disorders like
major depressive disorder (MDD). These have shown aberrant
neural activity during IA in MDD, particularly decreased neural
activity in the insula (Wiebking et al., 2010, 2015; Avery et al.,

2014). Although no investigations have directly targeted neural
processes during IA in alexithymia, neuroimaging studies have
shown altered neural activity in response to emotional stimuli
in brain structures associated with IA such as the insula and
the anterior cingulate cortex (ACC) (see Wingbermiihle et al.,
2012 for review). For example, Karlsson et al. (2008) used
visual emotional stimuli in H,'°O-PET (positron emission
tomography) to investigate regional cerebral blood flow changes
in healthy participants, which were recruited on the basis of
their high and low TAS scores. During emotional processing,
high-alexithymic individuals showed increased cerebral blood
flow in, amongst other brain regions, the insula. Less activation
was reported in the anterior cingulate when comparing high vs.
low alexithymic individuals. In another PET study comparing
high and low non-psychiatric TAS scorers, Kano et al. (2007)
investigated the effects of visceral stimulation. Alexithymic
participants showed increased activity during colonic distension
in the insula, but increased activity in the anterior cingulate
during physical stimulation. In addition to PET, a growing
number of functional magnetic resonance imaging (fMRI)
studies have found that alexithymia is associated with aberrant
task-evoked neural activity in response to emotional stimuli in
the insula and ACC. In this context, increased neural activity
in the insula, particularly in response to bodily stimuli, might
be associated with hyperawareness of somatosensory signals in
alexithymia, which has been described on the level of subjective
emotional experience and behavior (e.g., De Gucht and Heiser,
2003; Nakao and Barsky, 2007; Wingbermiihle et al., 2012; Kano
and Fukudo, 2013).

The observation of enhanced insula activity seems to be a
more consistent characteristic in alexithymia research compared
to decreased ACC activity. Increased insula activity is frequently
observed in response to awareness of interoceptive stimuli such
as the heartbeat, breathing or bladder state (Simmons et al., 2006;
Pollatos et al., 2007; Farb et al., 2013; Wiebking et al., 2014, 2015).
In alexithymia, increased insula activation was shown in response
to a variety of emotional tasks, such as viewing emotional
pictures (negative or positive) (Deng et al., 2013), viewing facial
expressions (happy or sad) (Lemche et al., 2013), viewing painful
pictures (human hands and feet) (Moriguchi et al., 2007), a
trauma script imagery task (Frewen et al, 2008) (posterior
insula), or in response to an empathy for pain paradigm (Bird
et al., 2010). However, simultaneously observed neural activity
in regions of the ACC showed inconsistent patterns across these
fMRI studies, ranging from increased activity (Deng et al., 2013;
Lemche et al., 2013; see also Heinzel et al., 2010) to decreased
responses (Moriguchi et al., 2007; Frewen et al., 2008; see also
Berthoz et al., 2002; Leweke et al., 2004). Combining self-reported
measures of body awareness and alexithymia with biochemical
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measurements, a recent MRS (magnetic resonance spectroscopy)
study investigated the association between alexithymia (TAS),
body awareness (Porges, 1993) and metabolite concentrations
of GABA (gamma-aminobutyric acid) and glutamate in the
insula and ACC (Ernst et al., 2014). Levels of glutamate, the
primary excitatory neurotransmitter in the brain, were positively
related to alexithymia and body awareness in the insula. The
finding of increased glutamate-mediated excitatory transmission
within the insula of alexithymic individuals supports the
aforementioned studies of increased insula activity, although
no direct neuro-biochemical relationship was demonstrated.
Considering the methodological and interpretative shortcomings
of MRS (Duncan et al.,, 2013), the results are further suggestive
of an aberrant interoceptive signal-to-noise ratio in the insula
in alexithymia. On the other hand, levels of GABA, the primary
inhibitory neurotransmitter in the brain, were positively related
to alexithymia in the ACC. Mediating a reduction of neural
responses, an enhanced GABAergic transmission in the ACC
may account for the decreased neural activity in alexithymia in
this region (Ernst et al., 2014).

Despite the fact that certain brain regions (insula, ACC) and
stimuli types (body-related interoceptive and emotional stimuli)
play a role in alexithymia (see for reviews Wingbermiihle et al,,
2012; Moriguchi and Komaki, 2013; van der Velde et al.,, 2013),
direct associations between alexithymic traits and neural activity
during IA remain unclear. To clarify these questions, a well-
established paradigm was used in the current fMRI study to
investigate neural activity during internal (heartbeat counting)
and external awareness (tone counting) in MDD and non-
psychiatric controls (NC) (Wiebking et al., 2014, 2010, 2015).
The 20-item TAS was used to objectify alexithymia. It is the
most widely used self-report instrument to measure the degree of
alexithymia and consist of three subscales: difficulties identifying
feelings (DI), difficulties describing feelings (DD) and external
oriented thinking (EO) (Bagby et al., 1994a,b). In the first step,
a linear relationship between IA-related neural activity and TAS
scores comparing MDD and NC was investigated on a whole-
brain level, where TAS-DD showed significant effects. In the
second step, the self-reported scores of alexithymia in the NC
group, as assessed by TAS-DD, were dichotomized using a
median-split. This led to two NC subgroups, those with high
and those with low alexithymia scores. MDD and NC having
high TAS-DD scores showed equally high alexithymia scores.
Differences in fMRI response to IA between the three groups—
high alexithymic NC, low alexithymic NC, and MDD-were then
examined on the whole-brain level.

Based on previous neuroimaging findings in studies
investigating neural activation of alexithymia or IA, it was
hypothesized that differences would occur specifically during
IA in the insula and medial-frontal cortex depending on
alexithymia status. Though the literature depicts less consistent
findings regarding medial prefrontal activity compared to
insula responses in alexithymia, non-psychiatric alexithymic
individuals were expected to show reduced neural activity during
IA in the medial prefrontal regions, such as the ACC. This
assumption was based on decreased task-evoked activity in
the ACC in association with alexithymia (e.g., Berthoz et al,

2002; Leweke et al., 2004; Moriguchi et al., 2007; Frewen et al.,
2008; Karlsson et al., 2008). Moreover, lower connectivity
within medial frontal areas of the default mode network in
alexithymia (Liemburg et al., 2012), lower ACC gray matter
volumes in alexithymia (Borsci et al., 2009; Grabe et al., 2014)
and a positive connection between alexithymia and GABA in the
ACC (Ernst et al., 2014) support the assumption of decreased
neural responses in alexithymia. According to consistent
findings of increased insula activity in response to emotional
and bodily stimuli in alexithymia (e.g., Moriguchi et al., 2007;
Frewen et al., 2008; Deng et al., 2013; Lemche et al., 2013; see
Wingbermiihle et al., 2012; Kano and Fukudo, 2013 for reviews),
increased neural activity during IA was expected in the insula in
non-psychiatric alexithymic participants. In line with previous
neuroimaging studies investigating neural activity during IA
in MDD (Wiebking et al., 2010, 2015; Avery et al., 2014), the
alexithymic MDD group was hypothesized to show reduced
neural activity in the insula.

Methods

Participants

A group of 22 patients suffering from MDD and a group of 30
non-psychiatric controls (NC) underwent fMRI scanning. All
NC completed self-report measurements of the TAS as well as
fMRI scanning, but TAS scores for 6 MDD patients were missing.
Hence, 30 NC (mean age 33.73 = 11.62 years, range 22—60 years;
mean years of education: 16.05 £ 2.42; 15 female participants)
and 16 MDD patients (mean age 41.19 + 11.78 years, range
23-58 years; mean years of education: 15.72 + 2.88; 11 female
participants) completed both study parts and were included in
further analysis.

Patients with MDD were recruited in an acute state from
the Department of Psychiatry (University of Magdeburg) or
from the state hospital of Uchtspringe. Eligibility screening
procedures included the 21-item Beck Depression Inventory
(BDI, Beck et al, 1961) (n = 14 MDD: 30.57 & 7.00; NC:
n.a.) and the 20-item Beck Hopelessness Scale (BHS, Beck
et al, 1974) (n = 14 MDD: 12.29 £ 4.60; NC: 4.60 +
3.91) (please also refer to Supplementary Table 1). Diagnosis
of MDD was made by the participants’ treating psychiatrists
according to DSM-IV standards (Diagnostic and Statistical
Manual of Mental Disorders, 4th edition; American Psychiatric
Association, 1994). Exclusion criteria included major medical
illnesses, histories of seizures, metallic implants, a history of
substance dependence, head trauma with loss of consciousness,
pregnancy, and criteria for any psychiatric disorder other than
MDD. NC were recruited from the local community and were
questioned about psychiatric, neurological, or medical diseases
using a custom-made semistructured clinical questionnaire. All
participating individuals gave their written informed consent
before participating in this study. The study was approved by the
local ethics committee.

Psychometric Measures
The 20-item Toronto Alexithymia Scale (TAS-20, Bagby et al,
1994a) is the most widely used and validated self-report measure
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of alexithymia. The factors of the TAS-20 are replicable across
cultures (Taylor et al., 2003) and the current study used the
validated German version of the TAS-20 (Bach et al., 1996). Items
are rated using a 5-point Likert scale, ranging from 1 (strongly
disagree) to 5 (strongly agree). The 20-items are categorized
in three dimensions: difficulties identifying feelings (TAS-DI,
example item: “I am often confused about what emotion I am
feeling”), difficulties describing feelings (TAS-DD, example item:
“It is difficult for me to find the right words for my feelings”) and
externally oriented thinking (TAS-EO, example item: “I prefer
talking to people about their daily activities rather than their
feelings.”). High TAS scores indicate high alexithymic traits, i.e.,
more difficulties describing or identifying feelings.

fMRI Paradigm

A well-established fMRI design for investigating interoceptive
and exteroceptive awareness was used in this study
(Supplementary Figure 2B). The basic concept of the paradigm
was introduced by Critchley and Pollatos (Critchley et al,
2004; Pollatos et al., 2007) and further modified and applied in
fMRI studies of non-psychiatric and depressed participants by
Wiebking et al. (2010, 2014, 2015). Briefly, the paradigm consists
of three independent conditions (Supplementary Figure 2B).
Each condition was presented 48 times in total in a pseudo-
randomized order for 9-13 s each. Participants were instructed to
direct their awareness to the external or the internal environment
and count corresponding stimuli such as externally applied tones
or the own heartbeat. Alternatively, a condition without an active
task required no counting and served as baseline activity.

In more detail, participants were made familiar with the
fMRI task before the scanning session. All participants were
instructed by the same researcher (CW) following a standardized
protocol. Each participant received the same instructions and
all had the possibility to practice the paradigm on a computer
outside the MRI room. For practice and scanning sessions the
software Presentation (Neurobehavioral Systems) was used. The
fMRI paradigm used simple visual stimuli to indicate one of
the three condition types. All visual stimuli were dark colored
pictures centralized on the same light background and had the
same picture dimensions. In the scanner, an LCD projector was
used to project the visual stimuli onto a screen visible through
a mirror mounted on the headcoil. To indicate an IA condition,
the task type indicator-a dark colored picture of a stylized heart-
was presented on the same screen (jittered between 9-13s).
During these conditions individuals were asked to concentrate
on their body and silently count their own heartbeat. Any kind
of manipulation, such as holding their breath or evaluating their
pulse at the radial artery, was not allowed.

During exteroceptive awareness (EA), participants were asked
to focus on externally applied tones. As long as the task-
type indicator-a dark colored picture of a musical note-was
visible (jittered between 9-13 s) on the screen, study participants
counted the number of externally applied tones. Afterwards,
the number of counted heartbeats or tones was indicated on a
rating scale (4s). The indicator on the scale was moved by the
subject to the labeled position representing the number of beats
that they counted. Left and right button presses were used to

move the indicator to the left and right side on the scale. This
feedback component allowed the monitoring of the participant’s
attendance to the task.

Auditory stimuli were presented via the scanner loudspeaker.
Tones were presented throughout the scanning sessions at an
individually adapted volume to match the difficulty of both
counting tasks. To ensure equivalent difficulty of both tasks,
participants were instructed to adjust the volume of the tone to
the same level of perception difficulty as that of counting their
own heartbeat. This was done at the beginning of each of the
four scanning sessions, i.e., with the scanner acquiring images to
also account for scanner noise. Similar to the implementation of
the rating scale, participants used right and left button presses to
move an indicator on a rating scale corresponding to increase or
decrease the volume. To illustrate, where the heartbeat counting
was more difficult, an individual would lower the volume of
the external tone in order to make this aspect of the task
equally difficult to the heartbeat counting. This was explained
to the participants before the scan. Being a standard part of
each scanning session, participants also practiced this procedure
outside the MRI room on a computer including speakers. In
addition, the presentation frequency of the tones was adapted
to correspond to each participant’s heart-rate. The heart-rate
was recorded using the Siemens Physiological Monitoring Unit
(PMU) as described previously (Wiebking et al., 2014). In order
to control for habituation effects, the individual onset time of
each tone was jittered by 200 ms. Conditions with no particular
task (Shulman et al, 2009) were indicated by a dark cross
(9-13s). Participants were instructed to disengage, reduce any
cognitive work during these periods and maintain an undirected
awareness, i.e., focusing neither on internal nor external stimuli.
The total experiment consisted of four scanning sessions of
9.6 min each.

MRI Data Acquisition and Pre-Processing
Functional echo planar images (EPI) were acquired using a
3-Tesla whole body MRI system (Siemens Trio, Erlangen,
Germany). EPI with BOLD contrast were acquired using a body
coil transmit and 8-channel receive headcoil. Thirty slices aligned
at the AC-PC plane and covering the whole brain were acquired
per volume. A total of 1160 volumes were collected over four
scanning sessions per participant (FoV = 224 x 224 mm?; spatial
resolution = 3.5 x 3.5 x 4mm>; Tg = 30ms; Tr = 2000 ms;
flip angle = 80°). High resolution T;-weighted structural images
were also acquired, using the following settings: MPRAGE; FoV
=256 x 256 mm?; spatial resolution = 1 x 1 x 2 mm?>; T = 5 ms;
Tr= 1650 ms.

Functional data were processed using FSL (http://www.
fmrib.ox.ac.uk/fsl/) (Smith et al, 2004; Woolrich et al,
2009). Functional images were corrected for head movement
(MCFLIRT) (Jenkinson et al, 2002) and motion outliers,
brain-extracted (BET) (Smith, 2002), high-pass filtered with a
100s cut-off, and smoothed with a 5mm FWHM Gaussian
kernel. Structural data were processed according to the FSL-
VBM pipeline (Douaud et al., 2007) (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FSLVBM). First, structural images were brain-extracted
and gray matter-segmented before being registered to the
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MNI standard space using non-linear registration (Andersson
et al., 2007). The resulting images were averaged and flipped
along the x-axis to create a left-right symmetric, study-specific
gray matter template. Next, all native gray matter images
were non-linearly registered to this study-specific template and
modulated to correct for local expansion (or contraction) due
to the non-linear component of the spatial transformation.
The modulated gray matter images were used to quantify
the proportion of GM located in the regions of interest (see
below).

Since structured noise still remains in the fMRI data
after typical pre-processing steps, an independent component
analysis (ICA) was applied to denoise the data and hence
improve the sensitivity and specificity of the results. Using
Probabilistic Independent Component Analysis (Beckmann and
Smith, 2004) implemented in the MELODIC toolbox in FSL,
a group ICA was performed on the pre-processed fMRI data.
Components were visually inspected and classified as noise
or signals of interest, according to a detailed description of
an operationalized denoising procedure (Kelly et al., 2010). In
particular, components were considered as noise when they
showed a ring-like pattern in the periphery of the brain and
tightly clustered areas in the frontal regions (McKeown et al.,
1998), clusters with a location in the WM/cerebrospinal fluid
or an association with blood vessels (Sui et al., 2009; Zou et al.,
2009), spotted patterns diffusely spread over the brain, and
time courses showing a saw-tooth pattern or spikes (McKeown
et al., 1998). Individual timeseries from components that were
identified as noise were removed from the original fMRI data
through linear regression.

The statistical model for each participant involved the trial
onsets and durations for the two conditions of interest (IA, EA)
as well as parameters for motion outliers (FSL motion outliers)
and movement (MCFLIRT). These were obtained during pre-
processing steps and included as regressors to further minimize
the effects of head movement. Specific condition effects for
IA and EA (vs. implicit baseline) were tested by employing
linear contrasts for each subject and different conditions using
FEAT, Version 6.0 (Jenkinson et al., 2012). The resulting images
were submitted to a second level random-effects analysis and
subsequently two-sample unpaired ¢-tests were calculated on
images obtained for each participants volume set and different
conditions using FLAME (details below).

Higher-Level Statistical Analyses (Regression,
MANOVA, Group Comparisons)

In the first step, the inference of interest was whether a
linear relationship between neural activity (IA vs. implicit
baseline or EA vs. implicit baseline) and TAS scores differed
between groups (n = 16 MDD and n = 30 NC). The
result indicated that the group difference significantly varied
during IA in medial frontal regions as a function of TAS-DD
(Supplementary Figure 1A). In order to obtain more information
about the underlying factors, the calculation of individual group
slopes was required (see results for NC in Figure 1A and for
MDD in Supplementary Figure 1B). Whole-brain results were
corrected using Z (Gaussianized T/F) statistic images. These were

thresholded using clusters determined by Z > 2.3 and a cluster
significance threshold of P < 0.01 in case of NC (Worsley,
2001). In case of MDD patients, a less conservative threshold
of P < 0.05 was used, as the higher threshold was without any
result.

Next, three functional regions of interest (ROIs, Figure 1B)
were defined according to significant correlations as a function
of TAS-DD scores seen in Figure 1A. Mean BOLD responses
within these regions were calculated for each participant and
each condition using Featquery. Values were entered into
SPSS 17 (SPSS inc., Chicago, IL). For visualization purposes
only, mean IA-related activity within significant voxels of
activation was plotted against TAS-DD scores in NC and MDD
(Figure 1B, colors in correspondence to color of each ROI, values
depicting residuals since corrected for the amount of GM in
each ROI).

The NC group was then divided into two subgroups according
to TAS-DD scores using a median-split (boxplots in Figure 1C).
This resulted in a group with high TAS-DD scorers (NC-
highDD, n = 14) and a group with low TAS-DD scorers
(NC-lowDD, n = 16). Thus, the continuous TAS scores
were turned into a categorical variable. This approach can be
used to investigate differences (or similarities) of neural activity
during IA within the neurotypical participant group (comparing
IA-related neural activity between high and low alexithymic
individuals not suffering from any psychiatric disorder).
Similarly, neural IA-related activity of participants showing
the same range of self-reported TAS scores can be compared
(high alexithymic non-psychiatric participants and depressed
patients). In addition, equal sample sizes across the three groups
ensure stable results independent of possibly skewed subject
numbers.

IA or EA-related BOLD responses within ROIs showed no
extreme outliers (farther than three interquartile ranges away
from the first or third quartile) within the MDD group (n =
16) or the NC subgroups of high (n = 14) and low TAS-DD
scorers (n = 16). To test differences of neural activity between
these groups, a multivariate analysis of variance (MANOVA)
was performed (Figure 1C, right side). The three participant
groups (n = 16 MDD, n = 14 NC-highDD, n = 16 NC-
lowDD) were defined as the between-subjects factor. TAS scores
(DD, difficulties describing feelings; DI, difficulties identifying
feelings; EO, externally oriented thinking), BOLD responses
for each condition (IA and EA) and age were entered as
dependent within-subjects variables. Since gray matter volumes
have been associated with alexithymia (Borsci et al., 2009; Grabe
et al, 2014), the amount of GM within each ROI was also
included. Bonferroni correction was used for post-hoc testing
in order to reduce type I errors (Table1B and Figure 1C,
colors correspond to color of each ROI). Differences between
BHS scores were assessed by calculating univariate analysis of
variance, as two BHS values were missing in the MDD group,
which would lead to listwise exclusion of these individuals in
the MANOVA. To investigate an effect of region in the three
different ROIs independent of group, IA-related BOLD responses
were pooled together (n = 46). An ANOVA was performed
accordingly (between-subjects factor: three regions, dependent
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FIGURE 1 | (A) Individual group slope for non-psychiatric controls (NC,
n=230, Z > 2.3, P <0.01, x-coordinates are given in MNI space) as
a function of TAS-DD scores. Group differences of IA-related activity
between NC and patients with major depressive disorder (MDD) as a
function of TAS-DD scores and individual results investigating MDD
(h=16, Z > 2.3, P <0.05) can be seen in Supplementary Figure 1A.
To visualize the negative relationship between |A-related activity and
TAS-DD scores in NC, signal changes of the three medial-frontal
regions (see B) were plotted against TAS-DD scores (values depict
residuals since corrected for the amount of gray matter). (B) Three
regions of interest (blue, yellow, and green ROI) were defined
according to significant results as a function of TAS-DD scores seen
in (A) (n=230 NC). Z-coordinates are given in MNI space. (C) The
group of NC (1 =30) was divided on the basis of a median-split into
two subgroups, those with high (NC-highDD, n = 14) and those with
low TAS-DD scores (NC-lowDD, n = 16). The three groups (NC-lowDD,
NC-highDD, MDD) were defined as between-subjects factor when
calculating MANOVA. TAS scores, BOLD responses of interoceptive
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and exteroceptive awareness (IA, EA), the amount of gray matter
within the ROIs and age were defined as dependent within-subjects
variables. Post-hoc tests (Bonferroni corrected) revealed no differences
of TAS-DD scores between NC-highDD and MDD. Both groups
differed significantly compared to NC-lowDD [see boxplots on the left
hand side of (C) and Table 1B]. IA-related BOLD responses show a
similar pattern. No differences occurred between high-alexithymic
participants (NC-highDD and MDD), whilst both groups differed
significantly to NC-lowDD (see bar diagram on right hand side of (C)
and Table 1B for details; values show mean + 95% confidence
intervals). Please note that the color code of bars corresponds to the
color of each ROl and to the colors used in Table 1B. The black
line in bar diagram (C) shows mean IA-related BOLD responses of all
participants per region, ranging from the blue to the yellow and green
ROI (independent of group, see also Supplementary Table 2). ANOVA
(Supplementary Table 2) revealed a significant effect of region. ***
indicates P < 0.0001, ** indicates P < 0.001, * indicates P < 0.05, (*)
indicates P < 0.1.

variable: IA-related BOLD responses of n = 46 participants, see
Supplementary Table 2).

The three groups (NC-highDD and NC-lowDD, which were
defined according to self-reported TAS-DD scores, and MDD)
revealed significant neural differences during IA in brain regions
derived from negative correlations between TAS-DD and IA
in a single group (NC). To further investigate the neural
characteristics when directly comparing these three groups with
each other, appropriate whole-brain comparisons were then
performed (Figure 2, F-Test shown in Supplementary Figure
1B). In detail, IA-related activity was compared between non-
psychiatric controls (NC) scoring high (NC-highDD) or low
(NC-lowDD) on the TAS-DD scale (Figure 2A: NC-highDD vs.

NC-lowDD, uncorrected, P < 0.01; NC-lowDD vs. NC-highDD,
Z > 2.8, P < 0.05), between NC-highDD and patients with
MDD (Figure 2B: NC-highDD vs. MDD, Z > 34, P < 0.01;
no results for MDD vs. NC-highDD) and between NC-lowDD
and MDD (Figure 2C: NC-lowDD vs. MDD, Z > 3.4, P < 0.01;
no results for MDD vs. NC-lowDD). For visualization purposes,
mean [A-related activity within significant voxels of activation
was calculated and presented as bar diagrams (Figure 2, right
side). Significant clusters of activation in Figures 2B,C that were
located within insula/medial frontal cortex masks (as obtained
from the Harvard-Oxford Cortical Structural Atlas included in
FSL) were used for calculating mean IA and EA-related activity
(see Supplementary Figures 2A,B).
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TABLE 1 | (A) Using MANOVA, BOLD responses within the three regions of interest (defined according to Figures 1A,B) revealed a significant effect for
group [F(hypothesis df: 26, error df: 62) = 3.76, P < 0.0001; Wilk’s Lambda = 0.151, partial eta squared = 0.612]. (B) Significant between-subjects effects
are highlighted by a box. P-values for pair-wise comparisons are based on Bonferroni corrections.

A Multivariate outcome:

B

0.151

Box's M': F (182,4740.443) = 1.17, P >0.05

Wilk's Lambda

F (df)
3.76 (26, 62)

Univariate outcome

P Partial eta’ Observed Power*
<0.0001 0.612 1

Dependent variables P F (df) F(df) P Partial eta’> Observed P-values (Bonferroni post-hoc)
Levene's test of equality between-subjects Power* for multiple comparisons
of error variances
NC-lowDD NC-lowDD NC-highDD
Vs vs Vs
NC-highDD MDD MDD
TAS-DD 0.001° 8.159 28.086 <0.0001 0.566 1 <0.0001 <0.0001 1
(2,43) (2,43)
TAS-DI 0.068 2.864 23.135 <0.0001 0.518 1 0.210 <0.0001 0.0001
(2,43) (2,43)
TAS-EO 0.611 0.499 3.336 0.045 0.134 0.601 0.101 (0.088) 1
s S se 1/ 0.149 .192 0.022 0.163 0.707 (0.078) 0.034
(blue ROl in Fig. 1B) (2,43) (2,43)
BOLD response IA 0.233 1.508 14.501 <0.0001 0.403 0.998 <0.001 <0.0001 1
(){c!lqw ROl in Fig. 1B) (2,43) (2,43)
BOLD response IA]-III--I—IE_-—---_I--
(green ROl in Fig. 1B) (2,43) (2,43)
0.019¢ 4347 1.695 0.196 0.073 0.337 0.250 0.609 1
(blue ROI in Fig. 1B) (2,43) (2,43)
BOLD response EA 0.364 1.036 2323 0.110 0.098 0.446 0.180 0.251 1
(yellow ROl in Fig. 1B) (2,43) (2,43)
BOLD response EA 0.397 0.944 2452 0.098 0.102 0.467 0.367 0.119 1
(green ROl in Fig. 1B) 2,43) (2,43)
0.888 0.119 1.010 0.373 0.045 0.215 1 0.943 0.543
(blue ROI in Fig. 1B) (2,43) (2,43)
gray matter 0.638 0.454 0.400 0.673 0.018 0.110 1 1 1
(yellow ROl in Fig. 1B) (2,43) (2,43)
gray matter 0.605 0.509 0.120 0.888 0.006 0.067 1 1 1
(green ROl in Fig. 1B) (2,43) (2,43)
age 0.210 1.619 2.307 0.112 0.097 0.443 1 0.123 0.516
(2,43) (2,43)
BHS" 19.951 <0.0001 0.132 <0.0001 <0.001
(2,41)

Groups include non-psychiatric controls (NC) with low TAS-DD scores (lowDD, n = 16), NC with high TAS-DD scores (highDD, n = 14) and patients with major depressive disorder
(MDD, n = 16). Dependent variables include TAS scores (DD, difficulties describing feelings; DI, difficulties identifying feelings; EO, externally oriented thinking), BOLD responses during
interoceptive and exteroceptive awareness (IA and EA) in the three different regions of interest (ROIs, according to Figure 1B), the amount of gray matter within each ROl and age.
Please note that the color code corresponds to the color of each ROI seen in Figure 1B. The regions were defined according to significant correlations (n = 30 NC) as a function
of TAS-DD scores (see Figure 1A and Supplementary Figure 1A). Differences between BHS scores were assessed by calculating univariate analysis of variance, as two values were
missing in the MDD group, which would lead to listwise exclusion of these individuals in the MANOVA calculations.

4alpha = 0.05

bUnadjusted one-way ANOVA [Fi, 43 = 6.069, P = 0.005] confirms MANOVA result as well as adjusted by Brown-Forsythe and Welch’s statistics [Brown-Forsythe: Fp, 41.338) = 6.013,
P = 0. 005, Welch: Fp, 28000) = 6.275, P = 0.006]. For unequal variances the Games-Howell post-hoc results were checked with no differences compared to Bonferroni post-hoc
results: NC-lowDD vs. NC-highDD: < 0.0001, NC-lowDD vs. MDD: < 0.0001, NC-highDD vs. MDD: 0.844.

¢Unadjusted One-Way ANOVA shows no differences, Games-Howell post-hoc results reveal less strict results (for BOLD response IA: NC-lowDD vs. NC-highDD: 0.069. NC-lowDD vs.
MDD: 0.010, NC-highDD vs. MDD: 0.915).

tBox’s M is not significant, providing assurance that the assumption of equality of covariance matrices is not violated.

T Two missing values in MDD group. To avoid listwise exclusion of these data points in the MANOVA, the BHS results are based on univariate analysis of variance.

Results baseline) and TAS scores differed between the two groups. 16
MDD patients were compared to the total group of 30 NC,
i.e., this group was not classified according to their alexithymic
state yet. Amongst the different TAS subscales, the relationship
between IA-related activity and scores of the TAS-DD subscale
was significantly different between these groups in medial-

Comparing Patients Suffering from Major
Depressive Disorder (MDD, n = 16) to
Non-Psychiatric Controls (NC, n = 30) (Figure 1)
and Determination of NC Subgroups

Firstly, we investigated whether a linear relationship between
neural activity (IA vs. implicit baseline or EA vs. implicit

frontal regions (Supplementary Figure 1A). Individual group
slopes were then calculated (see results for NC in Figure 1A
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A IA-related neural activity in non-psychiatric control
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uncorrected, 7 <0.01
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IA-related BOLD response in sACC/insula
depending on TAS-DD in healthy participants

B IA-related neural activity in high TAS-DD scorers

IA-related BOLD response in leftright insula
comparing high TAS-DD between NC and MDD

FIGURE 2 | (A) Comparing IA-related neural activity between
non-psychiatric controls (NC) with low (lowDD) and high TAS-DD scores
(highDD) on a whole-brain level, alexithymic participants (NC-highDD)
show increased activity in the left insula whilst NC-lowDD show increased
activity in the supragenual anterior cingulate cortex (SACC; BA 24/32,
coordinates in MNI space). A closer look at underlying neural activity
during A (bar diagrams show mean signal change + SEM)T reveal
positive BOLD responses in both groups in the insula with greater activity
in NC-highDD (dark purple bars). In the sACC, NC-lowDD (light purple
bars) reveal small positive BOLD responses, whilst the alexithymic group
shows negative BOLD responses. (B) IA-related neural activity is
compared between high alexithymic groups, i.e., non-psychiatric controls
scoring high on the TAS-DD scale (NC-highDD) and patients suffering from
major depressive disorder (MDD, coordinates in MNI space.). TAS-DD
scores show no differences between these groups. On the whole-brain

04 ) . )
left insula right insula
{¢-highDD > NMDD 3 02 'fc'h‘ghDD
Z>34,P<0.01 é | MDD
-
0.2
-related neural activity comparin A-related BOLD response in SACC and left/right insula
C  IA-related | act paring IA-related BOLD d left/right insul
low TAS-DD scorers in ~¢ vs. MDD comparing low TAS-DD scorers (NC) and MDD
02 left insula right insula sACC
- I 1
X-lowDD > MDD I !fg[';’“'DD
Z>34,P<0.01 i
-

BOLD responses IA [%]
)

0.2

level, NC-highDD show significantly greater neural activity during 1A in the
insula compared to MDD. IA-related BOLD responses within the left and
right insula (bar diagrams show mean signal change + SEM)T illustrate
that NC-highDD show positive BOLD responses (dark purple bars),
whereas MDD show small responses (green bars). (C) When considering
TAS-DD scores and psychiatric status, the comparison between
NC-lowDD and MDD seems the most distinct. On the whole-brain level,
NC-lowDD show significantly greater neural activity during IA in the
left/right insula and the sACC (coordinates given in MNI space.).
Calculating BOLD responses of each region (bar diagrams show mean
signal change + SEM)T, MDD patients show negative BOLD responses
particularly in the left insula and sACC (green bars). NC-lowDD reveal
positive |A-related activity particularly in the bilateral insula (light purple
bars)fr Bar diagrams for illustration purposes only. No additional statistical
tests were performed on these values in order to avoid circularity.

and results for MDD in Supplementary Figure 1B), which
showed negative correlations in those regions between TAS-
DD and IA-related activity in NC, but not in MDD. Hence,
the differences seen comparing MDD and NC were due to
significant negative associations between TAS-DD and IA-related
activity in the NC group. The results underline that alexithymia
is linearly associated with decreasing neural activity during IA
in medial-frontal regions in non-psychiatric control participants.
For visualization purposes, mean IA-related BOLD responses
within correlating clusters (please refer to regions in Figure 1B

and Supplementary Table 1 for mean values) were plotted against
TAS-DD scores (scatterplot in Figure 1B, values controlled for
the amount of gray volume in respective ROIs). Additional
statistical tests were not performed on these values in order to
avoid circularity (e.g., Kriegeskorte et al., 2009).

Secondly, examining the categorical effect of TAS-DD scores
on neural activity, the NC group was divided in a group with high
TAS-DD scores (mean TAS-DD in NC-highDD: 14.57 £ 2.93)
and a group with low TAS-DD scores (mean TAS-DD in NC-
lowDD: 8.25 + 1.57) using median-split. The MDD group had
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a mean TAS-DD score of 15.25 (& 3.75). Hence, MDD and NC-
highDD were matched according to their TAS score (please refer
to Table 1B for group comparisons and Supplementary Table 1
for mean values of the remaining TAS scales). TAS scores, BOLD
responses during IA and EA within each ROI, gray matter and
age were submitted as within-subjects variables to a MANOVA,
whilst the three subject groups (NC-lowDD, NC-highDD, MDD)
were defined as between-subjects factor. The MANOVA revealed
a significant effect for group [F(hypothesis df: 26, error df: 62) =
3.76, P < 0.00001; Wilks Lambda = 0.151, partial eta squared
= 0.612, please refer to Table 1A]. As highlighted in Table 1B
by a box, significant group effects occurred for each of the
TAS subscales. In addition, BOLD responses during IA showed
significant group effects for each of the three ROIs, which were
defined according to significant correlations in NC (n = 30) as
a function of TAS-DD scores seen in Figures 1A,B (please note
that the color of each ROI corresponds to the color code used in
Figure 1C and Table 1). Neural activity during EA or the amount
of gray matter within each ROI showed no significant group effect
(mean values in Supplementary Table 1).

Bonferroni post-hoc tests (Table 1B) revealed no significant
TAS-DD differences between NC-highDD and MDD, whilst
both groups differed significantly to NC-lowDD (as detailed
in boxplots of Figure1C, left). High alexithymic groups
(i.e., NC-highDD as well as MDD) were therefore matched
for TAS-DD scores. A similar pattern of group differences
was observed in regard to IA-related activity. No differences
occurred between NC-highDD and MDD, whilst both groups
differed significantly to NC-lowDD. This pattern holds true
for each of the three ROIs (see bar diagram in Figure 1C and
Table 1B).

Combining IA-related BOLD responses of all participants
(n = 46) and comparing them between these three ROIs, an
ANOVA showed a significant effect for region (Supplementary
Table 2, P < 0.0001). Each region showed significantly different
IA-related BOLD responses compared to the remaining two
ROIs (Supplementary Table 2). In more detail, the most dorsal
region (blue ROI in Figure 1B, z = 36) exhibited positive BOLD
responses across all three subject groups (Figure 1C: blue bars
represent BOLD responses by group, black line represents mean
value across all n = 46 participants, see also Supplementary Table
2). Compared to these positive BOLD responses seen in the dorsal
ROI in each group, the sACC region (yellow ROI in Figure 1B,
z = 20, closely corresponding to regions in Figures 2A,C)
showed relatively diminished neural activity in each group
(Figure 1C: yellow bars represent BOLD responses by group,
black line represents mean value across all # = 46 participants,
see also Supplementary Table 2). Compared to IA-related BOLD
responses seen in the SACC, the most ventral region (green ROI
in Figure 1B, z = —10) showed negative BOLD responses across
all groups (Figure 1C: green bars represent BOLD responses
by group, black line represents mean value across all n =
46 participants, see also Supplementary Table 2). In summary,
mean IA-related BOLD responses of all study participants differ
significantly between the three ROIs, whilst the most dorsal
region (blue ROI) showed positive IA-related BOLD responses,
the sACC (yellow ROI) showed comparatively lower neural

activity and the most ventral region (green ROI) showed negative
IA-related BOLD responses.

Group Comparisons between NC with
High-Alexithymic Traits (NC-highDD, n = 14),
Low-Alexithymic Traits (NC-lowDD, n = 16) and
MDD (n = 16) (Figure 2)

The MANOVA showed group differences during IA-related
activity depending on TAS-DD scores. IA-related BOLD
responses derived from regions that showed an association
with TAS-DD scores in a group of non-psychiatric control
participants, which was not subdivided according to their
alexithymic trait. To investigate neural activity during IA
between non-psychiatric control participants with high-
alexithymic TAS-DD scores (NC-highDD), low-alexithymic
TAS-DD scores (NC-lowDD) and depressed patients (having
equally high TAS-DD scores), whole-brain comparisons
between these three groups were performed (F-Test shown in
Supplementary Figure 1B).

In a first step, IA-related activity on the whole-brain level
was compared between the two non-psychiatric groups scoring
high or low on the TAS-DD (Figure 2A, Z > 2.8, P < 0.05,
red region). Non-psychiatric controls (NC) with low TAS-DD
scores (NC-lowDD) showed increased IA-related activity in
the supragenual anterior cingulate cortex (sACC; BA 24/32)
when compared to NC with high TAS-DD scores (NC-highDD).
Having a closer look at the underlying BOLD responses, NC-
lowDD (light purple bars) revealed only small positive BOLD
responses (bar diagrams in Figure 2A). The difference seen
in the SACC was attributed to negative BOLD responses in
the alexithymic group (dark purple bars, mean values in
Supplementary Table 1). In contrast, IA-related activity was
increased in NC-highDD in the left insula when compared to
NC-lowDD (Figure 2A, uncorrected, P < 0.01, blue region).
Plotting IA-related BOLD responses of this region depicted
robust positive BOLD responses in both groups; however,
alexithymic individuals showed the highest BOLD response in
the left insula compared to low-alexithymic participants.

In a second step, IA-related activity on the whole-brain
level was compared between high alexithymic groups, i.e., non-
psychiatric controls scoring high on the TAS-DD scale and
patients with MDD (Figure 2B, Z > 3.4, P < 0.01). Although
TAS-DD scores did not differ between these groups (Figure 1C
left, Table 1B), NC-highDD showed increased I1A-related activity
in the bilateral insula. Calculating BOLD responses within the left
and right insula (bar diagrams in Figure 2B) showed low neural
activity during IA in MDD (green bars), whereas NC-highDD
showed again robust positive BOLD responses (dark purple bars,
mean values in Supplementary Table 1). High alexithymic groups
showed no differences in the SACC due to comparable negative
BOLD responses in both groups [please compare negative BOLD
response in the SACC in MDD (Figure 2C, green bar) to negative
BOLD response in the sACC in NC-highDD (Figure 2A, dark
purple bar)].

In a final step (Figure2C), the two most distinct groups
considering both TAS-DD scores and psychiatric status (NC-
lowDD vs. MDD) were compared. On the whole-brain level,
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NC-lowDD showed greater neural activity during IA in the
bilateral insula and the sACC (Z > 3.4, P < 0.01). Again,
IA-related BOLD responses were calculated for each region
and plotted by region (bar diagrams in Figure 2C). Whilst
NC-lowDD showed positive BOLD responses particularly in
the bilateral insula (light purple bars), MDD showed small
and reduced neural activity particularly in the sACC (green
bars, mean values in Supplementary Table 1). Please note that
calculated signal changes seen in bar diagrams in Figures 2 A-C
serve visualization purposes; no additional statistical tests
were performed on these values in order to avoid circularity
(Kriegeskorte et al., 2009).

Discussion

This study forges a link between neural activity during IA
and alexithymia in non-psychiatric controls and depressed
individuals. To investigate IA, a well-established fMRI paradigm
was used. Alexithymia was assessed using the TAS. In non-
psychiatric controls (NC), TAS scores were negatively associated
with TA-related activity in medial-frontal regions such as
the supragenual anterior cingulate cortex (sACC; BA 24/32).
Following a dimensional approach, where alexithymia is seen
on a continuum and individuals may exhibit higher or lower
degrees of alexithymia, high alexithymia in NC was associated
with decreased activity in the sSACC and increased activity in the
insula when compared to low-alexithymic NC. Though having
equally high TAS scores, high-alexithymic NC showed increased
activity in the bilateral insula compared to MDD. Neural IA-
activity in the sACC was similar between both high-alexithymic
groups (i.e., MDD and NC-highDD).

sACC: Decreased Neural Activity in Response to
IA in High-Alexithymic Controls and Major
Depressive Disorder

When comparing neural activity during IA as a function of
TAS-DD scores between non-psychiatric controls (NC, group
consisting of n = 30 participants independent of TAS scores)
and depressed participants (MDD, n = 16), group differences
occurred in the medial-frontal cortex and specifically the
sACC. In NC there is a clear negative relationship between
IA-related neural activity and TAS-DD scores (Figure 1A), i.e.,
high alexithymia scores are associated with decreased neural
activity in medial-frontal regions. Depressed patients showed
no associations between TAS scores and neural activity in these
areas.

The finding of decreased neural activity in non-psychiatric
alexithymia is a well-documented neural response seen in many
fMRI-studies (Berthoz et al., 2002; Moriguchi et al., 2007;
Wingbermiihle et al., 2012; Terasawa et al., 2013). Prior studies,
however, used affective stimuli, such as emotional pictures
of faces or body parts, to investigate neural correlates of
alexithymia, implicating arousal and valence effects (e.g., van
der Velde et al., 2013). The current study extends the existing
literature by showing similar neural responses in non-psychiatric
participants performing an IA task, i.e., independent of externally
induced (visual-emotional or physical) stimulation. Participants

merely shifted their awareness toward their own body (heartbeat
counting) or toward the external environment (tone counting).
Through this rather natural design of awareness switching it
is possible to investigate the link between alexithymic traits
on the subjective level and body awareness at the neural level.
Both measures are positively associated on the subjective level
of self-reports (e.g., Nyboe Jacobsen et al., 2006; Moriguchi and
Komaki, 2013; Ernst et al., 2014). However, this is the first study
linking alexithymia to neural activity during IA. Our first finding
supports the assumption of decreasing neural activity in medial-
frontal brain areas, as a function of alexithymic traits (see also bar
diagram in Figure 1C).

Further, we investigated BOLD differences/similarities
between groups showing different/similar alexithymic status. For
this, the subjective TAS-DD scores were used to subdivide the
non-psychiatric group into high-alexithymic (NC-highDD) and
low-alexithymic individuals (NC-lowDD). Instead of correlating
self-reported alexithymia scores linearly with neural activity, as
done previously, this step served as a dimensional approach to
study different degrees of alexithymia. Thus, the continuous TAS
scores were transformed into categorical variables (dichotomized
using a median-split) leading to NC subgroups with high or low
alexithymia scores. The advantage of this approach is twofold,
as it can be used to investigate differences (or similarities) of
IA-related neural activity (a) within a non-psychiatric control
group comparing high/low alexithymic individuals (NC-highDD
vs. NC-lowDD) and (b) between MDD and non-psychiatric
individuals having the same range of TAS scores (NC-highDD
vs. MDD). In addition, equal sample sizes across the three
groups ensure stable results independent of potentially skewed
subject numbers. When comparing healthy high and low TAS
scorers on the whole-brain level, the results underline negative
IA-related BOLD responses in the sACC in high-alexithymic
compared to low-alexithymic NC participants (Figure 2A).
This pattern may represent a common association between
alexithymia and IA-related activity in the sACC, given the
fact that both participant groups include individuals without
psychopathological symptoms. This finding is accompanied
by concomitantly increased IA-related BOLD responses in
the insula, when comparing high vs. low-alexithymic NC
participants, suggesting again this pattern (in combination with
decreased sACC activity) may be a characteristic property of IA-
related activity in alexithymia. The described neural differences
in the sACC of healthy participants are in line with findings
on the biochemical level, which show a positive relationship
between levels of the inhibitory neurotransmitter GABA in the
ACC and alexithymia. Though biochemical findings need to
be interpreted with caution (Duncan et al., 2013), the features
of GABA-mediated reductions in neural activity may account
for decreased IA-related neural activity in alexithymia in this
region (Ernst et al., 2014). When comparing IA-related activity
between groups showing no differences in self-reported TAS
scores (MDD and NC-highDD), decreased activity in the sACC
in response to IA is similar between groups (please compare
regional negative BOLD response in the sACC in MDD in
Figure 2C to negative BOLD response in the sACC in NC-
highDD in Figure 2A). This finding is suggestive of decreased
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sACC activity in high-alexithymic individuals independent of
depression. Whole-brain results of neural activity during IA in
the sACC are summarized in Figure 3A.

Furthermore, IA-related activity in the sACC appears to
follow a regional dorsal-to-ventral gradient. As indicated by a
black line in bar diagram Figure 1C (representing IA-related
BOLD responses of all participants per region, ranging from
the dorsal to the ventral ROI, independent of group, see
Supplementary Table 2), IA-related activity decreased linearly
from dorsal to ventral regions. This finding may shed light
on the inconsistencies regarding ACC activity in alexithymia,
since other studies have shown increasing ACC activity in

alexithymia in response to emotional picture stimuli (Kano et al.,
2007; Heinzel et al., 2010; Deng et al,, 2013; Lemche et al,,
2013; van der Velde et al.,, 2013). Besides possible differential
effects of task type, task/arousal-load and valence-dependency
in alexithymia (McRae et al., 2008; van der Velde et al., 2013),
future studies should consider regional-specific activity patterns
of the employed functional tasks. This could be realized by
comparing BOLD responses along a dorsal-ventral gradient (or
posterior-anterior, if applicable).

Briefly, within a sample representing the general population,
high alexithymia was associated with increased insula and
decreased sACC activity in response to IA compared to low

L

A SACC: high alexithymia scores in NC-highDD and MDD are associated
with decreased [A-related activity compared to NC-lowDD

mcreasing IA-
related activity

&
' g% non-psychiatric = MDD
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FIGURE 3 | Schematic overview of study-specific results. (A) In the
sACC, both high-alexithymic groups (NC-highDD and MDD) show a
comparable pattern of negative |1A-related activity in the supragenual anterior
cingulate cortex (SACC, see also Figures 2A,C). Low TAS-DD scorers,
however, show positive IA-related activity in the sACC (see also Figure 2C).
(B) Comparing NC-highDD and NC-lowDD, participants with high alexithymia

I
MDD
1 TAS-DD
1/ TA-activity in insula

show greater positive BOLD responses in the insula during IA. As both
groups consist of participants without psychopathological symptoms, this
pattern may represent the typical association between alexithymia and
|A-related activity in the insula. When comparing groups that show similar
TAS-DD scores (NC-highDD and MDD), however, depressed patients show
significantly lower IA-related activity in the insula (see also Figure 2B).

Frontiers in Psychology | www.frontiersin.org

May 2015 | Volume 6 | Article 589 | 98


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Wiebking and Northoff

fMRI during interoceptive awareness in alexithymia

alexithymia. Considering high-alexithymic depressed patients
in comparison to high-alexithymic healthy participants, both
groups showed comparable IA-related deactivation in the
same SACC region. In addition, NC-highDD showed increased
insula activity. Assuming a balance between sACC and insula
activity as exemplified by the low-alexithymic group (low
sACC activity and relatively higher positive insula responses
during IA), the observed pattern in the high-alexithymic healthy
group (decreased sACC and increased insula activity) could be
interpreted as compensatory mechanisms to maintain a balanced
system of IA-related neural activity between insula and sACC.
In MDD, aberrant IA-related insula activity might account for
alexithymic traits rather than sACC activity, as the latter shows
no differentiation between high-alexithymic groups (MDD and
NC-highDD).

Insula: Increased Neural Activity in Response to
IA in High-alexithymic Controls, but Aberrant in
Major Depressive Disorder
In concordance with fMRI studies investigating IA in the insula
using a heartbeat counting task (Critchley et al., 2004; Wiebking
et al.,, 2014), non-psychiatric participant groups (NC-highDD
and NC-lowDD) showed robust positive IA-related activity
in the insula (Figures2A-C). Non-psychiatric alexithymic
participants (NC-highDD) showed significantly higher neural
activity in response to IA, when compared to NC-lowDD.
As proposed by Kano and Moriguchi (Kano and Fukudo,
2013; Moriguchi and Komaki, 2013), heightened neural insula
activity suggests amplified neural responses in alexithymic
individuals in response to body-related stimuli. However, the
present study is the first to show this neural pattern holds
true during IA (as asked for by Kano and Fukudo, 2013), i..,
without externally applied emotional or physical stimulation.
The current finding of increased IA-related activity in the insula
of alexithymic individuals is supportive of theories suggesting
increased awareness of somatosensory signals in alexithymia
(e.g., De Gucht and Heiser, 2003; Kano et al., 2007; Ernst et al.,
2014). However, heightened awareness of somatosensory signals
in alexithymia does not necessarily correlate with objectified
measures of sensitivity (Kano et al., 2007), specifically when
dealing with psychiatric populations (Wiebking et al.,, 2010;
Terhaar et al.,, 2012; Avery et al., 2014). The current study draws
a link between alexithymia (that is typically accompanied by
increased somatic awareness) and increased insula activity (that
is related to somatic and emotional awareness, e.g., Craig, 2002,
2004; Critchley, 2005; Singer et al., 2009) in response to an IA task
in non-psychiatric controls compared to MDD patients (showing
the same degree of alexithymia). A direct link to somatosensory
sensitivity, however, was not investigated in the current study.
Although speculative, increased IA-related insula activity
in non-psychiatric alexithymia (NC-highDD) might mirror a
compensatory mechanism within the scope of decreased sACC
activity. In more detail, impaired emotional processing capacities,
inherent in alexithymia (and mirrored by decreased activity in
the sSACC in MDD and NC-highDD), require a higher degree
of body-related, interoceptive signals (mirrored by increased
activity in the insula in healthy NC-highDD, but not in MDD) in

order to sufficiently process emotional stimuli. This assumption
is supported by close connections between insula and ACC on
the anatomical level (Mesulam and Mufson, 1982; Nieuwenhuys
et al., 2007; Moisset et al., 2010; in primates), as well as on the
functional level showing connectivity (Taylor et al., 2009; Horn
et al., 2010) and co-activation in response to various emotional
paradigms (e.g., Singer et al., 2004; Bartels and Zeki, 2004). The
insula can be described as a region integrating multimodal signals
(Kelly et al., 2012; Farb et al., 2013) and both insula and ACC
are crucial nodes of the salience network. Particularly the insula
is seen as the integral hub of this network, which is assumed to
mediate information flow across other neural networks, evaluate
the most homeostatically relevant internal and external stimuli
and, consequentially, guide behavioral responses to salient
stimuli (Seeley et al., 2007; Craig, 2009; Menon and Uddin, 2010).
As decreased sACC activity in response to IA is accompanied
by upregulated insula activity in healthy alexithymics, it could
be interpreted as a compensatory mechanism within the salience
network found within neurotypical brain structures. This process
is disrupted in MDD, which would mirror altered integrity of
the salience network in alexithymia (as demonstrated for medial
frontal areas of the default mode network by Liemburg et al.,
2012). However, whether alterations within the salience network
during IA are predominantly influenced by aberrant insula or
SsACC processing in alexithymia needs clarification in future
analyses using additional methods, such as connectivity analyses
or psychophysiological interactions.

In a second comparison, neural activity during IA was
compared between high TAS-DD scorers (NC-highDD and
MDD, Figure 2B). TAS-DD scores between both groups did
not differ, but non-psychiatric controls showed increased IA-
related activity in the bilateral insula compared to the MDD
group. A similar pattern can be seen when comparing NC-
lowDD to MDD (Figure 2C). Again, the non-psychiatric group
(NC-lowDD) showed robust positive BOLD responses, but
depressed participants revealed only low or negative BOLD
responses. In contrast to the sACC, the insula was affected
in both contrasts involving MDD. Research investigating IA-
related neural activity in MDD observed impaired neural
activity in the insula in depressed individuals (Avery et al.,
2014; Wiebking et al.,, 2015), suggesting that the differences
observed in the current study might be related to overall
reduced insula activity independent of alexithymic traits, and
hence account for general deficits of physiological processing
capacities in MDD. Reduced functional connectivity between
insula and sACC in psychopathology within the salience network
(Menon, 2011) supports this assumption. Whole-brain results
of TA-related neural activity in the insula are summarized in
Figure 3B.

Taken together, the current study is the first investigating
neural activity in the insula during IA (heartbeat awareness)
in non-psychiatric participants scoring high or low on the
TAS-DD subscale and patients suffering from MDD scoring
equally high on the TAS-DD scale. Higher positive BOLD-
responses in response to IA were seen in non-psychiatric
alexithymic individuals (NC-highDD), but not in the MDD
group with equally high TAS-DD scores. This finding suggests
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an upregulated insula activity in response to interoceptive,
body-related awareness in non-psychiatric alexithymia and may
be seen as a compensatory mechanism within the scope of
decreased sACC activity. As depressed patients show similarly
decreased BOLD responses in the sACC, but unbalanced
insula activity, these processes seem to be disrupted in
depression.

Limitations

Patients with MDD participating in the current study were
under medication. Thus, a medication effect in comparison
to the non-psychiatric group cannot be fully excluded. Future
studies should control for these influences more rigorously and
include unmedicated patients as well. Moreover, it must be
pointed out that the investigation of participants’ sensitivity
to internal processes, i.e., the distinction between good and
poor heartbeat perceivers (Pollatos and Schandry, 2004; Herbert
et al., 2011) and subsequent whole-brain comparisons, was not
targeted in this study. Whilst the performance of heartbeat
perception on the behavioral level is inconclusive in depression
(Dunn et al,, 2007; Terhaar et al., 2012), possible differences
in accuracy might be related to cognitive impairments and/or
reduced heartbeat evoked potentials in MDD (Terhaar et al.,
2012) and thus resemble confounding factors for such analyses.
Specifically the impaired heartbeat evoked potentials suggest
that the neural activity underlying the interoceptive stimulus
response might be altered in MDD per se (Avery et al., 2014).
The central interest of the current study was to investigate
neural activity during awareness directed toward the internal
(heartbeat) or external environment (tones), independent of
individual task performance or sensitivity (please refer to
Garfinkel et al., 2014 distinguishing interoceptive accuracy from
interoceptive awareness). Further research carefully considering
those factors and including long counting periods without
auditory stimulation is needed to clarify the exact relationship
between heartbeat counting performance/accuracy and neural
activity during heartbeat counting in health and depression.
Finally, methodological concerns could be raised with respect to
the subjective measure used (TAS-20). Results of this self-report
questionnaire may be biased by self-presentation concerns and
social desirability. Controlling for these factors, future studies
investigating alexithymia should additionally use observer-based
scales, such as the Toronto Structured Interview for Alexithymia
(TSIA, Bagby et al., 2006), which show high correlations with
TAS-20.
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Dyspnea is a prevalent and threatening cardinal symptom in many diseases including
asthma. Whether patients suffering from dyspnea show habituation or sensitization
toward repeated experiences of dyspnea is relevant for both quality of life and treatment
success. Understanding the mechanisms, including the underlying brain activation
patterns, that determine the dynamics of dyspnea perception seems crucial for the
improvement of treatment and rehabilitation. Toward this aim, we investigated the
interplay between short-term changes of dyspnea perception and changes of related
brain activation. Healthy individuals underwent repeated blocks of resistive load induced
dyspnea with parallel acquisition of functional magnetic resonance imaging data. Late
vs. early ratings on dyspnea intensity and unpleasantness were correlated with late vs.
early brain activation for both, dyspnea anticipation and dyspnea perception. Individual
trait and state anxiety were determined using questionnaire data. Our results indicate
an involvement of the orbitofrontal cortex (OFC), midbrain/periaqueductal gray (PAG)
and anterior insular cortex in habituation/sensitization toward dyspnea. Changes in the
anterior insular cortex were particularly linked to changes in dyspnea unpleasantness.
Changes of both dyspnea intensity and unpleasantness were positively correlated
with state and trait anxiety. Our findings are in line with the suggested relationship
between the anterior insular cortex and dyspnea unpleasantness. They further support
the notion that habituation/sensitization toward dyspnea is influenced by anxiety. Our
study extends the known role of the midbrain/PAG in anti-nociception to an additional
involvement in habituation/sensitization toward dyspnea and suggests an interplay with
the OFC.

Keywords: dyspnea, breathlessness, habituation, sensitization, fMRI, unpleasantness, insular cortex

Introduction

The experience of dyspnea (breathlessness) is the cardinal symptom in prevalent diseases such
as asthma and chronic obstructive pulmonary disease (COPD). It is also common in other
pathologies including cardiovascular and neuromuscular diseases, and panic and anxiety disorders
(Parshall et al., 2012; Laviolette et al., 2014). Notably, the perception of dyspnea is not linearly
related to objective lung function or sensory input. Instead, dyspnea perception has been shown
to be modulated by several psychological factors, including attention, expectation, learning,
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categorization and comparison processes, emotional predis-
positions, and current mood (e.g., Janssens et al., 2009; Lansing
et al., 2009; Herigstad et al., 2011; Petersen et al., 2011, 2014).
Via their influence on dyspnea perception these factors also have
a strong impact on coping strategies, disease management and
disease progression (Hayen et al., 2013).

Furthermore repeated exposure to dyspnea can result in either
increasing (sensitization) or decreasing (habituation) dyspnea
perception (Bloch-Salisbury et al., 1996; Carrieri-Kohlman et al.,
2001; Wan et al., 2008, 2009; von Leupoldt et al., 2011a; Hayen
et al,, 2015). Habituation toward dyspnea seems favorable in
conditions such as COPD and panic disorder. In both conditions
the experience of dyspnea might result in unfavorable avoidance
behavior and habituation toward dyspnea might reduce this
behavior. In COPD, in particular, avoidance of physical activity
is one potential mechanism that accelerates disease progression
as reduced physical fitness leads to unfavorable systemic
consequences and has a negative effect on dyspnea severity
ending in a spiral of decline (e.g., Troosters et al, 2013). In
asthma patients, however, habituation to dyspnea might result in
delayed treatment and critical under-medication (von Leupoldt
et al., 2009, 2011a,b). Here, sensitization toward dyspnea seems
more favorable as far as it might improve self-management by
supporting the early initiation of actions during the onset of
asthma exacerbations and by heightening the compliance with
prescriptions.

Both habituation and sensitization toward dyspnea have
been shown to interact with psychological factors such as
negative affect. When healthy individuals repeatedly underwent
hypercapnic rebreathing, more anxious individuals showed less
habituation (Li et al, 2006). This reduction in habituation
was more pronounced for the affective dimension of dyspnea
(=unpleasantness) as compared to the sensory dimension of
dyspnea (=intensity) (Wan et al., 2012).

Understanding the interplay of affective traits and -states with
habituation vs. sensitization toward dyspnea seems crucial for the
improvement of disease management and rehabilitation in those
suffering from dyspnea. In this regard, a better knowledge of
the underlying neural mechanisms appears important. However,
the neural mechanisms involved in habituation vs. sensitization
toward dyspnea have rarely been investigated (von Leupoldt
et al.,, 2011a). In a previous study we observed reduced dyspnea
unpleasantness ratings in patients with asthma to be related
to reduced activations in the insular cortex and increased
activations as well as gray matter volume in the anti-nociceptive
periaqueductal gray (PAG) when compared with healthy controls
(von Leupoldt et al., 2009, 2011b). These neural patterns were
partly correlated with disease duration. Although these findings
were interpreted as habituation toward dyspnea over time,
the study did not directly examine habituation to repeated
experiences of dyspnea.

In the present study, we repeatedly induced dyspnea in a
set of healthy volunteers with parallel acquisition of functional
magnetic resonance imaging (fMRI) data. We hypothesized
that habituation/sensitization toward dyspnea unpleasantness
as compared to dyspnea intensity would be correlated with
activation in brain structures thought to be involved in the

processing of dyspnea unpleasantness, in particular the insular
cortex and the amygdala (von Leupoldt et al, 2008, 2009;
Paulus et al,, 2012). The amygdala has also been demonstrated
to be involved in sensitization toward repetitive pain exposure
(Stankewitz et al., 2013). Additional candidate areas were
derived from the anti-nociceptive network involving the anterior
cingulate cortex (ACC), and the midbrain/PAG (e.g., Petrovic
et al., 2002; Bingel et al., 2007). A study investigating habituation
toward aversive visceral stimulation demonstrated changes in the
connectivity between rACC, and amygdala over repeated painful
stimulation (Labus et al., 2009). A more recent study using
repeated presentations of similar stimuli showed either increases
or decreases of brain activation in the insular and cingulate cortex
and the amygdala (Lowén et al., 2015).

We furthermore expected to see habituation/sensitization-
related brain activation already during the anticipation of
dyspnea. Although the anticipation of dyspnea has rarely been
studied, one study on the anticipation of hyperventilation (Holtz
et al., 2012) suggests an involvement of the orbitofrontal cortex
(OFC) and the dorsomedial prefrontal cortex (dmPFC) along
with insula and ACC. These areas also showed expectancy
effects in placebo-studies on the anticipation/perception of pain
(e.g., Hsieh et al, 1999) and were, therefore, of particular
interest. Finally, we expected an interplay between anxiety-
related personality traits and states with the dynamics of dyspnea
ratings over late vs. early trials.

Materials and Methods

Participants

We re-analyzed data from 46 healthy individuals from a previous
study (to be published elsewhere) with a specific focus on
habituation/sensitization toward dyspnea. Normal lung function
of participants (mean age 28.5 years, 18 females) was confirmed
by standard spirometry (Miller et al., 2005). All participants
negated any history of neurological, psychiatric, or respiratory
disease. None of the subjects showed any anatomical anomaly of
the throat. The average body-mass index was 23.4 (range 19.4-
28.7). Trait- and state-anxiety were assessed using the State-Trait-
Anxiety Inventory (STAI-T, STAI-S), Version X (Spielberger
et al., 1983). Questionnaire data were analyzed after completion
of the study. Written informed consent was obtained prior to
the study. The study protocol was approved by the local medical
ethics committee.

Induction of Dyspnea and Measurement of
Respiratory Parameters

Volunteers breathed through a tightly fitted face mask that was
connected to a breathing circuit. Dyspnea was induced by the
introduction of MRI-compatible resistive loads to the inspiratory
end of the breathing circuit. In a pre-test before entering the
scanner, subjects were placed in a supine position and presented
with loads of increasing magnitude. We explained dyspnea to
our participants as a sensation of difficult and uncomfortable
breathing. Then, each load was presented for 24 s and dyspnea
intensity subsequently rated on a Borg-scale (0 = “not noticeable”
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to 10 = “maximally imaginable”). Load magnitude was increased
until subjects reliably reported a sensation of “severe” dyspnea
(Borg Score > 5). The respective load was then used to induce
severe dyspnea during scanning (mean/SD = 2.23/1.18 kPa/l/s).
For the baseline condition of mild dyspnea the smallest resistive
load that was reliably rated higher than unloaded breathing was
used (mean/SD = 0.25/0.18 kPa/l/s).

The breathing circuit provided ports for continuous
recordings of end-tidal CO;, pressure (PETco2) and inspiratory
mouth pressure (P). Ports were connected with an MRI
compatible pneumotachograph (ZAN 600 unit, ZAN Messgerite
GmbH, Oberhulba, Germany). A Y-valve with open expiratory
port prevented re-breathing of CO, while a 2.6 m tube attached
to the inspiratory port allowed for the easy introduction and
removal of resistive loads in the scanner environment. PET o3,
Py, tidal volume (V), breathing frequency (f), minute ventilation
(VE), and inspiratory time (Ty) were continuously measured
with the ZAN unit.

fMRI Data Acquisition

Imaging was performed on a 3-Tesla TRIO-Magnetom Scanner
(Siemens, Medical Solutions, Erlangen, Germany) using a
standard 32-channel head-coil. For each data volume we
acquired 48 continuous axial-slices in descending order with
2 mm X 2 mm in-plane resolution, 2 mm slice thickness
and a 1 mm gap using T2*-weighted echoplanar imaging
(TR = 2870 ms, TE = 25 ms, flip angle = 80°, field of
view = 208 mm x 208 mm). The first five volumes were discarded
to allow for T1-saturation. Following the experiment we also
acquired a high-resolution T1-weighted structural brain scan
using a standard MP-RAGE sequence (1 mm x 1 mm X 1 mm
spatial resolution, 240 slices). It took subjects 13-18 min to
complete the paradigm, depending on the time subjects required
to complete the ratings. Consequently, the number of volumes
acquired varied between 275 and 374.

Experimental Protocol

Before starting the experiment in the scanner, subjects learned
the association of visual cues and experimental conditions
(see below) using standardized computer based instructions
and practiced navigation through the Borg-scales on dyspnea
intensity and unpleasantness. The subjects then entered the
scanner with the face mask tightly fitted. A mirror attached to the
head coil allowed the subjects to see the cues and scales that were
projected into the bore. Before image acquisition started, subjects
were allowed to familiarize with the scanner environment and
the MRI-compatible button-box response-system. A test-run
ensured the full visibility of all cues and scales and the tight fitting
of the mask.

During the experiment, 10 blocks of mildly loaded breathing
(“baseline”) alternated with 10 blocks of severely loaded breathing
(“dyspnea”) using the individually pre-selected loads. Each block
was visually cued for 6 s by a thin cross (red indicating baseline,
green indicating dyspnea). After 6 s the thin cross changed
into a solid cross and the load was introduced for 24 s. Each
block of loaded breathing was followed by ratings on two Borg-
scales, presented in random order: one for the unpleasantness of

dyspnea and one for the intensity of dyspnea as perceived during
the preceding block.

All experimental events were presented and logged using
Presentation software (Neurobehavioral Systems, Inc., Albany,
CA, USA). The ZAN-system, collecting the respiratory data,
received triggers for the beginning of each experimental event.

Data Analysis

Ratings for dyspnea intensity and dyspnea unpleasantness were
averaged across the five early and across the five late blocks
of dyspnea, respectively. The development of the ratings over
time was expressed as delta (A) by subtracting the average
across early ratings from the average across late ratings. Thus,
a positive A indicated increasing ratings over time, interpreted
as “sensitization” while a negative A indicated decreased ratings,
interpreted as “habituation.” A intensity and A unpleasantness
were tested for correlations with questionnaire data. These
statistical analyzes were calculated using SPSS 20.0 software (SPSS
Inc., Chicago, IL, USA).

Preprocessing and statistical analysis of fMRI data were
carried out using SPM8 software'. Data were unwarped and
realigned to the first image using six affine spatial transformation
parameters, then normalized to the SPM standard template and
finally smoothed using a 12 mm x 12 mm x 12 mm full-width at
half-maximum Gaussian filter. Data were further filtered with a
temporal highpass cut-off of 128 s. Statistical analysis on the first
level was carried out within the framework of a general linear
model using separate regressors for cue baseline, baseline, cue
dyspnea, dyspnea, and ratings. The mean BOLD signal intensity
of each volume and PETcp; time logged to the beginning of
each scan were included as covariates-of-no-interest. On the
first level, we contrasted severe late dyspnea (blocks 6-10) with
severe early dyspnea (blocks 1-5) and late cue dyspnea conditions
with the early cue dyspnea conditions using the respective mild
conditions as baseline. The second level analysis correlated the
beta-values of the two contrast images obtained on the first level
[(A cue dyspnea vs. cue baseline) and (A dyspnea vs. baseline)]
with A intensity and A unpleasantness using separate models.
All models included individual A breathing frequency and A
inspiratory mouth pressure (averaged across cue dyspnea vs. cue
baseline and dyspnea vs. baseline conditions, respectively) as
covariates-of-no-interest as these breathing parameters showed
slight, but statistically significant changes over time (see Results).

Correlations throughout the brain were accepted as
significant if exceeding a family-wise-error (FWE) corrected
threshold of p < 0.05. Given our a priori hypotheses for
habituation/sensitization-related correlations during dyspnea
anticipation und perception we conducted further region-of
interest (ROI) analyses. Masks for the insula, the amygdala, the
ACC, OFC, and dmPFC were generated from the automated
anatomical labeling (AAL) template described by Tzourio-
Mazoyer et al. (2002). A midbrain ROI centered on PAG was
defined using a 10 mm sphere around the average coordinates
for PAG activation reported by Linnman et al. (2012). Activation
within these ROIs was considered significant, if exceeding as
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threshold of p < 0.05, corrected for multiple comparisons within
each ROL

An additional ROI covering the visual cortex was included as
control area. Changes in brain activation within this area were
not expected to show any significant correlation with changes
in dyspnea intensity and unpleasantness ratings over time. For
this ROI we employed a more liberal threshold of p < 0.001
uncorrected.

Results

Ratings

In 30.5% of all subjects we observed decreasing ratings over
time indicating habituation for both dyspnea intensity and
dyspnea unpleasantness. In 54.5% we observed increasing ratings
with regard to dyspnea intensity, while 63% showed increasing
dyspnea unpleasantness ratings indicating sensitization. In the
remainder of subjects (seven and three subjects, respectively)
A intensity and A unpleasantness equaled zero (Table 1).
The A for dyspnea intensity ranged from —1.3 to 43 while
A unpleasantness ranged from —1.7 to +3 (Figure 1, see
Supplementary Figure S1 for absolute ratings).

Personality Traits

Both, state and trait anxiety as measured using the STAI-T and
STAI-S questionnaires, showed a significant positive correlation
with A unpleasantness (both r = 0.46, p = 0.001) and A

TABLE 1 | Portion of subjects (%) showing sensitization, habituation, and
no changes for A intensity and A unpleasantness.

Sensitization No change Habituation
A intensity 25 (54.5%) 7 (15%) 14 (30.5%)
A unpleasantness 29 (63%) 3 (6.5%) 14 (30.5%)
A 4 B 4
3 3
2 / 2
1 1
0 0
-1 -1
-2 -2
early late early late
Dyspnea Dyspnea
intensity unpleasantness
FIGURE 1 | Early (mean of block 1-5) and late (mean of block 6-10)
ratings on dyspnea intensity (A) and unpleasantness (B). The figure
shows the change from early ratings (mean set to zero) to late ratings. Red
lines thus indicate increases of ratings over time (“sensitization”) while green
lines indicate decreases (“habituation”).

intensity (r = 0.36 and 0.32, respectively, p = 0.007 and 0.017,
respectively). As higher scores indicate higher anxiety levels,
a positive correlation indicates that individuals with higher
anxiety were more likely to show sensitization while subjects with
low anxiety were more likely to show habituation (Figure 2).
When early and late ratings instead of difference scores were
correlated with anxiety scores, only late dyspnea intensity and
unpleasantness ratings showed a significant relation with anxiety
(Supplementary Figure S2).

Respiratory Parameters

The changes of respiratory parameters between dyspnea and
baseline blocks were comparable for late vs. early blocks with
the exception of APETcoy, Af, and AP; (Table 2). The relation
between PETco; during dyspnea as compared to baseline showed
a slight but significant increase over time, while P; decreased
slightly over time during dyspnea as compared to baseline. The
difference of f between cue dyspnea and cue baseline decreased
from early to late blocks. While fluctuations in PETco, were
accounted for on the first level analysis, fluctuations of P; and f
were included into the second level analysis as covariates-of-no-
interest (see Materials and Methods).

fMRI

There were no significant differences of either dyspnea
anticipation or dyspnea perception between the first (blocks
1-5) and second (blocks 6-10) half of the experiment. The
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Anxiety Anxiety

FIGURE 2 | Trait anxiety as measured by the State-Trait-Anxiety
Inventory (STAI-T) correlates significantly with both A intensity

(r =0.36, p = 0.007) and A unpleasantness (r = 0.46, p = 0.001) of
dyspnea ratings (mean late—mean early).

TABLE 2 | Mean (SD) A of breathing parameters between early and late
experimental blocks (A cue dyspnea vs. cue baseline and A dyspnea vs.
baseline averaged across subjects).

Mean (SD) cue dyspnea vs. Mean (SD) dyspnea vs.

cue baseline baseline
A PETco2 (mmHG)  0.08 (1.34) 0.27 (0.56)*
AVt (L) 0.004 (0.18) 0.03 (0.16)
A Vg (L/min) —0.08 (1.57) 0.09 (1.32)
AT(s) 0.08 (0.46) 0.1 (0.29)
A f (breaths/min) —0.88 (1.71)* —0.31 (0.9)
A Py (mbar) —0.07 (0.38) —0.81 (1.76)*

*p < 0.05 for one-sample t-tests, corrected for multiple comparisons.
PETco2, end-tidal COqo pressure; V1, tidal volume; Vg, minute ventilation; T,
inspiratory time; f, breathing frequency; P, peak inspiratory mouth pressure.
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whole-brain analysis based on a FWE-corrected p < 0.05 showed
no significant correlations of A intensity or A unpleasantness
during dyspnea anticipation (A cue dyspnea vs. cue baseline)
or dyspnea perception (A dyspnea vs. baseline). The visual
cortex as a control area showed no significant correlations with
either A intensity or A unpleasantness during either dyspnea
anticipation or dyspnea perception at a liberal threshold of
p uncorr < 0.001.

For dyspnea anticipation, the ROI-based analysis showed a
significant negative correlation of A intensity with the A of
brain activation (A cue dyspnea vs. cue baseline) within the
right OFC, extending into the ACC (Figure 3A, Supplementary
Figure S3A). This indicated that sensitization toward dyspnea
intensity was associated with decreased OFC activation, while
habituation was associated with increasing OFC activation. For
A unpleasantness a significant negative correlation was found
within the midbrain/PAG (Figure 3B, Supplementary Figure
S3B) while positive correlations were found for the anterior
insular cortex bilaterally (Figure 3C, Supplementary Figures
S3C-E). Sensitization toward dyspnea unpleasantness was, thus,
associated with decreasing activation in the midbrain/PAG
and increasing activation in the anterior insula. Conversely,
habituation was associated with increasing midbrain/PAG
activation and decreasing anterior insula activation.

For dyspnea perception (A dyspnea vs. baseline), we
found a significant negative correlation within the right
OFC for both A intensity and A unpleasantness, which
extended into the ACC (Figures 4A,B, Supplementary Figures
S3EG). Thus, as during dyspnea anticipation, increasing
OFC activation was associated with habituation, while
decreasing OFC activation was associated with sensitization
toward dyspnea, for both, intensity and unpleasantness. The
A of brain activation (A dyspnea vs. baseline) within the
right anterior insular cortex showed a significant positive
correlation with A unpleasantness (Figure 4C, Supplementary
Figure S3H), indicating that increasing activation of the
anterior insular cortex during dyspnea perception was
associated with sensitization and decreasing activation with
habituation. Coordinates, Z-, r-, and p-values are summarized in
Table 3.
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FIGURE 3 | Localization of correlations between A intensity (A) and A
unpleasantness (B,C) ratings and changes in fMRI activation over time
for dyspnea anticipation [(cue dyspnea late—cue baseline late)—(cue
dyspnea early—cue baseline early)]. (A) and (B) show negative
correlations, while (C) shows positive correlations. Correlations displayed at p
uncorr < 0.005 are superimposed on a representative single subjects
T1-weighted MR image. Color-bars indicate T-values. OFC, orbitofrontal
cortex; PAG, periaqueductal gray; R, right.
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FIGURE 4 | Localization of correlations between A intensity (A) and A
unpleasantness (B,C) ratings and changes in fMRI activation over time
for dyspnea perception [(dyspnea late—baseline late)—(dyspnea
early—baseline early)]. (A) and (B) show negative correlations, while (C)
shows positive correlations. Correlations displayed at p uncorr < 0.005 are
superimposed on a representative single subjects T1-weighted MR image.
Color-bars indicate T-values. OFC, orbitofrontal cortex; R, right.

To investigate whether brain activation changes were rather
related to general anxiety than changes in dyspnea intensity
or unpleasantness perception, we included individual STAI-
T scores as additional covariate-of -no-interest in a post hoc
analysis, correlating extracted beta-values from the brain areas
reported in Table 3 with A intensity and A unpleasantness,
respectively, (Supplementary Table S1). Correlations within all
areas maintained significant in this analysis. When STAI-T
scores were directly correlated with the extracted beta-values,
mainly cue-related beta-values showed significant correlations
with general anxiety. These correlations were attenuated
or disappeared when changes in breathing parameters and
dyspnea ratings were added as control variables (Supplementary
Table S2).

Discussion

In this study we investigated the development of perceived
dyspnea intensity and unpleasantness over repeated blocks of
dyspnea together with parallel changes of brain activation.
We observed significant correlations of late vs. early dyspnea
ratings (A intensity and A unpleasantness) with late vs.
early brain activity during dyspnea anticipation and dyspnea
perception. These correlations were restricted to a subset of
our ROIs, namely the OFC, midbrain/PAG, and the anterior
insular cortex. A control area covering the visual cortex failed
to show any significant rating-related changes indicating the
specificity of our findings. While brain activity changes in the
OFC and the midbrain/PAG were negatively correlated with
A intensity and/or A unpleasantness, respectively, the anterior
insular cortex showed positive correlations. Correlations were
furthermore specific to the dimension of perceived dyspnea:
Only A unpleasantness ratings showed significant positive
correlations with the anterior insular cortex, and a negative
correlation with the midbrain/PAG. While negative correlations
of brain activation changes in the midbrain/PAG with A
unpleasantness were limited to the anticipation period, the
significant correlations of the OFC and the anterior insula
were observed for both, dyspnea anticipation and dyspnea
perception.
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TABLE 3 | MNI-space coordinates, Z-, r-, and small-volume corrected p-values for peak voxels within areas showing a significant correlation with A
intensity and A unpleasantness (partial correlations controlled for changes in breathing parameters P, and f).

X y z p4 r p*
Dyspnea anticipation (A cue dyspnea vs. cue baseline)
with A intensity OFCR 12 42 -20 3.47 —-0.5 0.04
with A unpleasantness Midbrain/PAG 2 -20 -8 3.10 —-0.45 0.04
Insula R 26 32 4 3.40 0.49 0.05
Insula L —-34 22 14 3.87 0.55 0.01
—36 34 8 3.47 0.5 0.04
Dyspnea Perception (A dyspnea vs. baseline)
with A intensity OFCR 14 56 —14 3.34 —0.47 0.05
with A unpleasantness OFCR 16 30 —20 3.32 —0.46 0.05
Insula R 26 30 12 4.01 0.57 0.01

*Corrected for multiple comparisons in respective ROI.

MNI, Montreal Neurological Institute; OFC, orbitofrontal cortex; PAG, periaqueductal gray; R, right, L, left.

Both, A intensity and A unpleasantness, were significantly
correlated with state and trait anxiety levels. This is in line
with the notion that high anxious as compared to low anxious
individuals are less likely to show short-term habituation toward
dyspnea, which has previously been shown for hypercapnic
rebreathing (Li et al., 2006). In addition, data from Wan et al.
(2008, 2012) suggest that the effect of anxiety on short-term
habituation is more pronounced for dyspnea unpleasantness
as compared to dyspnea intensity. This is partly supported by
our data, as correlations for state and trait anxiety with A
unpleasantness were more pronounced (r = 0.46) compared
to correlations with A intensity (0.32 and 0.36, respectively).
Moreover, while the portion of individuals showing habituation
toward dyspnea was identical for the two dimensions of dyspnea
perception, the portion of subjects showing sensitization was
higher for dyspnea unpleasantness (63%) as compared to dyspnea
intensity (54.5%).

The close relationship of A intensity and A unpleasantness
with anxiety raises the question, whether any correlation of
changes in brain activity might be better explained by individual
anxiety scores rather than rating dynamics. However, post
hoc partial correlation analyses yielded no support for this
notion.

The functional neuroimaging data presented here mirror the
higher impact of trial repetition on dyspnea unpleasantness as
compared to dyspnea intensity. While significant correlations of
A intensity with changes in brain activation were limited to the
OFC, A unpleasantness was significantly correlated with changes
in the midbrain/PAG and the bilateral anterior insular cortex
as well. This observation of short-term habituation/sensitization
in healthy individuals parallels results from a previous study in
patients with asthma, which linked long-term habituation toward
dyspnea unpleasantness with similar brain areas (von Leupoldt
etal., 2009). More specifically, that study observed reduced insula
activation and increased PAG activation to resistive load induced
dyspnea in asthma patients compared to healthy controls, which
were paralleled by reduced dyspnea unpleasantness ratings in the
patient group and correlated with asthma duration (von Leupoldt
et al., 2009). Interestingly, longer asthma duration and reduced
dyspnea unpleasantness in the same patients were also correlated

with structural brain changes in terms of increased gray matter
volume in the PAG, which was interpreted as another potential
mechanism of long-term habituation to dyspnea (von Leupoldt
etal., 2011b).

The PAG, in particular, is thought to be a key area of the so
called anti-nociceptive network as repeatedly shown by studies
on pain modulation (e.g., Fairhurst et al., 2007; for review
see Tracey and Mantyh, 2007). Interestingly, midbrain/PAG
activation during pain anticipation has been demonstrated
to have a significant effect on subsequent pain perception
(Brodersen et al, 2012). This is in line with our results,
showing a significant correlation of A unpleasantness with
midbrain/PAG activation changes for dyspnea anticipation only.
For the OFC, there was a significant effect on pain perception
for both, brain activation during pain anticipation and during
painful simulation (Brodersen et al., 2012). This is also in line
with the data presented here, as a significant correlation of
changes in dyspnea ratings with changes in brain activation was
found during anticipation and perception of dyspnea. Increasing
activation in both areas, midbrain/PAG and OFC, were related
to decreasing ratings of dyspnea unpleasantness indicating
that increased activation in these areas support habituation.
Further studies are required to investigate whether habituation
is effectuated, e.g., by top-down (OFC) and/or bottom-up
(midbrain/PAG) inhibition of other brain areas relevant for
dyspnea perception (von Leupoldt and Dahme, 2005; Davenport
and Vovk, 2009; Evans, 2010). However, one candidate target
area for inhibition is the insular cortex, as this area showed
the reversed correlation pattern: increasing activation in the
insular cortex was related to increasing ratings of dyspnea
unpleasantness. A similar pattern of insular and midbrain/PAG
activation was described for the anticipation of pain by Ploner
et al. (2010).

Changes of anterior insular activation over time were
significantly linked to changes in dyspnea unpleasantness only.
Therefore, the present findings support the notion, that activation
of the anterior insular cortex is particularly relevant for the
perception of the affective dimension of aversive events in general
(Seeley et al., 2007) and dyspnea unpleasantness in particular
(von Leupoldt et al., 2008; Paulus et al., 2012).
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The positive correlations of changes in dyspnea ratings
with brain activation changes during the preceding anticipation
periods suggest an effect of expectancy and/or learning. As
our results are limited to short-term habituation/sensitization
in healthy individuals, future studies on long-term habituation
and sensitization in patients with chronic dyspnea are required
to investigate whether this association between anticipatory
brain activations and subsequent dyspnea experience provides
a potential target to correct for unfavorable learning of
either avoidance behavior (maladaptive sensitization) or under-
medication (maladaptive habituation).

In this study we present a novel approach for the investigation
of habituation and sensitization toward dyspnea by using the
correlation between late vs. early ratings on perceived dyspnea
and late vs. early brain activation patterns. This approach
allowed the inclusion of all participants irrespective of individual
rating patterns as the variance across subjects allowed to
differentiate between habituation and sensitization processes.
However, correlation studies are limited in their ability to
derive causal or directional conclusions. The investigation of
connectivity patterns between the brain areas identified as critical
in this study and by others might be a useful next step to
clarify the way in which relevant areas interact and modulate
each other. The connection between state and trait anxiety and
habituation/sensitization toward dyspnea suggested by others (Li
et al.,, 2006; Wan et al., 2008, 2012) and confirmed by this study
provides another promising target for future studies on treatment
and rehabilitation optimization.
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This paper presents functional MRI work on emotional processing in depersonalization
disorder (DPD). This relatively neglected disorder is hallmarked by a disturbing change
in the quality of first-person experience, almost invariably encompassing a diminished
sense of self and an alteration in emotional experience such that the sufferer feels
less emotionally reactive, with emaotions experienced as decreased or “damped down,”
so that emotional life seems to lack spontaneity and subjective validity. Here we
explored responses to emotive visual stimuli to examine the functional neuroanatomy
of emotional processing in DPD before and after pharmacological treatment. We also
employed concurrent skin conductance measurement as an index of autonomic arousal.
In common with previous studies we demonstrated that in DPD, there is attenuated
psychophysiological response to emotional material, reflected in altered patterns of (i)
regional brain response, (i) autonomic responses. By scanning participants before and
after treatment we were able to build on previous findings by examining the changes
in functional MRI response in patients whose symptoms had improved at time 2.
The attenuation of emotional experience was associated with reduced activity of the
insula, whereas clinical improvement in DPD symptoms was associated with increased
insula activity. The insula is known to be implicated in interoceptive awareness and the
generation of feeling states. In addition an area of right ventrolateral prefrontal cortex
emerged as particularly implicated in what may be “top-down” inhibition of emotional
responses. The relevance of these findings to the wider study of emotion, self-related
processes, and interoception is discussed.

Keywords: depersonalization, insula, interoception, self-awareness, fMRI

INTRODUCTION

Depersonalization disorder (DPD) is characterized by a persistent and distressing alteration
in the quality of subjective experience, such that the individual experiences both themselves
(depersonalization) and their surroundings (derealization) as oddly estranged and unreal
Although depersonalization and derealization are separable phenomena, in practice they usually
co-occur (Sierra and David, 2011). In recent years there has been a growing appreciation that

Frontiers in Psychology | www.frontiersin.org

June 2016 | Volume 7 | Article 432 | 112


http://www.frontiersin.org/Psychology
http://www.frontiersin.org/Psychology/editorialboard
http://www.frontiersin.org/Psychology/editorialboard
http://www.frontiersin.org/Psychology/editorialboard
http://www.frontiersin.org/Psychology/editorialboard
http://dx.doi.org/10.3389/fpsyg.2016.00432
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2016.00432&domain=pdf&date_stamp=2016-06-02
http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:n.medford@bsms.ac.uk
http://dx.doi.org/10.3389/fpsyg.2016.00432
http://journal.frontiersin.org/article/10.3389/fpsyg.2016.00432/abstract
http://loop.frontiersin.org/people/43835/overview
http://loop.frontiersin.org/people/115257/overview
http://loop.frontiersin.org/people/206953/overview

Medford et al.

Emotional Experience in Depersonalization Disorder

the phenomenology of DPD entails a sense of alienation
and estrangement from experience in general, and in keeping
with this, DPD patients often describe a reduced capacity for
emotional response and a generalized reduction in the experience
of bodily sensation. In phenomenological literature, the terms
“de-affectualization” and “de-somatization” have been applied
to these aspects of the condition. Two large factor analyses
(Sierra et al., 2005; Simeon et al., 2008) of DPD symptomatology
have confirmed emotional numbing (i.e., “de-affectualization”)
as a key symptom domain in DPD. There are sound theoretical
reasons for believing that this alteration in emotional experience
is central to the condition (Medford, 2012), and it is very rare to
encounter a patient who fulfills criteria for a diagnosis of DPD but
does not describe this deficit of subjective emotional response.

A number of previous fMRI and psychophysiological studies
of DPD have focused specifically on this emotional aspect of
the condition, showing that autonomic response to emotionally
salient visual stimuli is significantly reduced in DPD (Sierra et al.,
2002), and that the changes in regional brain activity seen in
response to emotional stimuli in healthy controls are largely
absent in DPD (Phillips et al., 2001; Medford et al., 2006). These
findings can be seen as plausible biological correlates of the
subjective deficit of emotional experience described by patients
with DPD (Medford, 2012).

In this study, patients with primary DPD were studied using
an emotional vs. neutral block-design fMRI paradigm employed
in an earlier imaging study of DPD (Phillips et al., 2001), utilizing
stimuli drawn from the International Affective Picture System
(IAPS, Bradley and Lang, 1999). The IAPS is a library of images
that have been given normative ratings for emotional salience
and arousal and which are widely used in emotion research.
Patients were scanned before and after receiving pharmacological
treatment (lamotrigine) specifically tailored to DPD (Sierra et al.,
2001, 2006). Thus patients were scanned twice at two different
time points (14 patients scanned at time 1, of whom 10 were re-
scanned at time 2). The idea of this approach is twofold: scanning
at time 1 represents an attempt to replicate previous findings,
in a group of as yet untreated (i.e., medication-free) patients
with DPD. Given the paucity of literature on this condition, it is
important to attempt this kind of replication in order to explore
the robustness of previous findings. Secondly, re-scanning at
time 2 allows an assessment of the effects of pharmacological
treatment on the neural response to emotional stimuli in this
patient group, and how this relates to changes in clinical state.

Specific hypotheses were as follows:

1. That functional MRI results in DPD patients at time 1 would
essentially replicate previous findings using IAPS images in a
DPD patient group (Phillips et al., 2001) in showing a reduced
response to emotionally salient stimuli, and a relative lack of
difference in the response to emotional material compared
to neutral. More specifically, it was predicted that right
ventrolateral prefrontal cortex (Brodmann area 47) would be
significantly activated in the emotional phase in DPD patients
at time 1, but not in the controls, as in the Phillips et al.
study. It was also predicted that healthy controls would show
a response to emotional images characterized by significant

activation in the emotional phase in areas known to be
involved in emotional processing, specifically anterior insula,
and sensory (in this case visual) cortex activation related to
modulation of sensory cortex by affective processing.

2. That at time 2, DPD patients reporting a significant reduction
in their symptoms would show a pattern of neural responses to
emotional stimuli more akin to that seen in healthy controls,
whereas those reporting no such reduction would continue
to show a response pattern similar to that seen at time 1. In
particular, because of prior work implicating underactivity of
the anterior insula in DPD (discussed in detail below), we
hypothesized that DPD patients who had improved clinically
would at time 2 show significantly increased activation,
compared to time 1, of anterior insula in response to
emotional material.

3. That DPD patients would show generally reduced skin
conductance responses (SCRs) to IAPS stimuli compared to
healthy controls, and that at time 2 this effect would be
influenced by response to treatment in a similar manner to the
fMRI findings i.e., that DPD patients who improved clinically
would, at time 2, have an SCR profile resembling that seen
in controls, with significantly more autonomic response to
emotional stimuli than in the same patients at time 1 or
non-improved patients at time 2.

The key hypothesis, in its simplest form, was that patients
who show a significant response to treatment [defined as a
30% or greater reduction in Cambridge Depersonalization
State Scale (CDSS) scores at time 2 relative to time 1 (Sierra
et al, 2001, 2006), accompanied by subjective reported
improvement at clinical follow-up] would also show a
concomitant change in their neural and physiological response
patterns.

PARTICIPANTS AND METHODS

Fourteen adult patients recruited from the
Depersonalization Clinic at the Maudsley Hospital. Every
patient had a diagnostic assessment performed by a psychiatrist
experienced in the evaluation and treatment of DPD (either
NM or MS). Patients were recruited according to the following
inclusion and exclusion criteria: (1) Meeting diagnostic criteria
for primary DPD. Where other psychopathology (e.g., anxiety)
was present, it was a requirement that this was secondary
to chronic depersonalization, such that the latter was the
predominant presenting symptom, and had been the dominant
symptom for the duration of the condition (Medford et al.,
2005). (2) On no psychotropic medication. Where patients had
previously been on such medication, it was a study requirement
that they had been medication-free for at least 6 months.
However, toward the end of the study period, after four patients
had dropped out of the study for various reasons, a decision
was taken to include two further patients who were already on
conventional antidepressant medication at time 1 (fluoxetine
and venlafaxine, respectively). (3) Suitability for lamotrigine
treatment, and having given informed consent for this treatment.

were
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(4) No contra-indication to MRI scanning, and willingness to
undergo scanning on two separate occasions. (5) No history of
other psychiatric or neurological illness.

All patients gave informed consent, and were told they were
free to withdraw from the study at any time, without having to
give any reason. Patients were further informed that declining
to participate in, or withdrawing from, the study, would have
no bearing on the nature or duration of their clinical care. The
study had ethical approval from the relevant university and UK
National Health Service review boards.

Fourteen patients with DPD satisfying entry criteria gave
informed consent to participate (11 male, 3 female, age range
23-59, mean 33.7, SD 8.9). Estimated verbal IQ, assessed using
the NART (National Adult Reading Test, Nelson, 1982) ranged
from 103 to 127, mean 115, SD 7.79. Duration of DPD symptoms
ranged from 2 to over 40 years, mean 15 years, SD 11.42. In
other words all cases were highly chronic. Psychiatric symptoms
were quantified using the Cambridge Depersonalization Scale
(CDS, Sierra and Berrios, 2000), the Beck Depression Inventory
(BDI, Beck et al,, 1988), and the Spielberger Anxiety Inventory
(SAL Spielberger, 1983). The CDS is a self-report scale in
which respondents are asked to rate the frequency and duration
of depersonalization-related experiences over the preceding 6
months (Sierra and Berrios, 2000). Because we were interested in
changes between two time points, rather than symptoms over a 6
month period, we used an adapted “state” version of the CDS, i.e.,
CDSS, comprising 22 depersonalization-related statements (e.g.,
Things around me are now looking flat’ or ’lifeless’, as if I were
looking at a picture). Each statement is rated on a simple visual
analog scale between 0 and 100, such that the maximum possible
score is (22 x 100) = 2200. The BDI is a widely used instrument
for probing mood state and other mental and behavioral aspects
of relevance to depression, and SAI is another widely used
anxiety scale that has two sections, one probing anxiety-related
experiences over the preceding 6 months (Trait), and one asking
respondents to rate feelings or experiences in the moment (State)
(Spielberger, 1983).

Participants underwent the first fMRI scanning session prior
to commencing treatment with lamotrigine, which was initiated
at the dose of 25 mg per day and then slowly increased in
fortnightly increments (Medford et al., 2005). Provided there
were no adverse events related to treatment, they remained on
this medication for a sufficient period to reach a target dose in
the range 200-400 mg per day. It was not felt realistic or desirable
to specify that all participants should be on the same target dose,
as previous clinical experience with using lamotrigine for DPD
strongly suggests that, when lamotrigine is effective, the dose at
which it exerts optimal therapeutic effect varies widely between
individuals (as is true for many drugs used to treat psychiatric
conditions; Sierra et al., 2006).

Four patients reported that the DPD symptoms had originally
arisen in the immediate aftermath of illicit drug use [cannabis
in three cases, MDMA (“Ecstasy”) in the fourth, see Table 1]. It
was not felt that this represented a significant confound, as those
who described drug use preceding the onset of symptoms were
otherwise inexperienced drug users who had avoided all illicit
drugs since the first appearance of DPD symptoms. Moreover,

in every case the episode of drug use was so far in the past as
to make it very likely that, even if drug effects had played a
role in the initial experience of depersonalization, the ongoing
maintenance of the depersonalized state was due to psychological
and biological processes underpinning DPD in general, rather
than any distinct “drug-induced” variety of the condition. There
is strong empirical evidence to support this assumption, from a
study demonstrating that the course, nature and phenomenology
of DPD is highly consistent irrespective of whether drug use was
involved at onset (Medford et al., 2003).

Of the original clinical sample of 14, four patients did
not return for scans at time 2 (see Table1). Two of these
four withdrew from the study soon after their time 1 scans,
deciding that they did not wish to take psychotropic medication.
One patient experienced persistent nausea after commencing
lamotrigine and stopped taking it after a week. The fourth patient
took lamotrigine as described and then contacted the clinic to say
she felt her DPD symptoms had been completely abolished by it,
and that she no longer needed to be seen, and did not wish to
attend for the second scan as she lived a considerable distance
from the clinic.

At time 2, the 10 remaining patients were classified either as
“improved” or “not improved” on the basis of clinical assessment
and their scores on the Cambridge Depersonalization Scale,
state version (CDSS, see Table 1). In keeping with previous
work (Sierra et al, 2001, 2006), clinical improvement was
defined as a reduction of at least 30% in CDSS score between
time 1 and time 2, with percentage change calculated by the
formula [(Time 1 CDSS score-Time 2 CDSS score)/Time 1 CDSS
score] x 100. In every case, the categorisation as “improved” or
“not improved” was corroborated by descriptions of symptoms
and general mental state given by patients at clinical interview.
Using this method, five of the 10 patients were classified as
“improved” and five as “non-improved.” This 50% improvement
rate is consistent with previous work examining lamotrigine as
a potential treatment for DPD (Sierra et al., 2001, 2006). At
this point it should be stressed that the current study does not
represent a formal clinical trial of lamotrigine- aside from the
small numbers, the study was not placebo-controlled or blinded,
so the clinical improvement observed in some patients cannot be
confidently ascribed to the effects of lamotrigine. Nevertheless, it
is of note that placebo effects appear to be minimal in DPD (Sierra
et al,, 2001; Simeon et al., 2004), something particularly relevant
here, given that patients had been experiencing symptoms for a
prolonged period and in most cases had tried other psychotropic
drug treatments (usually SSRIs) prior to referral to the DPD
clinic, without any significant impact on their DPD symptoms.

In addition to the patient group, 25 healthy control subjects
(14 male, 11 female) were also recruited (age range 23-46, mean
29.8, SD 5.68; estimated verbal IQ 107-127, mean 117.5, SD 5.47).
Mean symptom scale scores for the control group were: CDSS
38.7 (SD 48.0), BDI 2.56 (2.73), SSAI 31.6 (SD 8.61).

Although the patient group contained relatively more males
(I1 M, 3 F vs. 14 M, 11 F), the difference in the gender
composition of the two groups was not statistically significant
(chi-square value 1.99, df = 1, p = 0.16). Unpaired ¢-tests were
performed to check for other differences between the groups.
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TABLE 1 | Patients at time 1 and time 2: rating scale measures, medication at time 2, and improvement status (1 = improved, 2 = not improved).

Time 1 Medication (at time 2, daily dose) Time 2 % change in CDSS score Improved?
BDI SSAlI CDSS Timelag (days) BDI SSAl CDS (State)

1 1 26 475 180 Lamotrigine 400 mg 0 26 140 —-70.5 1
2 27 58 780 242 Lamotrigine 400 mg 30 66 1175 +50.6 2
3 1 39 985 180 Lamotrigine 300 mg 3 31 615 -37.6 1
4 6 38 295 154 Lamotrigine 200 mg 10 46 285 -3.4 2
5 15 47 700 - - - - - - -
6 14 42 520 - - - - - - -
7 3 32 589 223 Lamotrigine 400 mg 4 37 237 -59.8 1
8 4 44 685 221 Lamotrigine 250 mg 4 55 344 —49.8 1
9 21 54 1355 - - - - - - -
10 10 57 591 - - - - - - -
11 6 29 467 127 Lamotrigine 250 mg 11 27 564 +20.8

12 18 50 1007 119 Lamotrigine 400 mg 17 53 1608 +59.7

Venlafaxine 75 mg
13 9 47 529 205 Lamotrigine 400 mg 46 588 +11.2 2
14 7 37 696 158 Lamotrigine 300 mg 22 260 —62.6 1
Fluoxetine 20 mg

Mean 10.14 42.86 691.00 180.9 - 9.3 409 581.6 - -
SD 7.86 10.08 272.42 41.74 - 8.77 14.58 467.70 - -

Timelag, number of days between time 1 and time 2, BDI, Beck Depression Inventory; SSAI, Spielberger State Anxiety Inventory; DES, Dissociative Experiences Scale; CDS, Cambridge
Depersonalization Scale (State Version). All 14 patients were scanned at time 1. Time 2 columns indicate which patients were subsequently re-scanned (10 of 14).

TABLE 2 | Group comparisons on SCR variables: controls vs. DPD
patients (at time 1).

SC Measure Group Meanrank  Sum of ranks U P

WEflucs NC 22.22 555.5 1195  0.052
DPDt1 16.04 2245

WEamp NC 22.62 565.5 1095  0.027"
DPDt1 15.32 2145

WEmean NC 22.24 556.0 1190  0.052
DPDt1 16.00 224.0

E1flucs NC 21.84 546.0 1200  0.087
DPDt1 16.71 234.0

Etamp NC 22.24 556.0 1190  0.049
DPDt 16.00 224.0

E1mean NC 22.28 557.0 118.0  0.049"
DPDt1 15.93 223.0

N1flucs NC 23.70 592.5 82.5 0.002
DPDt1 13.39 187.5

N1amp NC 24.40 610.0 65.0  <0.001"
DPDt1 12.14 170.0

N1mean NC 22.12 553.0 1220  0.062
DPDt1 16.21 227.0

P-values corrected for exactness within SPSS. P-values marked *represent findings
significant at a threshold of p = 0.05.

There were no significant differences between groups for age
(t=1.66,df =37, p=0.11) or estimated verbal IQ (t = —1.18, df
= 37, p = 0.24). There were highly significant differences between

TABLE 3 | Areas of significantly greater activation in response to aversive
images (upper part of table) and neutral images (lower part) in normal
control subjects (n = 25).

No. of voxels X y z Region Side
AREAS ACTIVATED BY EMOTIONAL > NEUTRAL

48 43  —-59 -24 Cerebellum R
37 36 —78 —13 BA18 Secondary visual cortex R
25 —43 —70 =7 BA19 Secondary visual cortex L
23 -40 —67 —29 Cerebellum L
18 40 7 20 BA44 dorsolateral prefrontal cortex R
14 —-36 7 26 BA44 dorsolateral prefrontal cortex L
10 40 22 -2 Anteriorinsula R
8 51 —44 37 BA40 supramarginal gyrus R
6 —51 19 20 BA45 dorsolateral prefrontal cortex L
AREAS ACTIVATED BY NEUTRAL > EMOTIONAL

66 -14  -52 -29 Cerebellum L
45 -58 —22 -7 BA21 middle temporal gyrus

23 47 —-52 37 BA40 supramarginal gyrus

BA, Brodmann Area.

groups on the three clinical rating scales: the BDI (t = 4.41, df =
37, p < 0.001), the SSAI (¢t = 3.71, df = 37, p = 0.001), and the
CDSS (t =11.89, df = 37, p < 0.001).

Experimental Procedure and Data Analysis
Subjects underwent fMRI scanning during which they viewed
alternating blocks of neutral and aversive images selected
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phase).

FIGURE 1 | Normal control group map. (A) Transverse slice at z = —2 showing activation in R anterior insula. (B) Transverse slices at z = 16, 24, 32, 40 showing
bilateral activation in DLPFC and occipital cortex. All areas significantly more activated by viewing aversive images compared to neutral images (i.e., in emotional

TABLE 4 | Areas of significantly greater activation in response to aversive
images (upper part of table) and neutral images (lower part) in patients
with DPD at time1 (n = 14).

Size X y z Region Side

AREAS ACTIVATED By EMOTIONAL > NEUTRAL

38 43 7 20 BA44 DLPFC R
36 43 —-70 7 BA37 primary visual cortex R
32 0 22 26 BA 24/32 anterior cingulate cortex R
29 —4 26 20 BA24 anterior cingulate cortex L
28 40 4 26 BA44 DLPFC R
27 43 19 15 BA 44/45 DLPFC R
21 0 22 31 BA32 anterior cingulate cortex R
17 —43 -70 -2 BA19/37 primary visual cortex L
15 40 30 -7 BA47 VLPFC R
13 -7 52 15 BA9 medial prefrontal cortex L
11 40 30 9 BA 45/46 DLPFC R
AREAS ACTIVATED BY NEUTRAL > EMOTIONAL

224 58 -15 -13 BA21 middle temporal gyrus R

BA, Brodmann Area; DLPFC, dorsolateral prefrontal cortex.

from the IAPS (Bradley and Lang, 1999). Each block of
aversive or neutral images lasted 30 s and comprised five
pictures, onscreen for 6 s each. Subjects were informed during
the consent procedure that some images were potentially
unpleasant or shocking, but were not given details as to
the purpose of the experiment. For each image, subjects
were asked to press a button to indicate whether the scene
depicted was taking place outdoors or indoors. This simple

task ensures cognitive processing of the stimulus image but
does not involve explicit judgements of emotional arousal
or salience: rather, the emotional processing is implicit. This
is the same procedure used in our earlier fMRI study of
depersonalization disorder utilizing IAPS images (Phillips et al.,
2001).

During each scanning session, SCR was recorded
continuously using standard silver-silver chloride electrodes
0.5 cm in diameter. Electrodes were attached to the first and
second fingertips of the nondominant hand. All electrodes and
cables were MR-compatible, allowing concurrent SCR recording
during the fMRI scanning sessions. Using a skin conduction
coupler, analog-to-digital conversion, and preamplification, the
signal was processed by a PSYLAB (Cambridge, MA) SC5SA
preamplifier, a SC5AL amplifier, and real-time PSYLAB online
signal processing software. These devices employ a 24-bit
A/D converter, filter the response signal at 10 Hz to prevent
aliasing, and have an output range of 0-100 MicroSiemens.
SCR was then sampled at 100 Hz without further compression
and stored offline serially, including stimulus presentation
points. Security measures were included to prevent electric
shocks, radiofrequency (RF) burning, and to protect SCL
signals from scanner-induced magnetic distortion using
screened cables. Shielding of the wires received a 5.6-kOhm
correction by resistors that produced a stable 1% shift of
the signal. The cable was led from the magnetically shielded
scanner environment through a Faraday cage, and the signal
filtered at 1000 pF by capacitors to a copper cap before
signal processing. Water soluble jelly (KY Jelly; Johnson
and Johnson, Slough, England) was used as an electrolyte

Frontiers in Psychology | www.frontiersin.org

June 2016 | Volume 7 | Article 432 | 116


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Medford et al.

Emotional Experience in Depersonalization Disorder

FIGURE 2 | Group data for all DPD patients at time 1. (A) Transverse slices at level z = 18, 29 showing activations in emotional phase in bilateral visual cortex,
right VLPFC, and bilateral medial prefrontal cortex (including ACC bilaterally). (B) Midline sagittal slice (i.e., x = 0) showing location of medial prefrontal activation.

contact medium between electrodes and skin. Before the
application of electrodes, all subjects washed their hands
using a plain nonabrasive soap (as in Sierra et al,, 2002) in
order to standardize the dermo-gel-electrode interface across
subjects as far as possible. During scanning, participants
underwent approximately 12 min of structural scans prior to
the commencement of the functional MRI experimental runs,
allowing adequate time for habituation of SCR once in the
scanning environment.

fMRI Hardware and Data Acquisition
Gradient echo echoplanar images were acquired on a GE Signa
1.5 T Neurovascular system (General Electric, Milwaukee, WI,
USA) at the Maudsley Hospital, London. One hundred T2*-
weighted images depicting BOLD (blood oxygenation level
dependent) contrast (Ogawa et al., 1990) were acquired over 5
min (for each task) at each of 14 near-axial non-contiguous 5-mm
thick planes parallel to the intercommissural (AC-PC) line: TE 40
ms, TR 35, in-plane resolution 5 mm, and interslice gap 0.5 mm.
This EPI dataset provided complete coverage of the temporal
lobes and almost complete coverage of the frontal, occipital, and
parietal lobes (Simmons et al., 1999).

fMRI data were analyzed with the software XBAM, developed
at the Institute of Psychiatry, using a non-parametric approach
(see Fusar-Poli et al., 2010, for further discussion of this method
and comparison with parametric mapping). Data were first

TABLE 5 | Areas of significantly greater activation in response to aversive
images and neutral images in those DPD patients who at time 2 exhibited
a significant decrease in CDSS score (n = 5).

Size X y z Region Side

AREAS ACTIVATED BY EMOTIONAL > NEUTRAL

45 22 —81 -7 BA18 visual cortex R
38 29 -63 -29 Cerebellum R
37 -22 —74 -29 Cerebellum L
32 -7 -89 —-13 BA17 lingual gyrus/visual cortex L
29 —43 19 -7 Anterior insula/BA47 L
26 —51 19 9 BA45 L
19 —-32 30 4 Anterior insula L
11 —47 19 20 BA45 DLPFC L
9 -40 0 31 BA44 DLPFC L
AREAS ACTIVATED BY NEUTRAL > EMOTIONAL

455 14 -52 -29 Cerebellum R

processed (Bullmore et al., 1999a) to minimize motion related
artifacts. A 3D volume consisting of the average intensity at
each voxel over the whole experiment was calculated and used
as a template. The 3D image volume at each timepoint was
then realigned to this template by computing the combination
of rotations (around the x, y, and z axes) and translations (in
X, ¥, and z) that maximized the correlation between the image
intensities of the volume in question and the template. Following
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visual cortex bilaterally, and left anterior insula extending into DLPFC.

FIGURE 3 | DPD patients at time 2: group data for improvers (n = 5) only. Transverse slices at levels z = —8, —2, 6, showing activations in emotional phase in

TABLE 6 | Areas of significantly greater activation in response to aversive
images and neutral images in those DPD patients who at time 2 did not
exhibit a significant decrease in CDSS score (n = 5).

Size X y z Region Side

AREAS ACTIVATED BY EMOTIONAL > NEUTRAL

74 36 —-67 -18 Cerebellum R
64 51 -63 -13 BA19/37 visual cortex R
40 —40 —67 —24 Cerebellum L
36 47 —67 -2 BA19 visual cortex R
34 —43 -70 -7 BA19/37 visual cortex L
26 43 30 15 BA45, DLPFC R
14 43 30 -7 BA47, VLPFC R
AREAS ACTIVATED BY NEUTRAL > EMOTIONAL

87 -25 -33 -29 Cerebellum L

realignment, data were then smoothed using a Gaussian filter
(FWHM 7.2 mm) to improve the signal to noise characteristics
of the images.

Responses to the experimental paradigms were then detected
by first convolving each component of the experimental design
with each of two gamma variate functions (peak responses at
4 and 8s, respectively). The best fit between the weighted sum
of these convolutions and the time series at each voxel was
computed using a constrained BOLD effect model (Friman et al.,
2003) This reduces the possibility of the model fitting procedure
giving rise to mathematically plausible but physiologically
implausible results. Following computation of the model fit, a
goodness of fit statistic was computed. This consisted of the
ratio of the sum of squares of deviations from the mean image
intensity (over the whole time series) due to the model to the
sum of squares of deviations due to the residuals (SSQratio).
This statistic is used to overcome the problem inherent in the
use of the F (variance ratio) statistic that the residual degrees
of freedom are often unknown in fMRI time series due to the
presence of colored noise in the signal. It has also been shown to
behave equivalently to F under permutation testing (Edgington,
1995).

Following computation of the observed SSQratio at each
voxel, the data are permuted by a wavelet-based method
(Bullmore et al,, 2001). Repeated application of this method

at each voxel followed by recomputation of the SSQratio
from the permuted data allows (by combination of results
over all intracerebral voxels) the data-driven calculation of the
null distribution of SSQratios under the assumption of no
experimentally determined response. Using this distribution it
is possible to calculate the critical value of SSQratio needed
to threshold the maps at any desired type I error rate. In
addition, detection of activated voxels is extended from voxel
to cluster level (Bullmore et al., 1999b). In addition to the
SSQratio, the size of the BOLD response to each experimental
condition is computed for each individual at each voxel
as a percentage of the mean resting image intensity level.
In order to calculate the BOLD effect size, the difference
between the maximum and minimum values of the fitted
model for each condition is expressed as a percentage of the
mean image intensity level over the whole time series. The
observed and permuted SSQratio maps for each individual,
as well as the BOLD effect size maps are transformed into
the standard space (Talairach and Tournoux, 1988) using a
two stage warping procedure (Brammer et al, 1997). This
involves first computing the average image intensity map
for each individual over the course of the experiment. The
transformations required to map this image to the structural
scan for each individual and then from “structural space” to
the Talairach template are then computed by maximizing the
correlation between the images at each stage. The SSQratio
and BOLD effect size maps are then transformed into Talairach
space using these transformations. Group activation maps are
then computed by determining the median SSQratio at each
voxel (over all individuals) in the observed and permuted
data maps (medians are used to minimize outlier effects).
The distribution of median SSQratios over all intracerebral
voxels from the permuted data is then used to derive the null
distribution of SSQratios and can be thresholded to produce
group activation maps at any desired voxel or cluster-level
type I error rate. Cluster level maps are thresholded at < 1
expected type I error cluster per brain. The computation of
a standardized measure of effect SSQratio at the individual
level, followed by analysis of the median SSQratio maps
over all individuals treats intra and inter subject variations
in effect separately, constituting a mixed effect approach to
analysis.
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visual cortex and right DLPFC.

FIGURE 4 | DPD patients at time 2, group data for non-improvers (n = 5). Transverse slices at z = 20, 28, 36 showing activations in emotional phase in bilateral

TABLE 7 | Comparison between controls and DPD patients at time 1.

Size X y z Region Side p
CONTROLS > DPD PATIENTS

70 47 —-63 -2 BA19 2viscx R 0.005
55 —43 -67 -13 BA19 2vis cx L 0.006
DPD PATIENTS > CONTROLS

27 40 4 20 BA44 DLPFC R 0.037
26 0 22 31 BA32 ACC R/L 0.039

All activations shown were in the emotional phase. 2vis cx, secondary visual cortex;
DLPFC, dorsolateral prefrontal cortex; ACC, anterior cingulate cortex.

Comparisons of responses between groups or experimental
conditions were performed by fitting the data at each intraceberal
voxel at which all subjects have non-zero data using a linear
model of the type (Y = a 4+ bX + e) where Y is the vector of
BOLD effect sizes for each individual, X is the contrast matrix
for the particular inter condition/group contrasts required,
a is the mean effect across all individuals in the various
conditions/groups, b is the computed group/condition difference
and e is a vector of residual errors. The model is fitted by
minimizing the sum of absolute deviations rather than the sums
of squares to reduce outlier effects. The null distribution of
b is computed by permuting data between conditions/groups
(assuming the null hypothesis of no effect of experimental
condition or group membership) and refitting the above model.
Group difference maps are computed as described above at
voxel or cluster level by appropriate thresholding of the null
distribution of b. BOLD effect maps were used to compute
significant group/condition differences rather than standardized
measures such as SSQratio, F or t as these contain explicit
noise components (error SSQ or error variance), raising the
possibility that group differences resulting from F, SSQratio or
t comparisons could reflect differences in noise rather than
signal.

RESULTS

Behavioral Data

All subjects scored >95% correct responses when judging
whether scenes depicted in IAPS images were taking place
outdoors or indoors, with no difference between the groups.

Skin Conductance Response (SCR) Data
Group Comparisons: All Controls (n = 25) vs. DPD
Patients at Time 1 (n = 14)

The following variables were examined: number of fluctuations
(amplitude of over 0.02 microsiemens), amplitude of the largest
fluctuation, and mean SCL (skin conductance level) across
the epoch. These variables were computed for (i) the whole
epoch (WE) (i.e., the entire scanning session), (ii) the first 30-
s emotional block within each session (E1), and (iii) the first
30-s neutral block within each session (N1). As the experiment
progresses, the likelihood of SCR responses in subsequent
blocks being contaminated by responses to stimuli from earlier
blocks increases. Therefore, SCR variables were not computed
for individual blocks occurring after the first emotional and
neutral blocks of each session. This resulted in a total of
9 SCR variables designated as WEflucs, WEamp, WEmean
(whole epoch fluctuations, maximum amplitude, and mean
SCR), Elflucs, Elamp, Elmean (the same variables computed for
the first 30-s emotional block), and Nlflucs, Nlamp, Nlmean
(the same variables for the first 30-s neutral block).

Initial exploratory statistics performed on these nine
variables, subdivided by group, showed that these data exhibited
considerable variance that violated the assumptions of normality,
even after log transformation. This was largely due to the data
being positively skewed (e.g., four of the 14 DPD patients at
time 1 showed no fluctuations greater than 0.02 microsiemens
across the entire scanning epoch, meaning that for this group
the distribution of values is skewed to the right of the normal
distribution curve). For this reason, non-parametric tests were
used to compare within and across groups.

Within the normal control group (n = 25), two-tailed
Wilcoxon signed-rank tests were used to compare SCR responses
in the first emotional and neutral blocks of each scanning epoch
(E1 and N1, see above). Fluctuations in the initial emotional
blocks (Elflucs) were significantly greater than those in initial
neutral blocks (N1flucs; sum of ranks 34.5 for Elflucs, 118.5
for Niflucs, p = 0.041). There were no significant differences
in amplitude of highest fluctuation or mean SCL. Similar results
were obtained in the DPD patient group at time 1, n = 14, where
Elflucs was significantly greater than Nlflucs (sum of ranks 0
for Elflucs, 28.0 for Nlflucs, p = 0.017), with no significant
differences in mean SCL.
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cingulate cortex activation.

FIGURE 5 | Group comparisons between controls and DPD patients at time 1. (A) Areas significantly more active in emotional phase in controls: coronal slices
showing extensive bilateral visual cortical activity. (B) Areas significantly more active in DPD patients: coronal and midline sagittal views showing location of anterior

TABLE 8 | DPD patients: comparison between improvers and
non-improvers at time 2.

Size X y z Region Side P

AREAS ACTIVATED IN IMPROVERS > NON-IMPROVERS

55 —43 19 -7 Anterior Insula L 0.013
50 -7 -89 -18 Cerebellum L 0.016
25 32 —74 4 BA19 visual cortex R 0.029
AREAS ACTIVATED IN NON-IMPROVERS > IMPROVERS

101 14 -52 -29 Cerebellum R 0.003
15 18 -85 -12 BA18 visual cortex R 0.042
12 —36 —74 4 BA19 visual cortex L 0.026

All activations shown were in the emotional phase. 2vis cx, secondary visual cortex.

However, the key comparisons here are the group
comparisons between controls and patients. Here, for each
variable, group comparisons were performed using a Mann-
Whitney U test, and in view of the relatively small sample
sizes this statistic was corrected for exactness within SPSS.
These data are summarized in Table 2. Tests of significance
were one-tailed, as there was a clear a priori hypothesis that
patients at time 1 would show diminished autonomic reactivity
compared to controls. In the study by Sierra et al. (2002), the
only measure on which DPD patients were found to be more
reactive than controls was a shortened latency of response to
non-specific stimuli (clap and sigh), while latency of response
to aversive images of the type used in the current study was
prolonged in the DPD patient group, and DPD patients also
showed significantly reduced magnitude of SCR response
to such pictures. Non-specific stimuli were not used in the
current study, and latency of response was not computed as

the methodology allows only for computation of responses
across epochs or blocks, rather than response to individual
events. For these reasons, the hypothesis for the current study
was that at time 1, DPD patients would show consistently
reduced autonomic activity (as indexed by SCR) compared
to healthy controls, and this would be reflected across all
variable types (number of fluctuations, amplitude, mean SCR
level).

For all subsequent SCR data analyses, non-parametric tests,
corrected for exactness, were used, according to the rationale
above.

All group differences were either significant at the <0.05 level
or approaching that threshold.

Group Comparisons: DPD Patients at Time 2,
Improvers (n = 5) vs. Non-improvers (n = 5)

Here comparisons were made between improvers and non-
improvers at time 2. There were no significant differences
between the groups for any of the individual variables.

Functional MRI Data

Group Data: Controls (n = 25)

For healthy controls, the key within-group analysis was
the group-level comparison of regional brain activation in
response to aversive images compared to neutral images. Areas
significantly more activated by viewing aversive images were
cerebellum, bilateral visual cortical areas, bilateral dorsolateral
prefrontal cortex (DLPFC, Brodmann areas 44 and 45), right
supramarginal gyrus. Areas significantly more activated by
viewing neutral images were cerebellum, left middle temporal
gyrus, right supramarginal gyrus, and left insula. These results
are summarized in Table 3 (in all fMRI data tables that follow, for
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anterior insula.

FIGURE 6 | Areas significantly more activated in emotional phase in improvers compared to non-improvers at time 2. Crosshair projection centered on left

TABLE 9 | DPD patients who showed a significant fall in CDSS score
compared at time 1 and time 2.

Size X y z Region Side P
TIME 2 > TIME 1

57 —26 —59 31 BA19 1vis cx L 0.008
34 -7 -70 -29 Cerebellum L 0.007
19 36 -63 31 BA19 1vis cx R 0.019
14 —47 —63 -7 BA18/37 2vis cx L 0.030
TIME 1 > TIME 2

21 47 4 15 BA44 DLPFC 0.013
12 29 —26 -29 Cerebellum 0.039
12 —51 -7 26 BA4 precentral gyrus L 0.036

Abbreviations as above.

each cluster the Talairach co-ordinates of the maximally activated
voxel within that cluster are shown) and Figure 1.

Group Data: DPD Patients, Time 1 (n = 14)

Areas significantly more activated by viewing aversive images
were areas of right lateral prefrontal cortex, bilateral primary
visual cortex, bilateral anterior cingulate cortex (ACC), and left
medial prefrontal cortex. Middle temporal gyrus was significantly
activated by viewing neutral images in contrast to aversive images
(see Table 4 and Figure 2).

Group Data: DPD Patients at Time 2, Improvers
(n=15)

Areas significantly more activated by viewing aversive images
were areas of bilateral visual cortex, left DLPFC, and left anterior

insula (Table 5, Figure 3). One large cluster in cerebellum was
significantly more active in the neutral phase.

Group Data: DPD Patients at Time 2, Non-improvers
(n=79)

Areas significantly more activated by viewing aversive images
were areas of bilateral visual cortex, right DLPFC, right
VLPFC (Brodmann area 47), and cerebellum. For the reverse
comparison, one large cluster in cerebellum was observed
(Table 6, Figure 4).

Group Comparisons: Controls (n = 25) vs. all DPD
Patients at Time 1 (n = 14)

Findings from the controls vs. patients (at time 1) comparison are
summarized in Table 7 and Figure 5.

Group Comparisons: DPD Patients at Time 2,
Improvers (n = 5) vs. Non-improvers (n = 5)

For this comparison, time 2 data for DPD patients who showed
a clinically significant reduction in CDSS score (n = 5) was
compared with time 2 data for those patients who did not show
any such reduction. See Table 8 and Figure 6.

Comparison Between Improvers at Time 1 and Time 2
These data are summarized in Table 9 and Figure 7.

DISCUSSION

With regard to the rating scale data: it is unsurprising that
patients and controls differed significantly on the anxiety
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FIGURE 7 | Group data comparisons for improvers at time 1 and time 2. Areas significantly more active in emotional phase at time 1 shown in fire, areas
significantly more active at time 2 in blue. (A) Transverse slice at z = 26 with crosshair projection centered on cluster in R DLPFC. Note activation in similar contralateral
region. (B) Extensive posterior cortical activation at time 2 (> time 1). Transverse slice at z = 1, crosshair projection centered on cluster in L occipitotemporal cortex.

scale (SSAI) in view of the established relationship between
depersonalization and anxiety (Medford et al., 2005, although
DPD is not simply an anxiety disorder, see Sierra et al., 2012),
and similar anxiety scores have been found in previous empirical
studies of patients with primary DPD (e.g., Sierra et al.,, 2002).
With regard to scores on the BDI, although DPD patients scored
significantly higher than controls, it should nevertheless be noted
that within the patient group the mean score is still well below
the usual clinical cut-off, as are all the individual scores within
the patient group, with the exception of one individual scoring
30 and another with a borderline score of 17.

SCR data was analyzed along three axes (number of
fluctuations, amplitude of highest fluctuation, and mean SCR
level) for the whole scanning session and, in addition, for the first
30-s aversive and neutral stimulus blocks, giving a total of nine
dependent variables. Tests of the hypothesis that DPD patients
(at time 1) would be generally less autonomically reactive than
healthy controls produced significant results for five of the nine
variables, and non-significant trends in the same direction for
the other four variables. Taken as a whole, these findings provide
strong evidence to support the above hypothesis. It should be
noted that this effect was not specific to responses to emotional
stimuli: the findings from neutral blocks are similar to those from
emotional blocks. As discussed above, the study by Sierra et al.
(2002), found decreased latency of response to physical (non-
image) auditory stimuli (clap, sigh) in the DPD patient group
compared to controls. The authors interpreted this as supporting
a previous theoretical suggestion (Sierra and Berrios, 1998) that
in DPD there is an inhibition of emotional response combined
with a simultaneous state of heightened alertness or vigilance

(this latter aspect was not specifically examined in the current
study). However, in the same study, in addition to the finding
that DPD patients had diminished responsiveness to aversive
images, there was also weak evidence (not reaching statistical
significance) of diminished responses to neutral images in the
DPD patient group.

There is also older work supporting the idea that
depersonalization is associated with diminished emotional
arousal and autonomic reactivity. There are reports of
individuals with episodic depersonalization in whom periods of
depersonalization were associated with SCR response patterns
that were strikingly different (in terms of showing greatly
reduced amplitude, and lack of fluctuation) from SCR responses
recorded from the same individuals at times when they were
not experiencing depersonalization symptoms (Lader and Wing,
1966). Another study (Kelly and Walter, 1968) used forearm
blood flow as an index of sympathetic activity and found that
patients with depersonalization had the lowest baseline levels
compared to various other psychiatric patient groups. Thus the
finding of reduced autonomic reactivity in depersonalization is a
consistent one, and in line with the results of the current study.

Improvements in clinical state at time 2, as indexed by
CDSS score, were not, however, associated with any significant
change in SCR variables. No significant differences were seen in
individual SCR variables between improvers and non-improvers
at time 2, or when comparing SCR results in improvers at time
1 and time 2. Caution must be exercised in interpretation of
these findings, as these comparisons are between small groups
(two groups of five in each case). Keeping this caveat in mind, it
appears that while measures of SCR reactivity appear to reliably
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discriminate patients from controls, they do not appear to have
predictive value in terms of response to pharmacotherapy or
progress over time, and nor are improvements in clinical state
necessarily mirrored by corresponding changes in autonomic
responses. This may reflect the fact that at time 2, even those
patients who exhibited a significant fall in CDSS score compared
to time 1 nevertheless still had CDSS scores well above the
clinical cut-off for this scale, with only one exception. In other
words, four of these five patients still had definite symptoms
of DPD, despite having improved clinically to a significant
degree. The improvement appears to be reflected in changes
in neural activation pattern in response to the IAPS images
(discussed in detail below), but this is not mirrored by changes
in autonomic response. This suggests that the inhibition of
autonomic emotional response is a core feature of the DPD
syndrome which is one of the last aspects to “normalize”
when patients improve clinically, whether this improvement is
spontaneous or in response to specific treatment interventions.
Although patients who improved were designated as “improvers”
for the purposes of this study, it cannot be definitively stated
that their improvement was in fact due to the prescribed
pharmacotherapy. The study was not designed as a formal
treatment trial- rather it is an observational study of changes over
time in a group of patients, and the cause of these changes cannot
be definitely inferred. However, the response rate of 50% (among
the 10 patients who were re-scanned at time 2) is consistent
with a previous study of lamotrigine (either as monotherapy or
in combination with antidepressant medication) (Sierra et al.,
2006), and it should also be noted that all the patients had at time
1 reported chronic, intractable symptoms that had not responded
to any previous interventions.

In contrast to the SCR data, the functional MRI results
suggest a clear pattern of association between changes in mental
state over time and corresponding changes in regional brain
activity. At time 1, DPD patients showed significant activation
in response to aversive images in right lateral prefrontal cortex
(both ventrolateral and dorsolateral regions), bilateral primary
visual cortex, bilateral ACC, and left medial prefrontal cortex.
Visual cortical activations are frequently seen in functional
neuroimaging studies when emotionally salient material is
presented in the visual modality, as in the current study. This
is thought to reflect the “modulation” of sensory cortex by
back projections from areas involved in emotional processing
(e.g., Morris et al., 1998; Tabbert et al, 2005). This process
appears to still be in operation in the DPD patients, despite
their otherwise reduced biological and experiential response to
emotion. However, it is important to note that this modulatory
effect appears to increase when symptoms of depersonalization
are (at least partly) ameliorated. The evidence for this is that when
group data for improvers at time 2 was contrasted with equivalent
data from time 1 for the same subgroup of patients, there was
significantly more activation in visual cortical areas (primary
visual cortex bilaterally, and left secondary visual cortex) at
time 2. This suggests that the modulatory effect seen in visual
cortex at time 1 is less pronounced than would normally be
expected, and this is confirmed by the fact that at time 1, controls
showed significantly greater activation than DPD patients in

visual cortex bilaterally. These activations were large (70 and
55 voxels, respectively) and highly statistically significant (p <
0.01). In contrast, no visual cortical areas were more active in
DPD patients than in controls. However, in DPD patients at
time 2, the pattern of results in visual cortex is more complex.
Both improvers and non-improvers show bilateral visual cortical
activations at time 2, with different areas being significantly more
active in each of these two subgroups. However, it is of note that
in the responder subgroup, visual cortex was significantly more
active at time 2 than at time 1, suggesting that a reduction in
CDSS score is associated with increased modulation of sensory
cortex by emotional processing. It may be that as this modulatory
effect increases, different areas of secondary sensory cortex are
recruited, perhaps accounting for the different patterns of visual
cortical activity seen in the two subgroups.

A network of right prefrontal regions was activated by viewing
aversive images in the DPD patient group at time 1. This included
a specific region (falling within Brodmann area 47) of right
ventrolateral prefrontal cortex. In a previous fMRI study of
DPD (Phillips et al, 2001), this same region was also found
to be preferentially activated in DPD patients in response to
aversive images compared to neutral images, and it was suggested
that this region may have a key role in an involuntary “top-
down” inhibition of brain regions involved in the generation of
emotional response. The current study provides further evidence
that this area plays a key role in the biological underpinnings of
the depersonalization state. Firstly, it was activated in response
to aversive images in patients at time 1, as detailed above.
Secondly, the same area was activated by viewing aversive images
in non-improvers at time 2, but not in improvers. This suggests
that lessening in the severity of depersonalization symptoms is
associated with reduced activity in this area during emotional
processing. The implication of this is that right BA47 is a critical
region for the inhibition of emotional responses in DPD. In
this context, it is interesting to note that the same region has
repeatedly been identified as an important inhibitory area in
studies that have examined voluntary regulation of emotion in
normal volunteers (Ochsner and Gross, 2005; Ohira et al., 2006).
Taken together, these findings suggest that right BA47 is recruited
when emotional responses are inhibited, regardless of whether
this emotional inhibition is volitional (as in normal voluntary
emotional self-regulation) or not (as in DPD).

Other lateral prefrontal regions activated in DPD patients by
viewing aversive images were predominantly right-sided, with
BA44, 45, and 46 all involved. An area of right DLPFC was
significantly more active in DPD patients at time 1 compared
to controls. This suggests that, in addition to the area of right
VLPFC detailed above, more dorsal regions of the right lateral
prefrontal cortex are also involved in the inhibition of emotional
response formation in DPD.

Medial prefrontal areas, including bilateral ACC, were also
activated by viewing aversive images in DPD patients at time 1.
ACC is known to be a key area in the evaluation of emotional
salience and regulation of emotional response (Medford and
Critchley, 2010) and it might be seen as a candidate for an
important role in the inhibition of emotional responses in DPD.
The current study provides only partial support for this idea.
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ACC was activated in patients at time 1, but ACC activation
was not seen in either patient subgroup (improvers or non-
improvers) at time 2, nor did ACC emerge as an area of
significant difference between the two subgroups at time 2.

One possible objection to our study might be that the time
2 scan results could have been confounded by some effect
of lamotrigine on regional brain perfusion and therefore on
BOLD response, as there is one study suggesting that lamotrigine
may reduce the BOLD response to somatosensory stimulation
in rodents (Kida et al., 2006). More pertinent to the current
work, however, is a more recent study showing no significant
effect of lamotrigine on brain perfusion patterns in humans
(Shcherbinin et al., 2015), suggesting that any such confound is
unlikely. Furthermore, in a previous fMRI study of DPD in which
some patients were on lamotrigine and some were unmedicated,
subgroup analyses of unmedicated participants did not suggest a
confounding effect of lamotrigine (Medford et al., 2006).

The left anterior insula emerged as a key region in this
study. This region was activated in controls in response to
aversive images, and this finding is consistent with a large body
of literature implicating the anterior insula in the response
to emotionally salient (particularly aversive) material (Phillips
et al., 1997; Mataix-Cols et al., 2008; Meriau et al., 2009). Insula
activation was not seen in response to emotional images in DPD
patients at time 1. However, anterior insula was activated by
viewing aversive images in improvers at time 2, but not in non-
improvers at time 2, and the difference was statistically significant
when the two groups were compared. This provides powerful
evidence that a lack of anterior insula activity is related to the
diminished emotional responsiveness seen in DPD, and that a
“re-awakened” insula is seen when patients improve and de-
affectualization symptoms (and DPD symptoms more generally)
are ameliorated.

The insula is frequently reported as a key brain region in
processes relating to emotion and bodily sensation (Craig, 2009).
In particular it has received attention for its putative role in
interoception: “our ability to sense ourselves” (Damasio et al.,
2000; Craig, 2002, 2009; Damasio, 2003; Critchley et al., 2004;
Medford and Critchley, 2010). Interoception encompasses the
sensing of discrete bodily events such as heartbeats, in addition
to a more general sense of bodily state thought to rely largely
on sensation related to autonomic and visceromotor processes
(Farb et al,, 2015). It is widely argued that this general feeling
state is closely related to emotional state (Craig, 2002, 2009;
Medford and Critchley, 2010). This relationship of interoceptive
processes to emotional state, in both healthy and clinical groups,
has been the focus of considerable empirical and theoretical work
in recent years (for recent reviews see Barrett and Simmons, 2015;
Farb et al,, 2015). One influential conceptualization suggests that
ascending somatosensory information is collated and integrated
(“represented”) in posterior and mid insula (regarded as “primary
interoceptive cortex”) before then being “re-represented” by
anterior insula to generate a consciously accessible feeling state
(“how I feel”) (Craig, 2009): a “sense of the whole” or “sense
of the internal milieu.” Theorists differ according to how much
of a central role they attribute to the insula. For example it has
been suggested (Craig, 2009) that the insula may be the seat of

self-awareness itself, whereas a more recent formulation (Barrett
and Simmons, 2015) argues that insular cortex is rather one
of a number of interoceptive hubs, so that while it contributes
to interoception, it is not crucial for it. Certainly the former,
more dramatic, claim appears inconsistent with the fact that
case studies of patients with extensive bilateral insula damage
(Philippi et al., 2012; Damasio et al., 2013; Feinstein et al,,
2015) show that fundamental aspects of self-awareness (such as
the ability to recognize oneself, or to have apparently normal
experiences of agency) and emotional response are preserved
in such cases. However, the disturbance of self-awareness
encountered in DPD is of a more subtle type: patients retain basic
self-awareness, and do not become delusional, rather something
about the quality of self-experience has changed. Patients with
DPD will often use the phrase “.as if” when attempting to convey
their experiences of the depersonalized state (e.g., “.. as if I were
an automaton,” “.. as if the world were artificial”), a state in which
experience of both the self and the surrounding world feel oddly
attenuated. Thus work in DPD may provide a clinical sounding-
board for the notion that, while insular cortex may not be
essential for interoceptive experience, its activity is important in
some way that adds important higher-order experiential features
(Damasio et al., 2013), aspects of subjective experience that can
usually be taken for granted but which are compromised in
DPD.

It is interesting that in our sample, DPD patients showing
clinical improvement at time 2 showed no significant change
in their sympathetic arousal as indexed by skin conductance.
This suggests that their self-reported improved self-awareness,
and concomitant changes in neural activity, may not be
immediately related to changes in sympathetic arousal but rather
to other interoceptive changes—here it is worth recalling that
the bodily signals that contribute to interoceptive experience
are manifold, including autonomic, visceromotor, hormonal,
immunological, and humoral elements (Critchley and Harrison,
2013). With regard to interoception and DPD, a study of
heartbeat awareness in DPD found no difference in performance
between DPD patients and healthy controls (Michal et al., 2014),
but more recent work suggests some anomalies in the cortical
representation of bodily events in DPD (Schulz et al., 2015). In
any event, in DPD the alteration in self-experience may not be
best probed by studies measuring awareness of discrete events
such as heartbeats, as patient self-reports strongly suggest that
in DPD it is a more general sense of one’s physical being that is
somehow attenuated or compromised (Medford, 2012).

In this context, it is of particular interest that the insula should
emerge as critical in DPD: in view of its role in the generation of
feeling states, and the relationship between these and emotional
experience, diminished (or inhibited) anterior insula activity is a
plausible biological substrate for both desomatization symptoms
and the phenomenon of de-affectualization which is the explicit
target of this study. It may be, then, that the subjective alteration
of experience that is the core of the depersonalized state is rooted
in a lack of anterior insula activity. The fact that this lack of
activity appears to be amenable to treatment- or, at least, that it
is not fixed over time- is encouraging, as it suggests a potential
neurobiological target for future treatment strategies in DPD.
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The insular cortex has been considered to be the neural base of visceral sensation
for many years. Previous studies in psychology and cognitive neuroscience have
accumulated evidence indicating that interoception is an essential factor in the subjective
feeling of emotion. Recent neuroimaging studies have demonstrated that anterior
insular cortex activation is associated with accessing interoceptive information and
underpinning the subjective experience of emotional state. Only a small number of
studies have focused on the influence of insular damage on emotion processing and
interoceptive awareness. Moreover, disparate hypotheses have been proposed for the
alteration of emotion processing by insular lesions. Some studies show that insular
lesions yield an inability for understanding and representing disgust exclusively, but
other studies suggest that such lesions modulate arousal and valence judgments
for both positive and negative emotions. In this study, we examined the alteration
in emotion recognition in three right insular and adjacent area damaged cases with
well-preserved higher cognitive function. Participants performed an experimental task
using morphed photos that ranged between neutral and emotional facial expressions
(i.e., anger, sadness, disgust, and happiness). Recognition rates of particular emotions
were calculated to measure emotional sensitivity. In addition, they performed heartbeat
perception task for measuring interoceptive accuracy. The cases identified emotions
that have high arousal level (e.g., anger) as less aroused emotions (e.g., sadness) and
a case showed remarkably low interoceptive accuracy. The current results show that
insular lesions lead to attenuated emotional sensitivity across emotions, rather than
category-specific impairments such as to disgust. Despite the small number of cases,
our findings suggest that the insular cortex modulates recognition of emotional saliency
and mediates interoceptive and emotional awareness.

Keywords: insula, interoceptive accuracy, facial expression, arousal level, heartbeat perception task

Introduction

Our emotional experience is well associated with internal bodily change. We have a racing pulse
or sweaty palms when we are excited. The peripheral theory of emotion (James, 1884; Lange,
1885/1992) proposed that “our feeling of the same changes as they occur is the emotion.” Although
the theory triggered long discussion, the findings of recent psychological and brain imaging studies
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have indicated that we refer to our internal bodily state when
we are aware of our emotional state. Additionally, our internal
state modulates our emotional experience (Bechara et al., 1996;
Pollatos et al., 2005; Lane, 2008; Dunn et al., 2010; Terasawa et al.,
2013a,b).

The perception of afferent information arising from anywhere
and everywhere within the body has been termed “interoception”
(Sherrington, 1906; Cameron, 2001). Some methods have been
developed as measurements of an individual’s sensitivity to
perceive interoception, such as the heartbeat perception task
(Schandry, 1981) and water load test (Herbert et al., 2012). Some
questionnaires such as the Autonomic Perception Questionnaire
(Mandler et al., 1958), the Body Perception Questionnaire
(Porges, 1993), and The Multidimensional Assessment of
Interoceptive Awareness (Mehling et al., 2012) are known as
indices of interoceptive sensibility (Garfinkel et al., 2015). Some
studies have suggested that sensitivity to interoception represents
the disposition of a person’s emotional experience, such as its
intensity (Critchley et al., 2004; Pollatos et al., 2005; Werner
et al., 2009) or the tendency to focus on arousal (Barrett et al.,
2004). Furthermore, a previous study of ours showed that
interoceptive sensitivity predicts sensitivity to the emotions of
others (Terasawa et al.,, 2014). These findings indicate that the
way in which interoceptive information is processed can affect
emotional experience in daily life.

Neuroimaging studies also support the notion that
interoceptive sensitivity is closely connected with emotional
experience. Activation of anterior insular cortex is commonly
observed in studies investigating emotional experience or
empathy (Lamm and Singer, 2010; Lee and Siegle, 2012; Gu
et al., 2013). Anterior insular activation is also found when
participants are aware of their internal bodily state (Evans
et al, 2002; Critchley et al, 2004; Hamaguchi et al,, 2004).
Our previous study confirmed that both interoceptive and
emotional awareness recruited right anterior insular activation,
and the activation mediated interoception and disposition of
social anxiety (Terasawa et al.,, 2013b). These findings support
the hypothesis that the integration of interoception and the
interpretation of environmental information yields the subjective
feeling of emotion and that the insular cortex is one of the critical
regions housing this mechanism.

If interoception plays a role in the foundation of subjective
emotion, what changes can be observed when the insular cortex
is damaged? Case NK had a selective left middle insula lesion
by cerebral infarction and showed difficulties in recognizing and
experiencing disgust, even though memory and intelligence were
well preserved (Calder et al., 2000). Several studies support this
finding (Adolphs et al., 2003; Borg et al., 2013). The origin of
disgust is considered to be a biological signal for preventing
the intake of rotten foods (Susskind et al., 2008). Furthermore,
Penfield found that people felt sensation in their gastrointestinal
organs when electrical stimulation was applied to the insular
cortex during a neurosurgical operation (Penfield and Faulk,
1955). Reported abdominal sensation, pain, and nausea by
stimulation of the insula suggest that the insula plays a key role in
representing interoception. These facts indicate that the insular
cortex is important not only in interoceptive processing, but

also in generating emotional experience that relates to bodily
sensation.

However, the accumulation of neuropsychological studies
on emotional processing revealed that not all areas of the
insular cortex simply subserve the feeling of disgust. A recent
neuropsychological study of 15 insular cortex lesion cases showed
that the ability to recognize fear, happiness, and surprise was
affected, although there was no change in disgust (Boucher
et al,, 2015). Adolphs et al. (2000) and Dal Monte et al. (2013)
examined the recognition of six basic emotions in over 100
patients with lesions and identified several regions that when
damaged led to the decline of emotion recognition performance;
these included the medial prefrontal cortex, cingulate cortex,
supramarginal gyrus, and insular cortex. Patients with insular
lesions showed lower performance on discrimination between
negative emotions, rather than a specific deficit for feeling
disgust.

Recent studies presented findings those were contrary to
expectations from previous studies. For example, Damasio et al.
(2012) reported the bilateral insular lesion cases showed normal
ability to feel emotion and self-awareness. Furthermore, Couto
et al. (2013) found a minimal impact of insular cortical lesions
when compared subcortical lesion cases. These studies suggest
that the insular cortex is not solely involved in the neural
substrates of emotional awareness, but rather that subcortical
neural networks between the insula and other regions, such as
the thalamus, should be considered. Furthermore, these studies
highlight the importance of accurate documentation of the effects
of insular lesions on emotional recognition ability beyond the
performance of basic emotion category recognition.

A previous study asked patients with insular lesions to evaluate
the arousal level of emotion-inducing pictures and observed
that the patients reported a lower arousal level for the pictures
regardless of valence (Berntson et al., 2011). Because arousal level
and the activity of the sympathetic nervous system are closely
connected, deviation from the homeostatic state of sympathetic
activity and perceiving the deviation can lead to recognition
of the arousal level. The circumplex model of emotion posits
two dimensions for defining emotions, arousal, and valence
(Russell, 1980; Kuppens et al., 2013). Emotions are plotted on
the plane defined by arousal and valence. Sadness, anger, and
disgust are plotted closely to each other on the valence dimension;
however, arousal level is the difference between these emotions.
The arousal level for anger is the highest, but for sadness it is
the lowest and disgust is in the middle. The insular cortex is
considered to be one neural substrate for representing arousal
level (Lewis et al., 2007), and decreased blood flow in this
region yields blunting of interoception (Khalsa et al., 2009).
These findings may support the hypotheses that insular cortical
and/or subcortical lesions impair interoception, which underlies
the recognition of arousal level, and leads to lower performance
for discrimination between negative emotions.

On the basis of this hypothesis, we examined the effects on
emotional experience following brain lesions including those in
the right anterior insula cortex. We measured sensitivity to other’s
emotion using morphed continua photos that ranged between
a neutral and an emotional facial expression, and revealed that
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the sensitivity was predicted by the interoceptive accuracy of
individuals (Terasawa et al., 2014). These results may suggest
that emotional experience is affected by the perception of internal
bodily changes triggered by emotional expression. In the present
study, we examined changes in emotional experience in patients
with right anterior insular lesions by the experimental task, and
discuss its influence on their daily life.

Materials and Methods

The study was performed with the approval of the Keio
University Research Ethics Committee (No. 09006). Before
participating in the study, all cases were informed (1) of the
purpose and procedure of the study and (2) that they were able to
cease their participation in the study at any time. All cases signed
a written informed consent form.

Cases

Three patients with lesions participated the study. They were
outpatients of the neurosurgery department of the Nasu Red
Cross Hospital.

Case A

Case A, a right-handed 61-year-old man, experienced convulsive
seizure by cerebral infarction when he was 59 years old. Right
dorsolateral prefrontal cortex (DLPFC) and anterior insula cortex
were resected by a hematoma evacuation operation (Figure 1A).
The lesion area included the cortical and subcortical anterior
to middle insula and ranged from ventral to dorsal parts.
Three-dimensional magnetic resonance angiography showed no
occlusions of the major cerebral arteries. Case A has a past
history of myocardial infarct, diabetes mellitus, hypertension,
paroxysmal atrial fibrillation, and symptomatic epilepsy. Motor
function, perception, and language abilities are well preserved.
Orientation, memory, working memory, and intelligence are
also preserved, but Perseveration error on the Wisconsin card-
sorting task (WCST) was observed [Category achieved (CA) : 0,
Perseverative errors of the Nelson type (PEN) : 25, Difficulties of
maintaining set (DMS) : 0].

Case A reported no change in memory and motor function,
but he described himself as having more impatience and being
duller compared with his premorbid level. He is still working
at a supermarket 5 days a week. According to his family, Case
A became easy to anger, disinhibited, and apathetic. Case A
showed a poor understanding of others’ intentions or facial
expressions. His thermal sensations became dull and he never
felt hot. These reports indicated that even though his memory
ability and intelligence were preserved, Case A had difficulty in
controlling his own emotions.

Case B

Case B, a right-handed 45-year-old man, experienced aneurysmal
subarachnoid hemorrhage of the middle cerebral artery when
he was 44 years old. He underwent surgical clipping. Magnetic
resonance imaging showed hemorrhagic contusion of the
temporal pole and decreased cerebral perfusion was observed

FIGURE 1 | Transverse magnetic resonance imaging with FLAIR
acquisition of the brains of the cases. Left sides of images correspond to
the right side of the brain. (A) Case A, (B) Case B, and (C) Case C.

at the right dorsolateral frontal cortex and the anterior insular
cortex (Figure 1B). The lesion area included the cortical and
subcortical anterior to middle insula and ranged from the ventral
to dorsal parts. Motor function, perception, and language abilities
are well preserved. Orientation, memory, working memory,
and intelligence are also preserved, but Perseveration error on
the WCST was observed (CA: 2, PEN: 25, DMS: 1). Lower
performances of verbal fluency test and delayed memory recall
were observed.

Case B reported that he has mellowed and is easily tired.
He never feels anxiety about anything, and cannot understand
people who feel anxiety at all. According to his family and doctor,
Case B shows a poor understanding of others’ facial expressions.
Additionally, he has an attitude of indifference toward his own
clinical condition. The indifference may coincide with the lower
anxiety trait.

Case C

Case C, a right-handed 66-year-old man, experienced convulsive
seizure and left hemiparesis when he was 60 years old. Brain
edema of the right frontal white matter was observed by
computed tomography scan. Pathological changes were observed
on the surface of the right frontal and premotor areas, and
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the right frontal lobe including the right anterior insula was
resected (Figure 1C). The lesion area included the cortical and
subcortical anterior insula and ranged from the ventral to dorsal
parts. Then, Case C was diagnosed with oligodendroglioma.
Orientation, memory, working memory and response inhibition,
and sustained attention are preserved, but lower performance on
the WCST (CA: 0, PEN: 21, DMS: 0) and verbal fluency task
were identified. Motor function, perception, language abilities,
and communication abilities are well preserved. He went back to
his work.

Case C reported that he frequently experienced action slips
and sometimes lost his intention for action. For example, he
required much more effort for concentrating on reading books
compared with symptom onset. However, he and his family
thought this impairment did not significantly impact on his daily
life. He had myocardial infarction four times for 4 years since the
neurosurgical procedure. However, he traveled through Japan by
bicycle on his own and also trained for a marathon, regardless of
the heart attack risk. Surprisingly, he reported that he hardly felt
anxious or at risk when performing such an exercise.

Age Matched Healthy Control

Fourteen males (mean age 56.7 £ 3.63 years) participated and
completed the heartbeat perception task and the emotional
sensitivity task. No participants had any psychiatric disorders.
Mini Mental State Examination (MMSE) was conducted and
confirmed that their score exceeded 27 points (mean 28.9 & 0.95),
indicating no subjects with cognitive impairment.

Materials and Procedures

Heartbeat Perception Task

Only Cases A and C participated the Heartbeat Perception Task.
The task was based on a task developed by Schandry (1981) and
Ehlers and Breuer (1992) for examining interoceptive accuracy.
The task has been used in many previous studies. A detailed
description of the task can be found in our previous study
(Terasawa et al., 2014).

Heartbeats were measured using a pulse oximeter (Polymate
AP1542, TEAC, Tokyo, Japan) on the fingertips during specific
periods of time. Participants were asked to count the number of
times that they felt their own heartbeat during the measurement
period. Discrepancies between the number of reported and
actual heartbeats during the measurement period were calculated
based on the formula used to define heartbeat perception error
rates by Ehlers and Breuer (1992): (actual heartbeats — reported
heartbeats/actual heartbeats) x 100. Each case completed six
trials at35s x 2,255 x 2,and 45 s x 2, with the order randomized
between subjects.

The Time Estimation Task

The time estimation task was developed by Dunn et al. (2010)
to overcome the influence of time estimation on interoceptive
accuracy. In the task, participants are asked to count the number
of seconds during a given period, and then the reported length
was compared with the actual duration. Time estimation error
rates were calculated in a manner similar to that of the heartbeat
perception error rate and checked whether the error rates for both

task were dissociated. Each case completed six trials at 23 s x 2,
40 s x 2, and 56 s x 2, with the order randomized between
subjects.

Emotional Sensitivity Task

To estimate the emotional sensitivity of the cases, we prepared an
experimental task that was identical to the task used in Terasawa
et al. (2014). A detailed description of the task can be found in
Terasawa et al. (2014). In this task, the cases were presented with
a facial expression photo and were asked whether or not they felt
emotion from the photos, and were asked to report the name of
the emotion if they did feel emotion.

We selected five photos each of a male individual and
a female individual, with the following facial expressions:
angry, sad, disgust, happiness, and neutral, from the Advanced
Telecommunications Research Institute International Facial
Expression Database (DB99). In addition to the original photos,
morphed photos were prepared for the task. These photos were
made in nine variations, with each variation having different
percentages of the neutral and emotion expressions (angry, sad,
disgust, and happiness), ranging from 10% neutral to 100%
of each emotion. For example, Neutral (N) 90% - Happiness
(H):10%, N:80% - H:20%, N:70% — H:30%, N:60% - H:40%,
N:50% - H:50%, N:40% - H:60%, N:30% — H:70%, N:20% -
H:80%, N:10% - H:90%, and N:0% - H:100% (Figure 2A). We
did not use the original neutral picture (N:100% - H:0%) in this
task, as every subject answered that they did not feel emotion
from the picture.

In each trial, (1) a stimulus was presented for 2 s. (2)
Participants were asked whether the stimulus made them feel an
emotion or not. (3) If participants responded “Yes,” then four
options were presented on the screen: anger, sadness, disgust, and
happiness, and they were asked to choose the appropriate one for
the emotion expressed by the stimulus. Because it was important
to determine if the participants felt emotion, we asked them to
respond “Yes” if they actually felt any emotion from the stimulus.
Participants were clearly instructed to categorize emotion that the
model expressed, not the one that they were experiencing. If they
responded “No,” the options did not appear and the task moved
on to the next trial after the presentation of a fixation point for 5 s
(Figure 2B).

Each stimulus was presented five times in random order, thus
there were 200 trials in total (4 emotion x 10 steps x 5 times).
Original stimuli that fully expressed a certain emotion (e.g., 100%
anger) were labeled as having an “emotion value of 10,” and
neutral stimuli (e.g., 100% neutral) were labeled as having an
“emotion value of 1.” Each step between emotion values 10 and 1,
e.g., from 9 to 2, was labeled depending on the percentage of the
emotional value present in the photo (Figure 2A).

The number of times that participants reported feeling
emotions as a result of viewing each stimulus were calculated. We
classified those stimuli that made participants feel an appropriate
emotion at least three times out of five (i.e., at least 60% of
the trials) as having sufficient emotional value to produce the
emotional response.

The threshold of emotional value was posited to be located
near the midpoint between stimuli that produced an emotional
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Did you feel emotion?

2

Yes No

2 sec.

FIGURE 2 | The stimuli used in the task (A) and outline of a trial (B). (A) Morphed continua photos ranging between neutral (stimulus 1) and 100% of each
facial expression (stimulus 10), i.e., angry. (B) A stimulus was followed by a judgment about whether the stimulus elicited an emotion. If participants responded “yes,”
options were presented and they were asked to choose the most appropriate emotion category.

What emotion?

"YeS"

Anger Sadness Disgust Happiness

C——> Move to next trial

llN OII

response less than three times and stimuli that produced an
emotional response three times and more. When participants
reported that they felt a certain emotion three times when viewing
a stimulus with an emotion value of six and two times when
viewing the stimulus with an emotion value of 5, we considered
their threshold for emotional response to be 5.5.

Results

Emotional Sensitivity Task

Case As responses toward each stimuli and thresholds of
emotional value are shown in Figure 3A. The red arrows show the
place where the thresholds appear. Yellow arrows show averaged
thresholds of the age matched control group. The thresholds are
also shown in Table 1. The responses of Cases B and C are shown
in Figures 3B,C, respectively. As the three figures and the table
show, all cases needed a higher emotional value to recognize
anger than healthy participants. The same was true for sadness
and disgust. Case C made too many error responses, such as
false identification of disgust as sadness or sadness as neutral,
which prevented the definition of thresholds for disgust and
sadness.

Although the numbers of case and control participants was
small, we compared the thresholds of cases and the control
group statistically. Crawford and Garthwaite (2002) and
Crawford et al. (2010) reported statistical methods to compare
scores of a single case and control group, and provided a

program called Singlims_ES, which can be downloaded from
http://homepages.abdn.ac.uk/j.crawford/pages/dept/Single_Case
_Effect_Sizes.htm. This allowed us to test whether an individuals’
score was significantly different from a control sample. As a
result, the threshold for anger in Cases B and C showed a trend
for being higher than in the control group (t = 1.46, p < 0.10;
Table 1). Case A showed a significantly higher threshold for
sadness (t = 1.99, p < 0.05), while Case B showed a higher
threshold for disgust (f = 2.28, p < 0.05). Not all thresholds of
the cases were statistically higher than those of the control group,
although the overall trends were the same, except for happiness.

The results support the idea that that insula lesions do not lead
to impaired recognition of a specific category of emotion such as
disgust, but rather that sensitivity to emotional value is blunted.
However, the recognition of happy emotions was not affected
by insula lesions because the cases showed similar sensitivity to
happy faces as healthy participants.

The Heartbeat Perception Task

Cases A and C completed the heartbeat perception task and the
time estimation task, but B did not participate in the tasks. The
error rates on the heartbeat perception task were 0.67 (Case A)
and 0.99 (Case C), thus both cases showed very high error rates
on this task. However, remarkably low error rates were observed
on the time estimation task: 0.01 for Case A and 0.06 for Case
C. High error rates on the heartbeat perception task indicate that
lower interoceptive accuracy underlies the blunted sensitivity to
others’ emotion measured by the emotional sensitivity task.
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FIGURE 3 | Numbers of responses for happiness (blue), sadness (red), disgust (green), and anger (purple) for each stimulus. (A) Case A, (B) Case B,
and (C) Case C. Red arrows show the place where the thresholds of cases appeared, and yellow arrows show the averaged thresholds of healthy participants.
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TABLE 1 | Thresholds of emotional value of the cases and healthy
participants.

Threshold t-value p Zcc Control

Case A Anger 4.5 0.68 026  0.70 3.64 (1.23)

Disgust 6.5 1.00 0.17 1.03 4.94 (1.51)

Happiness 2.5 —0.55 0.30 -0.57 3.18 (1.20)

Sadness 7.5% 1.99 0.03 2.06 4.43 (1.49)
Case B Anger 5.5+ 1.46 0.08 1.561
Disgust 8.5% 2.28 0.02 2.36
Happiness 3.5 0.26 0.40 0.27
Sadness 6.5 1.34 0.10 1.39
Case C  Anger 5.5+ 1.46 0.08 1.561
Disgust - - - -
Happiness 2.5 —-0.55 0.30 -0.57

Sadness - - - -

SD in healthy participants are shown in parentheses. Zcc, effect size for simple
t-test. *p < 0.05, Tp < 0.10.

The control group also completed the heartbeat perception
task, with a mean error rate of 0.70 £ 0.23. There were no
differences between Case A compared with control group, while
Case C showed significantly lower performance.

Discussion

In this study, we examined the effects on emotional experience
following brain lesions including the right anterior/middle
insula cortex. Findings from the emotional sensitivity task
and the heartbeat perception task indicated that the cases
had blunted sensitivity to emotional expression and lower
interoceptive accuracy. Some previous studies have suggested
that insular lesions lead to selective impairment of disgust
recognition (Calder et al., 2000; Adolphs et al, 2003; Borg
et al., 2013); however, other studies have suggested that such
lesions yield lower performance for discrimination between
negative emotions (Adolphs et al., 2000; Dal Monte et al., 2013).
Furthermore, other studies have proposed reduced arousal to
emotional stimuli regardless of emotional valence (Berntson
etal,2011).

At the very least, our findings do not support the hypothesis
positing that insula lesions cause the selective impairment of
disgust recognition. Though Cases A and B needed higher
emotional value to recognize disgust compared with healthy
participants, they could properly recognize disgust when the
stimuli had higher values. Case C could not recognize disgust,
but also sadness, thus the impairment cannot be considered
selective. However, all cases showed some degree of difficulty in
recognizing emotions from stimuli.

Unique patterns of error response can be seen when focused
on Figures 3A-C; these are (i) misidentification of anger
as disgust or sadness and (ii) misidentification of disgust as
sadness. Based on a circumplex theory of emotion and insular
function for recognizing arousal level, these patterns are very
compelling. According to the circumplex theory of emotion
(Russell, 1980), emotions can be plotted on a plane defined by

two dimensions: arousal and valence. Anger, disgust, and sadness
have similar emotional valence, but differences in arousal level
discriminate these three emotions. Attenuation of recognized
arousal level may lead to the error patterns that can be seen
in the present study, because the arousal level of anger is the
highest, disgust is middle, and sadness is the lowest. As the
insular cortex is related to the recognition of arousal level,
the error patterns may suggest that the cases could understand
the emotional valence of stimuli, but that they had difficulty
in sensing arousal level from the stimuli. Thus, they identified
emotions (e.g., anger) that have high arousal level as less aroused
emotions (e.g., sadness). Arousal level is closely connected to
bodily responses such as cardiovascular activity, respiration, and
body temperature. If interoceptive awareness for these responses
underlies recognition of arousal level, it is reasonable to assume
that insular lesions lead to reduced arousal level, and then to
the altered emotional recognition performance observed in the
present study.

Few previous studies have examined whether insular lesions
lead to a decline in interoceptive accuracy. Khalsa et al. (2009)
revealed that heartbeat sensation was not significantly affected by
bilateral insular lesion, until an anesthetic was otherwise applied
to the skin. However, Ronchi et al. (2015) reported that resection
of selective right neoplastic insular lesions led to an increment
of error rates on the heartbeat perception task, a result identical
to that of our study. In particular, the resection boosted the
error rates from 0.18 to 0.39. The patient of Ronchi et al. (2015)
had higher interoceptive accuracy before resection, but that was
not the case after resection. We did not measure interoceptive
accuracy of cases prior to the lesion in the present study, and
the heartbeat perception task showed rather large individual
differences. In fact, although Case C showed remarkably low
performance in the heartbeat perception task, the performance
of Case A was identical to the control group. Thus, the high error
rates of Case C could not be easily attributed to the right anterior
insular lesion. As suggested by Damasio et al. (2012) and Couto
et al. (2013), we considered the function of the insular subcortical
network for the performance. The lesion area of Case A was
rather selective, suggesting that the subcortical network should be
largely preserved. The effect of coexisting somatosensory routes
of interoception should also be considered (Khalsa et al., 2009;
Couto et al.,, 2014). Findings from a series of previous studies and
our results remain insufficient to fully elucidate the role of the
insula for interoception and emotional awareness. Further testing
of insular lesion cases is required to understand whether insular
lesions lead to a decline in interoceptive accuracy and emotional
awareness.

The reported episodes of the cases’ daily life are also
interesting. None of the three cases had a major problem with
their memory and intelligence, but all reported episodes that
indicate altered emotional experience. An absence of feelings
of anxiety, observed in Cases B and C, is remarkable, because
anxiety is considered to be closely related to interoception and the
insular cortex is one of the neural correlates for this relationship
(Paulus and Stein, 2006; Simmons et al., 2011; Terasawa et al.,
2013a). These studies propose that amplified sensitivity to
bodily information enables us to detect subtle internal bodily
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changes and evokes anxiety, because anxiety states are closely
related to sympathetic activities. If the exaggerated attention to
interoceptive information is assumed to yield anxious feelings,
then conversely the unavailability of interoceptive information
may reduce anxiety.

However, there were no significant differences between the
cases and healthy participants for the thresholds of emotional
value for happiness. If attenuated interoceptive accuracy lowers
arousal level, this trend should also be observed for happiness
recognition. We posit three possible reasons for this finding.
The first hypothesis is that the right insula specifically underlies
negative emotion processing, not that for positive emotion. Craig
(2005) suggested this asymmetrical function of the insula, and
proposed associations of the right anterior insula with energy
expenditure (arousal) feelings, such as risk and depression,
and the left insula with energy enrichment (affiliation) feelings,
such as social bonding. His suggestion may support the notion
that positive emotion is related to left insular activity rather
than the right insula. However, some studies have reported
that highly aroused emotions recruit anterior insula activity
regardless of valence (Iaria et al., 2008; Moriguchi et al., 2014).
These studies imply that the laterality of insular function is
still controversial, and this idea seems insufficient for explaining
our findings about happiness. The second hypothesis is that
people have a tendency to process happy faces preferentially
more than other emotions. Calvo and Nummenmaa (2008)
observed that happy faces need less time to be detected
precisely compared with fearful, angry, sad, surprised, and
disgusted faces. The findings suggest that sensitivity to happy
faces predominates over the blunting of emotion recognition
based on the insula lesion, thus recognition of happy emotions
was maintained. The third hypothesis concerns a technical
issue, that there is only one option for positive valence
emotion. If cases could understand valence properly, there is
no possibility to misidentify happy as other emotions, but
the possibilities were high for negative emotions, because
there are three options for negative emotions. Our results are
not detailed enough to decide which is the most plausible
hypothesis, but the findings suggest that the cases could
understand emotional valence properly and that the effect of
interoception would be rather small on recognition of the
valence.

All three cases showed lower performance in the WCST, and
the number of perseveration error responses was quite high in
particular. Neuroimaging studies designate the involvement of
the insula cortex in various cognitive functions such as attention
or memory, thus it is possible to posit that insula lesions
affected performance through basic cognitive functions (Kurth
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Interoceptive body awareness (IA) is crucial for psychological well-being and plays an
important role in many contemplative traditions. However, until recently, standardized self-
report measures of IA were scarce, not comprehensive, and the effects of interoceptive
training on such measures were largely unknown. The Multidimensional Assessment of
Interoceptive Awareness (MAIA) questionnaire measures IA with eight different scales.
In the current study, we investigated whether and how these different aspects of |A
are influenced by a 3-months contemplative intervention in the context of the ReSource
project, in which 148 subjects engaged in daily practices of “Body Scan” and “Breath
Meditation.” We developed a German version of the MAIA and tested it in a large and
diverse sample (n=1,076). Internal consistencies were similar to the English version (0.56—
0.89), retest reliability was high (rs: 0.66-0.79), and the MAIA showed good convergentand
discriminant validity. Importantly, interoceptive training improved five out of eight aspects
of 1A, compared to a retest control group. Participants with low |A scores at baseline
showed the biggest changes. Whereas practice duration only weakly predicted individual
differences in change, self-reported liking of the practices and degree of integration into
daily life predicted changes on most scales. Interestingly, the magnitude of observed
changes varied across scales. The strongest changes were observed for the regulatory
aspects of IA, that is, how the body is used for self-regulation in daily life. No significant
changes were observed for the Noticing aspect (becoming aware of bodily changes), which
is the aspect that is predominantly assessed in other IA measures. This differential pattern
underscores the importance to assess |IA multi-dimensionally, particularly when interested
in enhancement of |A through contemplative practice or other mind-body interventions.
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INTRODUCTION

Interoceptive awareness (IA) comprises the awareness of signals
from the inside of the body, such as the perception of heart beats,
the breath, or movements of the viscera, and higher-order top—
down processes including biases, beliefs, attitudes, and emotions
regarding those perceptions (Cameron, 2001; Craig, 2002; Mehling
etal., 2009). Interoception has been shown to be critical for the
sense of self and the creation of a subjective perspective from
which the world is experienced (Varela etal., 1991; Craig, 2002,
2009; Critchley etal., 2004; Berlucchi and Aglioti, 2010; Park and
Tallon-Baudry, 2014). It is also important for awareness and reg-
ulation of emotions (Dunn et al., 2007; Silani et al., 2008; Herbert
etal., 2011; Fiistos etal., 2013; Koch and Pollatos, 2014) as well as
empathy (Singer etal., 2009; Bird etal., 2010; Lamm and Singer,
2010; Terasawa et al., 2014). Furthermore, IA is critical for decision
making (Sanfey et al., 2003; Dunn et al., 2010; Stitterlin et al., 2013)
and self-control of behavior in various situations with impact on
health and disease (Herbert etal., 2007, 2012a, 2013; Herbert and
Pollatos, 2014).

Contemplative traditions have also widely recognized the
importance of IA (Selby, 1992; Goldstein and Kornfield, 1995;
Vaughan, 2002; Holzel etal., 2011; Kerr etal., 2013) and devised
mental training practices, such as bodily focused meditations,
to train awareness of body sensations (Hart, 1987; Kabat-Zinn,
1990). Despite the importance that malleability of IA could
have due to its potential association with beneficial psychologi-
cal and physical outcomes, few studies have investigated whether
and how different aspects of IA are influenced through mental
training.

Interoceptive awareness can be assessed with objective and sub-
jective measures. Objective behavioral tests mainly focus on a
subcomponent of IA that has been termed interoceptive sensi-
tivity (Critchley etal., 2004) or interoceptive accuracy (Farb etal.,
under review), which denotes the objective ability of a subject
to accurately perceive inner bodily signals, such as the heartbeat
(Brener and Jones, 1974; Whitehead et al., 1977; Schandry, 1981),
breathing (Davenport etal., 2007), or gastric activity (Herbert
etal.,2012b). Findings up to now suggest that accurate perception
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of the heartbeat is not increased in meditators (Nielsen and Kasz-
niak, 2006; Khalsa etal., 2008; Melloni etal., 2013; Parkin etal.,
2013) and accurate perception of breathing, was only slightly
better in experienced meditators compared to non-meditating
controls (Daubenmier etal., 2013). Thus, the notion that contem-
plative practice profits the interoceptive sensitivity component of
IA is put into question by the current state of objective empirical
findings.

Besides their obvious problems, subjective measures, such as
questionnaires, have the advantage that they more easily allow
a broader assessment of IA, covering not only sensitivity to
body signals, but also connected beliefs, attitudes, thoughts,
and emotions. However, most standardized questionnaires do
not fully use this potential, either because they assess only one
dimension of IA (e.g., Body Awareness Questionnaire, Shields
etal., 1989; Private Body Consciousness Scale, Miller etal., 1981)
or because they assess different aspects together in one scale
(see Mehling etal., 2009, for a review). Thus, these question-
naires are not likely to accurately depict change in IA elicited
by contemplative practice, which has been described as a mul-
tidimensional process (Mehling etal., 2011). To overcome this
problem, Mehling etal. (2009) constructed a self-report instru-
ment for IA, based on an extensive literature review of published
body awareness questionnaires, focus groups with experienced
practitioners of mind-body-practices, and extensive psychometric
testing (Mehling etal., 2012). The result of these investigations
is the multidimensional assessment of interoceptive awareness
(MAIA, Mehling etal., 2012), a 32-item self-report measure that
measures [A on eight dimensions. One dimension, “Noticing,”
reflects the self-reported propensity to become aware of one’s
body sensations, such as heartbeat and breath. The other seven
dimensions include regulatory aspects of body awareness, that is,
how the body and its felt sensations are internally ‘used’ by the
subject (to regulate attention or distress, or to gain insight about
emotions); reactive aspects, that is, how people respond to body
sensations (e.g., with worry or distraction); the awareness of the
connection between body sensations and emotional states, and

the extent to which the body is experienced as a comforting place,
as safe and trustworthy (see Table 1 for a full description of the
dimensions).

The link between contemplative training and the MAIA has
been explored in a recent study in which patients with lower
back pain were categorized into subjects with and without med-
itation experience (mixed styles). Higher scores on four of the
eight MAIA scales were shown for patients with meditation expe-
rience of any kind compared to meditation naive controls, with
strongest effects in Self-Regulation (Mehling etal., 2014). These
findings are, however, limited by the cross-sectional nature of
the study, the high heterogeneity of meditation practices, and
the specific population (pain patients). Sze etal. (2010) studied
IA cross-sectionally in Vipassana meditators compared to con-
trols, using three IA scales that mostly measure Noticing, and
found higher scores in meditators. Similarly, Noticing aspects
of IA have been shown to be increased in yoga practitioners
(Rani and Rao, 1994; Daubenmier, 2005; Impett etal., 2006).
Three prospective, qualitative studies (Landsman-Dijkstra etal.,
2004; Morone etal., 2008; Schure etal., 2008), using content
analyses of journal entries and open questions, have investi-
gated changes in IA elicited by mindfulness based stress reduction
(MBSR; with slight modifications), and a Body Awareness Pro-
gram (including mindfulness meditation). Overall, participants
reported increased awareness of their body sensations, while stress-
ing many corollary benefits of the practice, such as improved
attention, increased awareness of emotions and mind-body-
interactions, and a higher propensity to listen to their bodies
for insight about their emotional state, particularly when in
distress. To summarize, there is cross-sectional evidence for
differences in the Noticing aspect of IA in meditators, and quali-
tative evidence from mostly short-term longitudinal studies about
training-induced changes in many other aspects of IA. Up to the
present point, there is, however, to our knowledge, no pub-
lished study on training-related changes in IA based on (a) a
well-controlled longitudinal design, (b) a focused mental training
program targeting specifically the cultivation of IA, and (c) the

Table 1| Scales and sample items of the multidimensional assessment of interoceptive awareness (MAIA).

Scale name Description

Sample questions

Noticing
sensations
Not-Distracting
pain or discomfort
Not-Worrying
sensations of pain or discomfort
Attention Regulation
Emotional Awareness
emotional states
Self-Regulation
Body Listening Active listening to the body for insight

Trusting Experience of one's body as safe and trustworthy

Awareness of uncomfortable, comfortable, and neutral body

Tendency not to ignore or distract oneself from sensations of

Tendency not to worry or experience emotional distress with

Ability to sustain and control attention to body sensations

Awareness of the connection between body sensations and

Ability to regulate distress by attention to body sensations

I notice changes in my breathing, such as whether it slows
down or speeds up.

| distract myself from sensations of discomfort.

| start to worry that something is wrong if | feel any discomfort.

| can refocus my attention from thinking to sensing my body.

I notice how my body changes when | am angry.

When | feel overwhelmed | can find a calm place inside.
| listen for information from my body about my emotional state.

| feel my body is a safe place.
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assessment of IA through a standardized self-report instrument
allowing for the differential measurement of change on different
aspects of TA.

To close this gap, we used the MAIA to investigate how mental
training influences different dimensions of IA. We investigated this
in the context of the “Presence” module of the ReSource Project,
a large-scale longitudinal mental training study, conducted by the
Max Planck Institute for Human Cognitive and Brain Sciences in
Berlin and Leipzig. The ReSource project appeared to be particu-
larly appropriate for such an investigation, because it relies on a
large sample (n = 148) that, in the first 3-months training mod-
ule, underwent an intervention, which was specifically designed
to cultivate IA through daily practices of a “Body Scan” (BoS) and
a “Breath Meditation” (BrM; see Materials and Methods). Both
practices are designed to strengthen participants’ focus on body
sensations as a vehicle to return to the present moment whenever
the mind has wandered. Comparison of the training group with
a retest control group, that is, a group that undergoes the same
testing but without intervention, allows us to investigate whether
IA is altered through mental training and not through familiarity
with the scale alone, and if so, which aspects of IA are particularly
affected by contemplative, interoceptively focused training.

MATERIALS AND METHODS

ETHICS

All reported measurements and the ReSource Presence train-
ing were part of the ReSource Project, which was approved
by the Research Ethics Committee of the University of Leipzig
with the number 376/12-ff, and the Research Ethics Com-
mittee of the Humboldt University in Berlin (Mathematisch-
Naturwissenschaftliche Fakultit II), with the numbers 2013-02,
2013-29, and 2014-10. All participants gave written informed
consent prior to their participation.

SAMPLES

Samples for questionnaire validation

A total of 1,076 subjects (345 male; mean age = 38.7, SD = 9.3; age
range = 18-59) filled out the MAIA. Participants were recruited
from different German cities (Berlin, Leipzig, Ulm), and through
an online server of the University of Mannheim (see Table 2 for
sample details). All participants filled out computerized versions
of the MAIA, except for the sample from Ulm, who filled it out on

paper.

Samples in the intervention study
A subsample (n = 232; samples 5 and 6 in Table 2) took
part in the intervention study. 152 subjects (73 male; mean
age = 41.6, SD = 9.4; age range = 20-55) were part of the train-
ing group, 80 were part of a retest control group (see below).
The training group was recruited in a multistep process. Briefly,
a total of 2,595 individuals applied for the study, responding to
advertisement in newspaper and public transport, to flyers, cir-
culations on relevant e-mail lists, or word of mouth. Participants
received extensive information on the study through information
evenings and personal phone contact. They were informed that
the study would involve daily practice of different mental training
exercises, grouped in three modules which aim at training Pres-
ence (involving attention and interoception training; the module
under investigation in this paper), as well as socio-cognitive and
socio-affective abilities. Interested participants were screened via
questionnaires and psychological interviews. All participants in
the final sample fulfill a number of inclusion criteria, includ-
ing good psychological and physical health (see Supplementary
Material for details).

Eighty subjects (32 male; mean age = 43.3, SD = 8.6; age
range = 23-55) served as a retest control group, to account for
effects of repeated testing. The sample was recruited from the

Table 2 | Samples for MAIA validation and the intervention study.

No Description n Male Age (SD) Age range

1 Subjects applying for the ReSource project but not participating in pilot or 494 176 42.67 (9.7) 20-55
intervention study
(Berlin and Leipzig)

2 Participants of ReSource pilot studies 69 25 33.0 (11.0) 19-55
(prior to intervention study, Leipzig)

3 Psychology students 133 3 24.8 (74) 18-58
(Ulm)

4 Online survey 112 53 32.4 (8.9) 20-59
(hosted in Mannheim @)

5 ReSource intervention study participants (training group) 152 73 41.6 (9.4) 20-55
(Berlin and Leipzig)

6 ReSource intervention study participants (retest control group) 80 32 42.3 (8.6) 23-55
(Leipzig)
Full sample 1,076 345 38.7 (9.3) 18-59

The full sample filled out the MAIA and took part in questionnaire validation. Samples 5 and 6 took part in the intervention study as training and control group,

respectively. @ http.//www.forschung-erleben.uni-mannheim.de
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participant data base of the Max Planck Institute for Human Cog-
nitive and Brain Sciences, Leipzig. Participants in the retest control
group did not differ statistically from those in the training group
(all ps < 0.05) in terms of age, sex, socio-economic status (assessed
as income and education level), or any of the MAIA scale values at
baseline. For the retest control sample, the study was advertised as
an online survey on personality and emotion.

CONSTRUCTION AND VALIDATION OF THE GERMAN MAIA

Translation

As the study took place in Germany and no German version of the
MAIA was available, we first translated it. Two of the authors (Wolf
E. Mehling and Boris Bornemann, both native German speak-
ers and proficient in English), and a translation agency (Baker
and Harrison, Munich, Germany) independently produced Ger-
man translations of the questionnaire. Wolf E. Mehling and Boris
Bornemann then compared the three translations, item by item,
and, in the case of different translations, picked the wording that
was most easily understandable and closest to the English ver-
sion. The final questionnaire was then sent to the agency and
translated back into English by another independent translator.
The back-translation and the original English questionnaire were
compared. All items were found to be identical or very similar in
wording and meaning so that no further corrections had to be
applied.

Assessment of psychometric properties

The full sample was used to derive at means, standard deviations,
and Cronbach’s alphas for the MAIA scales. Retest reliability was
assessed in the retest control group (sample 6, see Table 2). For
investigation of convergent and discriminant validity, a partial
sample (n = 268; 122 male, mean age = 41.8, SD = 9.1; age
range = 20-55; from samples 1,5, and 6; see Table 2) filled out
the Five Factor Mindfulness Inventory (FFMQ; Baer etal., 20065
Otto, 2012), which had previously been reported to be positively
correlated with the MAIA (Mehling etal., 2012), and a measure of
state anxiety (STAI-T from the State-Trait-Anxiety Questionnaire;
Spielberger etal., 1970), which had previously been found to be
negatively correlated to the MAIA scales (Mehling et al., 2012). We
also assessed the Private Body Consciousness Scale (Miller etal.,
1981) in 185 subjects (48 male; mean age = 41.8, SD = 9.4; age
range = 20-55; from samples 1 and 5; see Table 2), to obtain
another measure of body awareness. Note that this scale measures
exclusively the Noticing facet of IA.

TRAINING STUDY

Training group

The 3-months contemplative intervention was embedded in a
large-scale multi-method longitudinal study, the ReSource project.
In short, this study consists of several 3-months modules (Pres-
ence, Affect, and Perspective). All participants start with a
3-months Presence module aiming at cultivating attention and
IA. The 3-months Presence intervention begins with a 3 days
silent retreat, in which participants are familiarized with the pur-
pose of the Presence training, and with the two core practices:
BoS and BrM. After this introductory retreat, subjects prac-
tice alone at home and attend weekly 2-h classes for 13 weeks.

Both retreat and weekly classes are facilitated by experienced
meditation teachers (nine different teachers with backgrounds in
Theravada Buddhism, Tibetan Buddhism, and secularized mind-
fulness approaches, and long-standing teaching experience). In the
weekly classes, the teachers support the participants by supplying
additional exercises beside the two core practices (e.g., walking
meditation, sound meditation), as well as inspirations and ideas
for informal practice in daily life, all aimed at helping the partic-
ipants to focus their attention and become more aware of their
present-moment experience. In addition to the weekly classes,
participants are asked to practice five times per week for 30 min
(20 min BoS, 10 min BrM) alone at home. These individual home
practices are supported by an online platform and a smart phone
app, both of which contain guided meditation audio files, recorded
by the teachers. Participants were asked to always use the platform
or smart phone when meditating, which allowed us to track how
often and long they practiced. The teachers followed a secular
training protocol developed specifically for the study. Adherence
to the protocol was examined by a co-developer of the protocol
who attended the daily sessions and by several co-developers who
attended the retreat.

The daily core exercise, the BoS and the BrM, have been chosen
as they both train attention as well as IA. During the BoS (e.g.,
Kabat-Zinn, 1990), participants systematically guide their atten-
tion to different parts of their body, starting with their toes and
ending up on the top of their heads. Participants are asked to
attend to the sensations in the various body parts they are focus-
ing on. In the BrM (e.g., Wallace, 2006), participants are asked
to focus on the sensations of their breathing. In both practices,
participants are asked to resume their interoceptive focus on body
parts or their breath, whenever attention has strayed.

Participants of the training group filled out the MAIA twice,
once before the retreat (T0) and once after the end of the Presence
training (T1; average temporal distance of 113.6 days, SD = 10.7),
as part of a larger set of questionnaires. Four participants did not
complete the training, reducing the final sample of the training
group to 148 subjects. Participants were compensated for their
testing times in the ReSource project, granting 7 Euros per hour or
part thereof for work on questionnaires. Average time to complete
the MAIA was 6:27 (SD = 4:04) minutes at T0 and 5:36 (SD = 4:47)
minutes at T1.

Retest control group

Participants in the retest group answered the MAIA twice, in an
average temporal distance of 113.0 days, SD = 4.3 [not statistically
different from the temporal distance in the intervention group,
1(226) = 0.45, p = 0.66], together with other questionnaires,
using LIMESURVEY (https://www.limesurvey.org). Participants
received 7 Euros per hour or part thereof as compensation for
their efforts. Average time to complete the MAIA could not be
computed for the retest group due to technical limitations of the
survey platform.

POST-TRAINING QUESTIONNAIRE

After the end of the Presence training, participants filled out a
questionnaire containing questions about their appreciation and
use of the practice in daily life (BrM and BoS). Here, we use some

Frontiers in Psychology | Consciousness Research

January 2015 | Volume 5 | Article 1504 | 140


https://www.limesurvey.org
http://www.frontiersin.org/Consciousness_Research/
http://www.frontiersin.org/Consciousness_Research/archive

Bornemann etal.

Contemplative training of interoceptive awareness

of these questions as markers of training success. We considered
the following questions: “How much did you like [BrM/BoS]?” (1
notatall...5alot), “How difficult was it for you to integrate what
you have learned into your everyday life [in week 1-4; 5-8; 9-13]2”
(1 very difficult . . . 5 not difficult at all), “I plan to continue doing
[BrM/BoS].” (1 yes | 0 no), “I have looked forward to my daily
practice of [BrM/BoS].” “I use what I have learned in everyday
life.”, “I think that the time I spend mediating is worthwhile.” (-2
don’t agree at all ... 42 fully agree).

RESULTS

We will first present results on the psychometric properties of
the German MAIA. Then, we will report how the MAIA scales
are affected by the Presence training. Finally, we will investi-
gate whether the magnitude of change can be predicted by the
individual differences in practice time or appreciation of the
practices.

PSYCHOMETRIC PROPERTIES AND VALIDATION

We first analyzed whether the factor structure of the English
MAIA would replicate in the German item set. We conducted
an exploratory factor analysis (EFA; extraction criterion: eigen-
value > 1; varimax rotation) on the full dataset (n = 1,076).
The EFA yielded eight factors. These factors group the items
in exactly the same manner as in the English version, with the
exception of item 19 (“When something is wrong in my life,
I can feel it in my body.”), which loaded equally strong on
its original factor Emotional Awareness as on Body Listening.
We additionally performed a confirmatory factor analysis, which
showed that the English factor structure had an acceptable fit
to data obtained with the German version, RMSEA = 0.059,
CFI = 0.901.

Table 3 shows mean, standard deviation, and internal con-
sistencies of the German MAIA, across all samples, as well as
interscale correlations. All Cronbach’s alphas ranged between 0.56
and 0.89. Alphas of the English MAIA as reported by Mehling
etal. (2012) were compared to the present alphas of the German
MAIA using the Feldt-Test (Feldt, 1969). Alphas were higher than
in the English Version for four scales (Noticing, Attention Regu-
lation, Emotional Awareness, Trusting, p < 0.05), lower for one
scale (Not-Distracting, p < 0.05), and not statistically different for
the remaining three scales (p > 0.05).

We investigated convergent and discriminant validity by com-
puting correlations between the MAIA scales and the FFMQ,
PBCS, and STAI-Trait (Table 4). All MAIA scales show posi-
tive or non-significant correlations with the FFMQ scales. Each
MAIA scale shows its highest correlation with the FFMQ scale
that had shown the highest correlation with that MAIA scale in
the English version (see Mehling etal., 2012), except for Not-
Distracting (English: AWA, German: DSC). All MAIA scales show
positive correlations to the PBSC, except for Not-Worrying, where
the correlation is non-significant. All MAIA scales show negative
or non-significant correlations with the STAI-T.

LONGITUDINAL TRAINING-RELATED CHANGES IN MAIA
Adherence to practice was generally high. Participants attended,
onaverage, 11.6 (SD = 1.1) out of the 13 group sessions. Missing of

sessions was mostly due to vacations, which subjects were allowed
to take while participating in the year-long ReSource project. Out-
side of the weekly group sessions, participants practiced the BoS
(for at least for 20 min) 4.6 times a week (SD = 1.09) and the BrM
(for at least 10 min) 4.33 times as week (SD = 1.04), which is only
marginally less than they were asked to do (five times a week for
each practice). Average total time of meditation practice over the
entire Presence training was 36.48 h (SD = 10.85).

In the training group, MAIA scores for all scales were signifi-
cantly higher at follow-up than at baseline (T0), when comparing
TO to T1 values with intra-individual #-tests, all ps < 0.013 (see
Figure 1). In the control group, scores did not change significantly
(all ps > 0.11). The interaction of group and time, tested in a
repeated-measures ANOVA, was significant for five out of eight
scales, all Fs > 4.34, all ps < 0.04. It was not significant for Notic-
ing, Not-Worrying, and Not-Distracting. Figure 2 shows the effect
sizes of training-related changes, which were computed as mean
differences divided by the pooled standard deviation minus the
same measure in the control group (Cohen, 1988). The largest
effect sizes were found for Self-Regulation (d = 0.72), Attention-
Regulation (d = 0.54), and Body Listening (d = 0.40). We also
computed the effect size for the PBCS as an alternative body aware-
ness measure. It was d = 0.29, expressing a statistically significant
change in a within-group t-test, t(147) = 4.19, p < 0.001. The
control group did not complete the PBCS; therefore, interaction
effects could not be tested. The effect size for Noticing, which
measures a similar construct as the PBCS, was in a similar range
when not subtracting the control group changes (0.19). For all
scales, there was a significant, negative correlation of scale value
at TO with change on that scale (Y1-Y0), with coefficients ranging
from —0.18, p=0.016 (Body Listening) to —0.44, p < 0.001 (Notic-
ing), indicating that participants with lower initial values showed
greater improvements.

There were no significant interactions of time and sex on
scale growth (all ps > 0.11), showing that both male and female
show similar increases on the scales. To confirm that effect sizes
did not differ between men and women, t-tests of the scale
growth (Y1-Y0) comparing men and women were performed,
yielding no significant differences (all ps > 0.11). When comput-
ing the scale growths as baseline corrected T1 values (Residual
of Y1 regressed on Y0; see Cohen etal.,, 2003, p. 375), and
again subjecting those values to -tests, women showed stronger
improvements on emotional awareness than men, #(146) = 1.99,
p = 0.048. There were no effects of age on scale growth, all
ps > 0.09.

DEPENDENCY OF TRAINING EFFECT ON PRACTICE DURATION AND
PRACTICE APPRECIATION

Total practice time, that is, how long participants spent meditat-
ing throughout the training (assessed by the web platform and
smart phone app) predicted increases in Self-Regulation, r = 0.18,
p = 0.027, and Trusting r = 0.19, p = 0.019, but not on the
other scales. When again using a baseline corrected T1 value, pre-
dictions became slightly better, with total number of meditations
predicting increases in Attention Regulation, r = 0.18, p = 0.028,
Self-Regulation, r = 0.22, p = 0.007, and Trusting, r = 0.20,
p=0.013 (see Table 5).
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Table 4 | Correlations between MAIA and validation measures.

FFMQ PBCS STAI-T
OBS DSC AWA NOJ NOR

Noticing 0.571*** 0.14* 0.02 -0.05 0.13* 0.42*** 0.03
Not-Distracting 0.15* 0.22%** 0.19%* 0.19%* -0.06* 0.17* -0.1
Not-Worrying 0.1 0.26%** 0.25*** 0.29%** 0.39*** -0.05 —0.43%***
Attention Regulation 0.48%** 0.23%*** 0.13* 0.04 0.42%** 0.22** -0.18**
Emotional Awareness 0.56*** 0.18* 0.02 -0.08 0.12 0.43%** 0.06
Self-Regulation 0.38%** 0.19** 0.07 0.06 0.47*** 0.26%** -0.24%**
Body Listening 0.55*** 0.22%x** 0.04 -0.04 0.23%** 0.37%** -0.05
Trusting 0.39%** 0.38*** 0.24%*x 0.24%x*x 0.43%** 0.20** -0.44%**

*p < 0.05, **p < 0.01, ***p < 0.001.

FFMQ, Five Factor Mindfulness Questionnaire (OBS-Observing, DSC-Describing, AWA-Acting with Awareness, NOJ-Non-judging, NOR-Non-Reactivity), n = 268,
PBCS, Private Body Consciousness Scale, n = 185 (n is smaller, as the PBCS was not assessed in sample 6); STAI-T, Trait Anxiety Inventory, n = 268, Descriptively

highest correlation in each row is bold.

We further investigated whether appreciation of the practices,
based on the post-training questionnaire, predicts changes on
the MAIA scales. We first examined the structure of participants’
answers in the questionnaire to arrive at aggregated predictors used
for subsequent analyses. 97.3% (82.3%) of the subjects stated that
they plan to continue practicing BrM (BoS). Because of the lack
of variance in the answer to this question it was omitted from fur-
ther analyses. Scores for the degree of integration of the practices
into everyday life in weeks 1-4, 5-8, and 9-13 were intercorre-
lated (0.56, 0.55, and 0.18, all ps < 0.032), and were aggregated
into a sum score. This sum score was strongly correlated to the
evaluation of the practice as useful in everyday life (r = 0.50,
p < 0.001), so that the two scores could be added into a single
variable, called PracticeUse. Looking forward to practice and lik-
ing the practice were also highly related for both BoS (r = 0.78,
p < 0.001) and BrM (r = 0.56, p < 0.001), so we pooled them into
variables called “LikingBoS” and “LikingBrM.” Those two scores
were uncorrelated, r = —0.08, p = 0.32, indicating that liking of
BrM is independent of liking of BoS. To obtain a global mea-
sure of liking of the practices, we added both values into a single
score (LikingPractice). LikingPractice and PracticeUse were both
mildly to moderately correlated to the evaluation of meditation as
a worthwhile activity (0.36 and 0.31, respectively, ps < 0.001), so
we decided against aggregation of this item into one of the two
constructs. We then analyzed how practice appreciation predicts
changes in IA on the MAIA. The results can be found in Table 5. All
correlations became markedly stronger when MAIA scale growths
were statistically controlled for baseline levels as described above.
We will thus only report correlations with the corrected values.
Both LikingPractice and PracticeUse were predictive of changes
on the five MAIA scales that showed the strongest intervention
effects and on the Noticing scale (rs between 0.19 and 0.43, all
ps < 0.05). PracticeUse additionally predicted changes in Not-
Distracting. The evaluation of meditation as a worthwhile activity
(PracticeWorthwhile) also predicted changes on six of the eight
scales, with slightly lower correlation coefficients. PracticeUse and
LikingPractice were intercorrelated, r = 0.34, p < 0.001, and both

were related to total practice time (r=0.23, p=10.005 and r = 0.32,
p < 0.001, respectively).

Regression analyses show that the three appreciation variables
(LikingPractice, PracticeUse, PracticeWorthwhile) in combina-
tion explained significantly more variance than single predictors
alone in several scale changes. For instance, 26% of the variance
in changes in Self-Regulation could be explained by a combi-
nation of PracticeUse, LikingPractice, and PracticeWorthwhile,
F(3,135) = 15.80, p < 0.001, ps < 0.047 for all predictors. Inter-
estingly, total practice time, assessed through the daily practice
computer platform, is never a significant predictor of change on
any of the MAIA scales when entered into the regression together
with the more evaluative questions assessed in the post-training
questionnaire.

DISCUSSION

In the present study, we investigated whether contemplative prac-
tice can elicit changes in different aspects of self-reported IA. To
this end, we investigated IA in 148 individuals that underwent
an intensive 3-months, bodily focused contemplative interven-
tion using a recently developed self-report instrument, the MAIA
(Mehling etal., 2012). More specifically, the tested intervention
sample was part of a large-scale 1-year longitudinal mental train-
ing study, the ReSource project, which began with a 3-months
Presence module aiming at cultivating IA and attention through
daily practice of two core meditations, a “Breathing Meditation”
and a “Body Scan.” As this training project was implemented in
Germany, we here also provide a German translation and psy-
chometric validation of the MAIA. In a subsequent step, we
investigated whether the ReSource Presence training was able to
elicit increases in IA and if so, how different dimensions of IA were
differentially affected by the training.

Results show that the German translation of the MAIA has good
reliability as well as convergent and discriminant validity. Both are
comparable to the English version. Importantly, we give evidence
for plasticity in self-reported IA after an intense 3-months bod-
ily focused contemplative training using this new German version
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FIGURE 1 | Changes through Presence Intervention on the eight MAIA scales. Note: F-values are for group*time interactions.

of the MAIA. In addition, we could show differential change on
the different scales of this self-report measurement. Self-reported
Noticing of bodily signals, which is the aspect that previous studies
have predominantly investigated using questionnaires and objec-
tive measures of interoceptive accuracy, does not show significant
changes, whereas other aspects of IA, particularly aspects related
to self-regulation, show large training-related changes. Finally,
whereas the mere amount of weekly practice sessions predicted
training-related changes on the MAIA scales only to a limited
extent, more evaluative subjective reports about liking and utiliza-
tion of the practice in everyday life were stronger predictors of
individual differences in training-related changes.

The German version of the MAIA was tested in a sample of
1,076 people within a broad age range. Five of the eight scales

showed alphas above 0.8, which is generally regarded as good
internal consistency (e.g., George and Mallery, 2003). One scale
has acceptable consistency (Noticing, 0.76). Consistency of the
remaining two scales is questionable (Not-Distracting, 0.56, and
Not-Worrying, 0.65). This suggests that the items of these short
three-item scales are heterogeneous. Not-Distracting has a sig-
nificantly lower internal consistency than in the English version,
which points to a potentially problematic translation of the items.
Consistencies of Not-Distracting and Not-Worrying are not sub-
stantially better in the English version, though, suggesting that the
underlying constructs may need more thorough definition and the
items need to be adjusted accordingly. With only three items, these
scales are also exceptionally short and their consistencies might
profit from additional items. Four scales showed significantly

Attention
Regulation

Self-Regulation

Body Listening Body Trusting

Emotional
Awareness

Not-Distracting Not-Worrying Noticing

FIGURE 2 | Effect sizes for changes in the intervention group
relative to the control group. Note: Effect sizes are computed as
d = (M_Traint{-M_Traint)/[(1/2)(SD_Traintg+SD_Train4)] —

(M_Controlt1-M_Controly)/[(1/2)(SD_Controlto+SD_Controlrq )], that is, the
mean differences in the training group, standardized by their standard
deviation, minus the same measure in the control group (cf. Cohen, 1988).
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Table 5 | Relations (Pearson correlations) of practice intensity and appreciation to change on the MAIA scales.

Noticing Not- Not- Attention Emotional Self- Body Trusting
Distracting Worrying Regulation Awareness Regulation Listening

Total practice time 0.08 0.05 0.09 0.18** 0.12 0.22** 0.15 0.20*
(n=147)
LikingPractice 0.19*% 0.04 0.13 0.39*** 0.31%** 0.43*** 0.30%** 0.39***
(n=142)
PracticeUse 0.34***  (0.29%** 0.09 0.40%** 0.23** 0.32%** 0.36%** 0.35***
(n=140)
MeditationWorthwhile  0.20* 0.08 0.19*% 0.23** 0.20* 0.36%** 0.15 0.21*
(n = 144)

*0 < 0.05, **p < 0.01, ***p < 0.001.

Practice time, that is, total time spent in meditation was automatically assessed using the online platform (webbased + smartphone app). LikingPractice contains both
enjoyment of the practice and looking forward to it (see Methods section for exact questions); PracticeUse contains assessment of difficulty to integrate practice in
everyday life and a usefulness-of-practice rating. Changes are computed as Y1 residualized at YO, to account for the baseline-dependency of changes. MAIA change
were present for 148 subjects. For each of the variables in the correlation analyses, a few subjects were lost due to technical problems.

higher reliabilities than in the English version. Note, however, that
in large samples, also small differences become significant. Only
the differences in the consistencies of the Noticing-and the Trust-
ing scale appear numerically meaningful, suggesting that these
German scales actually exhibit higher consistencies than those of
the English version.

All MAIA scales are related to aspects of mindfulness, as mea-
sured by the FFMQ. This was expected, as mindfulness entails the
awareness of inner states and processes, of which body sensations
are an important part (Baer etal., 2006; Shapiro etal., 2006). The
finding lends convergent validity to the MAIA and replicates the
results obtained with the English version (Mehling etal., 2012).
Also replicating those results, we find all MAIA scales to be either
negatively correlated or uncorrelated to trait anxiety, as measured
by the STAI-T.

After having established good reliability and validity of the new
German MAIA, we could ask our main question whether and
how bodily focused contemplative practice would influence dif-
ferent aspects of IA. We could show that participants undergoing
a 3-months bodily focused contemplative intervention (the Pres-
ence module of the ReSource project) showed increases on five
out of eight aspects of IA, when tested in an interaction model
including a retest control group that does not undergo any train-
ing. These results generally confirm that the MAIA is sensitive to
changes in IA through contemplative training. More importantly,
however, the multidimensionality of the MAIA also allowed us
to test which aspects of IA are particularly affected by the train-
ing. Participants show no changes on the Noticing scale (only
significant in an intra-individual ¢-test, without comparison to the
control group). Noticing is the subjective evaluation of the ability
to accurately perceive bodily events. Earlier studies investigating
practice-related changes of IA have almost exclusively focused on
this aspect. In line with our findings here, effect sizes for changes
on this aspect observed in previous studies have been modest.
This holds for studies using subjective measures (e.g., Impett et al.,
2006) as well as studies using objective measures such as breathing
sensitivity (e.g., Daubenmier etal., 2013). We do, however, find

significant moderate to large changes (Cohen’s d = 0.40 to 0.72)
for the IA sub-components of “Self-Regulation,” “Attention Regu-
lation,” and “Body Listening.” These could be collectively described
as the regulatory aspects of IA. They describe how much sub-
jects deliberately focus on their body in order to regulate emotion,
attention, and to gain insight about their emotional-motivational
states. This quantitative finding echoes the qualitative reports of
participants in mind—body interventions who claim profiting from
better attention and emotional clarity (Landsman-Dijkstra etal.,
2004; Morone etal., 2008; Schure etal., 2008). The finding is also
in correspondence with the training method of the ReSource Pres-
ence module. Deliberately paying attention to body sensations and
redirecting it there when the mind has wandered are at the heart
of both core practices (BoS and BrM). Our findings indicate that
these practices strengthen participants’ abilities to direct attention
toward their bodies (Attention Regulation) and that they make use
of these abilities to regulate distress (Self-Regulation) and to gain
insight into their emotional-motivational state (Body Listening).
Participants also report a heightened sense of awareness of
the connection between bodily and emotional states (Emotional
Awareness). This awareness forms the basis for the deliberate use
of the body for insight and decision making that is captured in
the Body Listening facet described above. An increase on the
Emotional Awareness scales dovetails with findings by Sze etal.
(2010) who report a higher congruency between the subjective
emotional and the objective physiological state (heart rate) in med-
itators as compared to non-meditating controls. Participants also
develop a higher sense of trust in their own body, experiencing
their body as a safe place and their sensations as trustworthy, as
indicated by increases on the MAIA Trusting scale. It is possible
that their frequent sitting in a safe environment while focusing
on their bodies turns body sensations into safety cues by means
of conditioning. As an alternative hypothesis, one may assume
that focusing on body sensations, at least as long as one is healthy,
transmits a quality of peace and tranquility, of ‘basic okay-ness’
(Rinpoche and Swanson, 2012), and puts the organism into a
grounded, calm, and present-focused ‘being-mode’ (Kabat-Zinn,
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1990). The discovery of these qualities inherent in body focus may
be responsible for the changes on the Trusting scale. Finally, it is
also possible that the acquired skills in using IA for self-regulation
and emotional insight spill over into a more general positive atti-
tude toward the body, into an experience of the body as helpful,
safe and trustworthy.

The scale Not-Worrying did not improve significantly, when
tested in comparison to the control group (changes are only sig-
nificant in intra-individual ¢-tests). The Presence module of the
ReSource study does not explicitly address the topic of dealing with
difficult emotions or thoughts. It only encourages participants to
attend to present bodily and sensory experiences. A change in
worrisome thoughts about the body could thus only have hap-
pened incidentally. Results suggest that this happened only to
marginal extents. Similarly, Not-Distracting, that is, the tendency
not to distract oneself from unpleasant body sensations, did not
show significant improvements in comparison with the control
group. This is surprising at first glance because, in both practices,
participants are asked to direct attention to all body parts and
stay with each for a while. Naturally, participants will encounter
unpleasant sensations in this process. However, as described above,
the Presence training explicitly does not address working with
emotions in any way, as this is part of the later affective training
module. Our findings thus show that mere training of bodily focus
does not suffice to significantly alter mental habits of participants
to avoid unpleasant sensations. The effects of the ReSource Pres-
ence training may be distinct here from other trainings, such as
MBSR, where interoception and attention training is infused with
more emotionally focused practice aspects, such as acceptance
(e.g., Kabat-Zinn, 1990). Finally, we can also not rule out that the
smaller changes in Not-Worrying and Not-Distracting are due to
the low reliability of these two scales.

All changes were independent of sex and age (except for slightly
higher improvements in emotional awareness for women). Higher
initial scale values, however, predicted lower training-induced
increases for all scales (= ceiling effect). These findings indicate
that the Presence training of the ReSource study benefited men
and women, old and young people alike with regard to IA, but
may have particularly benefited participants who started off with
lower baseline values. The magnitude of the latter effect could
potentially be inflated through regression to the mean (Bland and
Altman, 1994).

Growth on the MAIA scales was only marginally predicted by
the mere practice hours, as assessed through our meditation plat-
form during daily individual practice. Reliable correlations were
only found for growth on Attention Regulation, Self-Regulation,
and Trusting, and those were relatively small (~0.2). This may have
to do with the generally strong adherence of all ReSource partic-
ipants to the required daily practice, resulting in low variance of
practice hours. Recent studies and meta-analyses have also found
dose dependent effects to be very small or even absent in med-
itation based interventions (Carmody and Baer, 2009; Hofmann
etal., 2010; Jensen et al., 2012). However, in these studies, variance
in training dose may not have been big enough to predict individ-
ual differences in change. Clearly, several cross-sectional studies
in long term meditators found moderately sized correspondence
between lifetime practice hours and outcome variables such as

interospective abilities (Fox et al.,2012), and brain structure (Lazar
etal., 2005), and some longitudinal training studies also demon-
strate dose-dependent effects (e.g., Carmody and Baer, 2008; Pace
etal., 2009; Rosenzweig et al., 2010). Additionally though, changes
through this type of intervention may depend on a good match
of person and practice, or the integration of the practice into
everyday life. And indeed, the analyses of participants’ ratings,
derived via questionnaire after the training, revealed that liking
of the practice shows moderately sized correlations with training-
related increases on six of the eight scales. This makes sense, as all
practice-induced changes tend to be stronger, when the practice
is embraced with emotional inclination and verve (Pekrun etal.,
2002; Hu etal., 2007). The measure “Use of the practices in daily
life” from the post-training questionnaire even predicts individual
differences in increases in IA on seven out of the eight scales. This
is in line with contemplative advice to put strong emphasis on
practicing in everyday life, as most time is spent outside of formal
practice and, ultimately, it is everyday life that the transformation
is targeted for (Williams and Penman, 2011). Our findings suggest
that contemplative training may become more effective, at least in
fostering IA, if participants enjoy the training and the exercises and
if the practices are tailored in ways that they are easy to integrate
into everyday life.

LIMITATIONS

The current study uses self-report to assess participants’ [A. Itis not
clear to which extend self-reported IA corresponds to IA as assessed
through objective measures. Future research has to follow up on
this question, bearing in mind the multi-dimensionality of the
construct. Thus, in exploring the question, several objective tests
(using, e.g., behavioral, physiological, and neuronal parameters)
are needed which can assess the different aspects of IA as mea-
sured through the MAIA. Some aspects, such as Not-Worrying,
are inherently difficult to assess objectively. Still, more ecologi-
cally embedded methods, such as experience sampling, may help
arriving at measures which are less susceptible to cognitive biases
and the challenges of comparing oneself to other individuals (a
challenge that is even bigger for covert traits such as IA). In the
original publication of the MAIA, Mehling etal. (2012) acknowl-
edge these problems and follow that “it [the MAIA] is largely
capturing intra- rather than interindividual variability.” We can
thus conclude from the results that the benefits participants sub-
jectively experience through the devised contemplative training
lie in the regulatory aspects of body awareness to much stronger
extents than in the mere Noticing aspect. We consider this by itself
very informative. Whether and how strongly these changes are
objectively induced can, however, not be clarified by the current
study.

Participants may have also answered the MAIA according to
demand characteristics. After 3 months of bodily focused contem-
plative training, they may expect that their IA should have changed
and answer accordingly. Participants in the training group, who
enrolled for an intervention study, may also have had different
expectations from those in the control group, who enrolled for
a questionnaire study. While these possibilities need to be con-
sidered, it is interesting to note that participants do not report
changes in Noticing, which is the most obvious skill expected
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to have increased after 3 months of bringing attention to the
body. Instead, they report using IA to regulate distress (Self-
Regulation), a strategy which has not been actively encouraged
in the training, but which participants seem to incidentally adopt.
This speaks against the adherence to obvious expectations but
rather suggests that participants report on their actual experience.
Furthermore, changes in the answering behavior of participants
may have occurred due to an altered understanding of the MAIA
items. Such change in the understanding of language describ-
ing inner states and processes through meditation practice has
been discussed by Grossman (2008) in relation to mindfulness
questionnaires. It may also pertain to the MAIA.

Finally, our training sample only comprised psychologically
and physiologically healthy individuals. It remains an open ques-
tion, how a contemplative intervention as that of the current study
affects body awareness in participants with mental or physical
problems.

CONCLUSION

We used a multidimensional self-report instrument to study lon-
gitudinal changes in IA through a contemplative intervention. We
observed training-related changes on five out of eight aspects of
self-reported IA, when tested in comparison to a retest control
group that underwent the same assessment but did not receive any
training. Importantly, the multidimensional assessment reveals
a certain profile of changes: changes in the self-reported ability
to notice bodily changes, such as changes in breathing or heart-
beat, are not statistically significant. This is the facet that has been
predominantly investigated by previous studies, many of which
have yielded only marginal or null-findings. Moderate to large
effects are, however, observed for regulatory aspects of IA, that is,
how the body is used for self-regulation and emotional insight.
The study thus elucidates in which ways contemplative mind-
body-practices are most transformative and which facets of IA are
only marginally affected. It underscores the need for multidimen-
sional assessment of IA, particularly when interested in changes
through contemplative practice. As a quantitative study on sub-
jective reports, this study opens future research directions along
several methodological pathways. First, objective tests could be
utilized to assess those dimensions of IA which have shown the
strongest change through the training (e.g., down-regulation of
objective distress markers through awareness of body sensations).
Second, qualitative research (e.g., using elicitation interviews,
Petitmengin, 2006), could dig deeper into the ways in which
participants’ relationship to their bodies, their sense of embod-
iment, or their deliberate use of body-focus is altered through the
training. Third, future studies should resolve the question how
different facets of IA as assessed by self-report correlate and inter-
act with objective measures of interoception, such as interoceptive
accuracy.

Given the relevance that interoception has for psychological
and physical health, this study has important implications. It
shows that mental training that involves focus on body sensations
improves several aspects of 1A, and particularly that it strength-
ens participants’ use of body sensations to become more aware of
emotions and to regulate distress. Such a training program thus
seems advisable as a way to foster emotional clarity and well-being

in healthy individuals. It may also be helpful for clinical popula-
tions suffering from difficulties in emotion recognition or distress
regulation, such as in alexithymia, affective and anxiety-disorders,
or patients with aggressive-impulsive behavior.
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Body awareness has been proposed as one of the major mechanisms of mindfulness
interventions, and it has been shown that chronic pain and depression are
associated with decreased levels of body awareness. We investigated the effect of
Mindfulness-Based Cognitive Therapy (MBCT) on body awareness in patients with
chronic pain and comorbid active depression compared to treatment as usual (TAU;
N = 31). Body awareness was measured by a subset of the Multidimensional
Assessment of Interoceptive Awareness (MAIA) scales deemed most relevant for the
population. These included: Noticing, Not-Distracting, Attention Regulation, Emotional
Awareness, and Self-Regulation. In addition, pain catastrophizing was measured by
the Pain Catastrophizing Scale (PCS). These scales had adequate to high internal
consistency in the current sample. Depression severity was measured by the Quick
Inventory of Depressive Symptomatology —Clinician rated (QIDS-Cyg). Increases in the
MBCT group were significantly greater than in the TAU group on the “Self-Regulation” and
“Not Distracting” scales. Furthermore, the positive effect of MBCT on depression severity
was mediated by “Not Distracting.” These findings provide preliminary evidence that a
mindfulness-based intervention may increase facets of body awareness as assessed
with the MAIA in a population of pain patients with depression. Furthermore, they are
consistent with a long hypothesized mechanism for mindfulness and emphasize the
clinical relevance of body awareness.

Keywords: mindfulness-based cognitive therapy, mindfulness meditation, interoceptive awareness, body
awareness, pain catastrophizing, chronic pain, depression, mediation
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INTRODUCTION

Chronic pain is a highly prevalent and disabling condition with
major impact on individuals, their significant others, and society
(Turk et al., 2011). Prevalence rates for chronic pain range from
10 to 30% (Reid et al., 2011), and Major Depressive Disorder
(MDD) is the most frequent psychiatric disorder in patients
with chronic pain, with a 12-month prevalence ranging from
18% in population based settings up to 85% in specialized pain
clinics (Bair et al., 2003). Since patients who suffer from both
chronic pain and depression are particularly difficult to treat
(Tunks, 2008), more effective interventions for this population
are needed.

Mindfulness-based interventions have recently been shown
to be effective for the treatment of chronic pain with small to
moderate effect sizes on pain and depression (Veehofetal., 2011).
Mindfulness-based therapies, and particularly mindfulness based
cognitive therapy (MBCT), also have been shown to be effective
for relapse prevention in recurrent depression and the treatment
of active depression (Hofmann et al., 2010; Piet and Hougaard,
2011; Marchand, 2012; Sipe and Eisendrath, 2012). Results from
a recent pilot randomized controlled trial (RCT) suggested that
MBCT may be an effective intervention for the treatment of
active depression in a population with chronic pain (de Jong et al.,
in press).

Because mindfulness-based interventions seem beneficial
for chronic pain and depression, the question arises how
mindfulness exerts its effects. Mindfulness entails paying
attention to present moment experience, including thoughts,
emotions, and bodily sensations. Training body awareness is a
significant component of most mindfulness-based interventions,
including the body scan, in which individuals specifically pay
attention to all parts of the body; and yoga, which entails
paying attention to movements of the body (Kabat-Zinn, 1990;
Segal et al., 2013). Body awareness has been proposed as a
potential mechanism for the therapeutic effects of mindfulness
and is considered an integral part of the mindfulness construct
(Mehling et al., 2009; Holzel et al., 2011; Farb et al., 2015).
The definition of body awareness emphasizes the fact that
this is a complex multi-dimensional construct: “the sensory
awareness that originates from the body’s physiological states,
processes (including pain and emotion), and actions (including
movement), and functions as an interactive process that includes
a person’s appraisal and is shaped by attitudes, beliefs, and
experience in their social and cultural context” (Mehling et al.,
2012). In this article, the terms body awareness and interoceptive
awareness are used interchangeably.

Several studies lend support to the notion of enhanced
body awareness through mindfulness training. For example,
meditators have been reported to show greater coherence
between objective physiological data and their subjective
experience—in regard to both emotional experience (Sze et al.,
2010) and sensitivity of body regions (Fox et al., 2012). With
regard to the heart beat perception task, which assesses the
ability of subjects to accurately determine their heartbeat rate
by comparing the subjectively counted heartbeats to heartbeats
measured by an electrocardiogram, a number of studies with

small sample sizes did not find increased interoceptive accuracy
in meditators (Nielsen and Kaszniak, 2006; Khalsa et al., 2008;
Melloni et al, 2013; Parkin et al., 2014). However, a large
(N = 160), recent longitudinal study revealed that heart beat
accuracy was increased after 39 weeks of a mindfulness-based
contemplative intervention (Bornemann and Singer, 2015).
Neuroimaging studies indicate mindfulness training-related
changes in brain function and structure in regions that are
thought to be involved in body awareness (Lazar et al., 2005;
Holzel et al., 2008; Farb et al., 2010, 2013; Gard et al., 2012).

It has been long postulated that interoceptive awareness
plays an important role in the experience of emotions (James,
1984) and there is empirical evidence that the extent to which
one can accurately perceive bodily functions has a positive
relationship with the intensity of emotions (Herbert et al.,
2007). Former studies on this topic in clinical populations have
mainly focused on anxiety disorders, which demonstrated a close
association with increased interoceptive awareness (Ehlers and
Breuer, 1996). Depression often entails anhedonia and blunted
emotions. In fact, body awareness has been found to be reduced
in individuals with depression (Ehlers and Breuer, 1992; Dunn
et al, 2007), and higher levels of depressive symptoms are
associated with decreased body awareness in healthy subjects
(Pollatos et al., 2009). Reduction in interoceptive awareness in
depression is also supported by a recent neuro-imaging study,
which shows reduced effective connectivity in networks involved
in interoception in patients with melancholia (Hyett et al., 2015).
A recent study revealed that body awareness therapy resulted
in decreased self-rated depressive symptoms, but no changes in
body awareness were found (Danielsson et al., 2014). Whether
improvements in body awareness lead to reduced depression has
yet to be established.

Variations in body awareness appear to be particularly
important in patients with chronic pain. Mehling et al. (2013),
for example, reported differences in some dimensions of
interoceptive awareness between patients with current or past
low back pain and mind-body trained individuals. Neuro-
scientific evidence indicates that some of the brain regions
activated during pain are also activated when engaging in
interoceptive awareness (Craig, 2003). Attention styles toward
chronic pain sensations are of key importance for psychological
pain management (Johnston et al, 2012), and fMRI studies
suggest that mindfulness meditation facilitates a reduction of
pain through increased sensory processing (Gard et al., 2012).
Thus, body awareness and pain perception are closely linked on
a neuro-biological level, such that the enhancement of specific
styles or dimensions of body awareness may facilitate the self-
regulation of pain.

Although body awareness is considered an integral part
of the mindfulness construct, there has been a paucity of
instruments that measure body awareness (Mehling et al., 2009).
Previous body awareness questionnaires either measured non-
adaptive forms of body awareness (as indicated in disorders
such as panic disorder), were uni-dimensional, lacked systematic
development, or did not measure body awareness specifically, but
rather a more general observation ability (Mehling et al., 2012).
The Multidimensional Assessment of Interoceptive Awareness
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(MAIA; Mehling et al, 2012) scale is a relatively new,
multifaceted body awareness questionnaire that intends to fill the
apparent gap.

Bornemann et al. (2015), who recently translated the MAIA
into German and demonstrated good scale properties, found that
a 3-month contemplative training that included the bodyscan
and breath meditation techniques lead to changes on several
scales in a sample of individuals with good psychological and
physical health. Values on all scales increased following the
training, and changes were significantly greater compared to a
retest control group for most of the scales.

While there is evidence for an effect of a mind-body
intervention on body awareness as measured with the MAIA in a
healthy sample, no intervention studies have been reported on
effects in chronic pain patients or in depressed individuals. In
the present pilot RCT we investigated the longitudinal effects
of MBCT on body awareness, as measured by the MAIA
in a population of patients with chronic pain and comorbid
depression. It was hypothesized that MBCT enhances aspects of
body awareness in this population. Furthermore, as this is the first
study using the MAIA in a sample of patients with chronic pain
and comorbid active depression, we investigated the reliability of
the MAIA scales in this population.

METHODS

Participants
Participants in this add-on study were part of a larger clinical trial
reported elsewhere (de Jong et al,, in press; clinicaltrials.gov id:
NCTO01473615). Patients were recruited from different outpatient
clinics through introduction of the study by their physicians, as
well as via web-based advertisements and through several online
mailing lists. After phone screening and a subsequent in-person
screening visit, eligible participants were offered enrollment and
were randomly assigned to treatment as usual (TAU) or TAU plus
mindfulness-based cognitive therapy (MBCT). English-language
literate individuals aged 18 or older were eligible if they (a) had
persistent chronic pain for a minimum of 3 months; (b) met the
DSM-1V criteria for MDD, Dysthymic Disorder, or Depressive
disorder Not Otherwise Specified (NOS); and (c) a score >10
on the QIDS-Cy¢ scale. After initiating the study the cutoff was
reduced to a QIDS-Cig¢ score >6 (indicative of at least mild
depressive symptoms) to allow more ample recruitment.
Exclusion criteria were: (a) serious suicide or homicide risk;
(b) current or past bipolar disorder, current psychotic symptoms,
or a current or past primary psychotic disorder; (c) diagnosis
of substance abuse or dependence disorder during the last 3
months; (d) general condition that impedes attendance in group
interventions, such as severe personality disorders, cognitive
impairment, or tendencies toward physical aggression; (e) severe
and unstable medical illness including cardiovascular, hepatic,
renal, respiratory, endocrine, neurological, or hematological
disease; and (f) significant present meditation practice with more
than 3 h of mindfulness, insight, or vipassana meditation per
week. Patients were requested to keep their psychological and
pharmacological treatment as stable as possible from 8 weeks
before the beginning of the study until its conclusion.

Seventy-one participants were screened, of which 40 were
randomized to TAU or MBCT + TAU in a 1:2 ratio (Figure 1).
Participants received $40 for completed study participation and
provided written informed consent. The study was approved
by the Partners Human Research Committee, Massachusetts
General Hospital (protocol 2011-P-001699/1).

Measures

Multidimensional Assessment of Interoceptive
Awareness (MAIA)

The MAIA is a 32-item instrument that assesses body
awareness on 6-point Likert-type scales that range from 0
(Never) to 5 (Always). It comprises eight scales, namely
Noticing, Not-Distracting, Not-Worrying, Attention Regulation,
Emotional Awareness, Self-Regulation, Body Listening, and
Trusting (Mehling et al., 2012). The eight scales have been
shown to have adequate to excellent internal-consistency
reliabilities, with Cronbach’s alphas from 0.66 to 0.87, and
above 0.70 for five of the eight scales (Mehling et al,
2012). Because the current study was an add-on to a larger
study, subject burden had to be kept to a minimum. For
this reason only the scales deemed most relevant for the
specific population were administered, namely Noticing, Not-
Distracting, Attention Regulation, Emotional Awareness, and
Self-Regulation.

The Noticing scale assesses the awareness of comfortable,
neutral, and uncomfortable body sensations. Not-Distracting
refers to not ignoring or distracting oneself from uncomfortable
body sensations such as pain. Attention Regulation is the
ability to maintain and regulate attention to body sensations,
and Emotional Awareness is defined as consciousness of the
interrelation of emotions and body sensations. Self-Regulation
refers to the ability to control psychological distress by
consciously attending to body sensations (Mehling et al., 2013).
The MAIA Not Worrying scale assesses worrying or feeling
emotionally distressed in response to uncomfortable body
sensations including pain and was not administered, since its
items are similar to the Pain Catastrophizing Scale, which was
included in the larger study.

Pain Catastrophizing Scale (PCS)

The PCS is a 13-item scale, comprised of three subscales, that
measures pain catastrophizing. Pain catastrophizing is defined
as “an exaggerated negative mental set brought to bear during
(actual or anticipated) painful experience” (Sullivan et al., 2001).
The PCS total score can range from 0 to 52 and has been shown to
have excellent reliability (Cronbach’s alpha = 0.87; Sullivan et al.,
2001).

Quick Inventory of Depressive

Symptomatology —Clinician Rated (QIDS-C¢)

The QIDS-C is a widely used clinician rated instrument to assess
depression symptom severity. The instrument is comprised of 16
items, has good psychometric properties, score range from 0 to
27 and is sensitive to changes in depressive severity (Rush et al.,
2003; Trivedi et al., 2004).
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Screened in person for eligibility (N=71)

Excluded (N=31)
17 screen failed
Reasons:
* QIDS-C<6 (%)
* Exclusionary psychiatric disorder (11)
* Unreliable reporting (1)
* Practices mindfulness> 3 hrs/week (1)

Randomized ( N=40)
31 with MAIA, 34 with PCS

14 discontinued before baseline
Reasons:
* Withdrawal stx from opioids (1)
Travel too burdensome ( 5)
Unable to make time commitment (2)
Scheduled surgery (1)
In too much pain (1)
LTFU 2)
* Other (2)

e o o o

Allocated to MBCT + TAU (N=26)
19 with MAIA, 22 with PCS

Allocated to TAU (N=14)
12 with MAIA, 12 with PCS

* 1LTFU before start classes
* 6 discontinued study

reasons:
*  Travel burden (1)
*  Pain flair (1)

*  Family issue (1)
*  Spiritual issue (1)
*  Other 2)
* 19 completed MBCT ( =4 sessions)

1LTFU

Modified Intention to treat: 19
14 with MAIA, 17 with PCS

Modified intention to treat: 14
12 with MAIA, 12 with PCS

FIGURE 1 | Patient flow. LTFU, lost to follow up; MAIA, Multidimensional Assessment of Interoceptive Awareness; MBCT, Mindfulness Based Cognitive Therapy;
PCS, Pain Catastrophizing Scale; QIDS-C, Quick Inventory of Depressive Symptoms-Clinician Rated; TAU, Treatment As Usual.

Procedure

Eligible participants were randomly assigned to TAU (control
group) or MBCT + TAU (intervention group) in a 1:2 ratio,
which allowed the main project to fill the MBCT groups
with participants more quickly. An independent researcher
not involved in the project generated the randomization
sequence in blocks of five (using the sequence generator on
www.random.org). In order to assure equal gender distribution
in both groups we stratified for gender. The intervention group
received an 8-week MBCT group skills program. Interoceptive
awareness, pain catastrophizing, and depression were assessed at
baseline (week 0), midpoint (week 4), and endpoint (week 8).

Intervention

The intervention consisted of an 8-week group skills program
with one 2-h mindfulness training session each week and
individual exercises for homework practice. It was modeled on
the MBCT program developed by Segal et al. (2013), which
was developed as a program to address recurrent depressive
episodes and combines elements of cognitive behavioral therapy
(CBT), such as psycho-education, with experiential mindfulness
practices. The program is intended to teach and foster

a non-judgmental, accepting attitude toward one’s internal,
and external experience. For the current study the original
program was adapted to our specific population by modifying
the psychoeducation and CBT elements to a depressed CP
population. This included psycho-education linking CP, negative
thoughts, negative emotions, and depressive behaviors such
as withdrawal; identifying automatic thoughts related to CP;
and paying attention to behavioral elements such as pacing of
activities. We also included meditations that specifically focused
on cultivating mindfulness in relationship to CP. The MBCT
program was led by two instructors, an experienced licensed
independent clinical social worker (LICSW) and a fellow in
psychology and was provided free of charge. Subjects that were
assigned to TAU were waitlisted and offered the MBCT treatment
after completion of the study. TAU included all regular visits with
the pain physician, psychiatrist, psychotherapist and prescribed
pain and/or antidepressant medications.

Statistical Analyses

Differences in patient characteristics at baseline were assessed by
performing independent-samples t-tests for continuous variables
and Chi-square tests for categorical variables. To evaluate
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internal consistency/reliability, Cronbach’s alphas were assessed.
Inter-scale correlations were obtained for the MAIA scales and
the PCS total score based on the data of all subjects at baseline.
The effects of intervention/group (MBCT + TAU vs. TAU)
and time (baseline vs. endpoint) on the dependent variables
body awareness and pain catastrophizing were assessed by
conducting repeated measures analysis of variance (rmANOVA),
with time as repeated measure, treatment group as between-
subjects factor, and MAIA scales and PCS as dependent variables.
Assumptions of normality and homogeneity were met. Paired
samples t-tests were conducted to compare baseline and endpoint
scores on the MAIA scales and the PCS within each group.
As a measure of effect size, Cohen’s d was calculated for
each pre-post change. Analyses were conducted according to
a modified intention-to-treat (ITT) principle with the last
observation carried forward (LOCF). When endpoint measures
were missing, midpoint measures were imputed, and if midpoint
data were missing, baseline data were used. Only participants
who attended at least four of the eight classes were included in
the analyses.

The main study, to which this study was added on, revealed
a significant effect of MBCT (group by time interaction) on
depression as measured with the Quick Inventory of Depressive
Symptomatology-Clinician rated (QIDS-Ci¢) (de Jong et al,
in press). To explore if and how this effects is mediated by
the MAIA, a multiple mediator model was tested. The model
comprised group (MBCT + TAU vs. TAU) as independent
variable, depression measured at week 8 as dependent variable
and MAIA scales (measured at week 8) that revealed significant
group by time interactions, as mediators. Depression and
respective MAIA scales measured at baseline (week 0) were
included as covariates. Mediation analyses were conducted
with a macro by Preacher and Hayes (2008) that implements
a bootstrapping procedure to create confidence intervals for
partial and total indirect effects. For mediation analyses only
participants who participated in at least 4 classes and who had
week 0 and week 8 data available were included in the analyses
and 10,000 bootstrap iterations were used. All analyses were
conducted with SPSS 21 (SPSS Inc., Chicago, IL, USA).

RESULTS

Participant Characteristics
For the main study, 71 patients were screened, of which 40 were
randomized to TAU (n = 14) or MBCT + TAU (n = 26) in a 1:2
ratio. Of those 40, 34 completed the pain catastrophizing scale
(PCS) and 31 the MAIA at baseline. Of the 14 patients in the
TAU, 12 had PCS and MAIA data and were included in modified
ITT analyses. Of the 26 patients in MBCT + TAU, 22 had PCS
and 19 MAITA data. Five of the patients with MAIA and PCS data
participated in <4 sessions of MBCT and were excluded from
further analyses, resulting in 17 patients with PCS data and 14
with MATA data in the modified ITT analyses (Figure 1). For the
mediation analyses 11 subjects with MAIA data were in MBCT +
TAU and 7 in TAU.

Characteristics of participants (N = 29) who attended at
least four classes (MBCT+TAU) or had four clinic visits (TAU),

are shown in Table 1. Types of chronic pain included: chronic
back pain, neuropathic pain, osteoarthritis, fibromyalgia, and
migraines. There were no significant differences in demographics
and patient characteristics (see Table 1) or in average baseline
scores on the five MAIA scales or total PCS scores between the
two groups at baseline (see Table 2). For the collapsed sample that
completed the MAIA, regardless of class attendance, participants
(N = 31) were on average 50 years old (M = 49.45, SD = 10.58),
and college graduates (M = 16.30, SD = 2.55 years of education).
Most of the participants were female (74.2%), Caucasian (90.3%),
and non-Hispanic (83.9%). Three (9.7%) participants were
African American and one (3.2%) was Hispanic. The largest
proportion of participants was married (46.7%) or never married
(36.7%), and five were separated or divorced (16.7%). Employed
participants comprised 32.3% of the sample, and disabled ones
comprised 32.3% of the sample. Most participants had (MDD;
83.9%), with the remaining 16.1% suffering from Depressive
Disorder not otherwise specified (NOS). 46.4% of the participants
were taking Anti-Depressant medication.

Scale Properties
Table 3 summarizes scale means with standard deviations, range
of observed values, Cronbach’s alphas, and range of item-scale

TABLE 1 | Participant characteristics (N = 29).

TAU MBCT + TAU t/x2-test

M/% SD M SD t/x2 df p

Age (years) 51.67 10.08 50.06 11.68 0.39 27 0.703
Education (years)? 16.58 2.61 15.94 2.56 0.65 26 0.519
Gender (% female) 66.7 76.5 0.34 1 0.561
Race (%) 0.88 1 0.348
African-American 16.7 5.9
Caucasian 83.3 941
Ethnicity (%) 328 2 0.194
Hispanic 0.0 59
Non-hispanic 100.0 76.5
Unknown/Not reported 17.6
Marital status (%) 0.933 2 0.627
Never married 25.0 37.5
Married/Live together 50.0 50.0
Separated/Divorced 25.0 12.5
Employment status (%) 1.67 2 0435
Employed 16.7 37.5
Disabled M7 37.5
Other/Not reported 41.7 25.0
Type depression (%) 020 1 0.658
NOS 16.7 23.5
MDD 83.3 76.5
ADM (% taking)® 50.0 35.3 0.564 1 0.453

ADM, Anti-Depressant Medication; MDD, Major Depressive Disorder; MBCT, Mindfulness
Based Cognitive Therapy; NOS, Depressive Disorder Not Otherwise Specified; SD,
Standard Deviation; TAU, Treatment As Usual.

4Based on N = 28 due to missing value.

bBased on N = 27 due to missing values.
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TABLE 2 | Baseline scores on MAIA and PCS.

TABLE 4 | Scale-scale correlations.

TAU MBCT + TAU t-test
M SD M SD t df P

MAIA

Noticing 313 126 286 1.01 0.60 24 0.553
Attention regulation 208 134 237 1.05 0.60 24 0.550
Emotional awareness 265 1.63  2.71 1.29 0.11 24 0912
Self-regulation 2.10 1.42 1.98 1.24 0.23 24 0817
Not distracting 2.14 0.80 1.95 1.23 0.45 24 0.657
PCS 2717 10.67 31.82 12.28 1.06 27 0.299
MAIA, Multidimensional Assessment of Interoceptive Awareness;, PCS, Pain
Catastrophizing Scale.
TABLE 3 | Scale properties (N).

Scale Number Cronbach’s Range of Mean Observed N

of items  Alpha item-scale (SD)
correlations

MAIA

Noticing 4 0.67 0.65-0.74  3.10(1.15) 1-5 31
Attention 7 0.92 0.64-0.91 2.42(1.22) 0.1-4.57 31
regulation

Emotional 5 0.94 0.85-0.93  2.73(1.50) 0-5 31
awareness

Self- 4 0.93 0.89-0.96  1.92(1.37) 0-45 31
regulation

Not 3 0.72 0.49-0.84  2.04 (1.06) 0.3-5 31
distracting

PCS 13 0.93 0.51-0.85 30.18(11.63) 4-52 34

MAIA, Multidimensional Assessment of Interoceptive Awareness;, PCS, Pain
Catastrophizing Scale; SD, Standard Deviation.

correlations of the MAIA and the PCS for the entire sample
(N =31 and 34 respectively) at baseline. Cronbach’s alphas for
three of the five administered MAIA scales were excellent and
ranged from 0.92 (Attention Regulation) to 0.94 (Emotional
Awareness). The Not-Distracting and Noticing scales had alphas
of 0.72 and 0.67 respectively. The PCS had a Cronbach’s alpha
of 0.93.

Table 4 shows Pearson correlations between the MAIA scales.
The correlations ranged from 0.76 for Self-regulation and
Emotional awareness and 0.71 for Emotional awareness and
Noticing, to (r < [0.29]) for Not Distracting, which did not
correlate significantly with any other MAIA scale.

Effects of MBCT on Body Awareness

For Noticing, no significant group-by-time interaction [F(; »4)
= 0.18, p = 0.676, njz, = 0.007] and no significant main effect
of time [F(1, 24) = 2.59, p = 0.121, n; = 0.097] was found. No
significant within group changes between the pre- and the post-
treatment measurements were found in either group with effect

Scale Noticing  Attention Emotional Self- Not
regulation awareness regulation distracting

Noticing -

Attention 0.53* -

regulation

Emotional 0.71* 0.62** -

awareness

Self- 0.52** 0.50" 0.76** -

regulation

Not 0.02 0.17 -0.29 —0.09 -

distracting

Pearson product moment correlations among MAIA scales in the total sample (N = 31).
**Correlations are significant at p < 0.01.
MAIA, Multidimensional Assessment of Interoceptive Awareness.

sizes of the pre-post change being medium for the treatment
group but small for the control group (Figure 2A, Table 5).

For the Attention Regulation scale, no significant group-
by-time interaction effect [F(; 24y = 0.03, p = 0.863, 7]12;
< 0.001] was found, but a significant main effect of time
was revealed [F(; 24y = 534, p = 0.030, nf, = 0.182].
Paired sample t-tests showed significant, medium size increases
of Attention Regulation scores in the control group. The
increase in Attention Regulation in the MBCT group did
not reach statistical significance, despite its large effect size
(Figure 2B, Table 5).

For Emotional Awareness, no significant group-by-time
interaction effect [F( 24y = 2.17, p = 0.153, ng = 0.083]
was found, but a significant main effect of time was revealed
[F(1,24) = 4.63, p = 0.042, n; = 0.162]. Paired samples ¢-
tests revealed a large and significant increase in Emotional
Awareness over time within the treatment group, while the
change within the control group was small and not significant
(Figure 2C, Table 5).

A rmANOVA revealed a significant group-by-time interaction
for Self-Regulation [F(; »4) = 5.93, p = 0.023, nﬁ = 0.198].
This interaction was driven by large and significant increases
in Self-Regulation over time in the treatment group and small
but significant increases in the control group. Furthermore, the
analyses revealed a significant main effect of time [F(; »4) =
22.86, p < 0.001, n; = 0.488] (Figure 2D, Table 5).

For the Not Distracting scale, a significant group-by-time
interaction was revealed [F(; ,4) = 4.87, p = 0.037, T]; =0.169].
This interaction was driven by an increase in Not Distracting
scores in the treatment group and a decrease within the control
group, none of which reached statistical significance. No main
effect of time [F(; 24y = 0.45, p = 0.511, n}z} = 0.018] was found
(Figure 2E, Table 5).

For pain catastrophizing, no significant group-by-time
interaction effect [F(; 27y = 1.15, p = 0.294, 7112; = 0.041] was
revealed. The main effect of time approached significance [F(; 27
= 3.60, p = 0.069, nf, = 0.118]. Analysis showed a large and
significant decrease of pain catastrophizing within the MBCT
group, but only a small and not significant decrease in the control
group (Figure 2F, Table 5).
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FIGURE 2 | Individual data and averages for baseline and endpoint. (A) Noticing, (B) Attention Regulation, (C) Emotional Awareness, (D) Self-regulation, (E)
Not Distracting, (F) Pain Catastrophizing. Error bars are & 1 SEM; Asterisks above the x symbols indicate significant p-values based on group by time interaction
effects as revealed by repeated measures ANOVAs; Asterisks above the bars indicate significant p-values based on pre-post treatment changes as revealed by
paired-samples t-tests.
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TABLE 5 | Changes in scores for body awareness and pain catastrophizing.

TAU MBCT + TAU
Pre M (SD) Post M (SD) t df p d Pre M (SD) Post M (SD) t df P d

MAIA

Noticing 3.13 (1.26) 3.29 (1.20) 1.30 11 0.220 +0.134  2.86(1.01) 3.14 (1.15) 1.21 13 0247  +0.262

Attention regulation 2.08 (1.34) 2.58 (1.36) 2.52 11 0.029  +0.371 2.37 (1.05) 2.95 (1.01) 146 13 0.167 +0.564

Emotional 2.65 (1.63) 2.78 (1.66) 0.73 11 0.482  +0.081 2.71(1.29) 3.43(1.19) 217 13 0.049 +0.573

awareness

Self-regulation 2.10 (1.42) 2.46 (1.62) 2.49 11 0.080 +0.216  1.98(1.24) 3.07 (1.12) 434 13  0.001 +0.913

Not distracting 2.14(0.80) 1.69 (0.81) —1.85 11 0.092 -0.553  1.95(1.23) 2.19 (1.23) 120 13 0253 +0.194
PCS 2717 (10.67)  25.25(11.52) —-0.57 11 0580  —-0.172  31.82(12.28) 24.94 (12.16) —-2.23 16  0.041 -0.564

Results of paired-samples t-tests and Cohen'’s d effect sizes for pre-post changes for treatment and control group.
MAIA, Multidimensional Assessment of Interoceptive Awareness; PCS, Pain Catastrophizing Scale; d, Cohen'’s d; SD, Standard Deviation.

Body Awareness As Mediator

A multiple mediator model as described by Preacher and Hayes
(2008) was tested. The model (Figure 3) was comprised of group
(MBCT + TAU vs. TAU) as independent variable, depression
measured with QIDS-Cj¢ at week 8 as dependent variable, and
the MAIA Not Distracting and Self-Regulation scales, measured
at week 8, as mediators. QIDS-C;6, MAIA Not Distracting and
Self-Regulation scales measured at week 0 were included as
covariates.

Analyses resulting in bias-corrected confidence intervals (CI)
based on 10,000 bootstrap iterations, revealed a significant
indirect effect of group on depression through the MAIA scale
Not Distracting (a; x b; = —3.584, 95% CI —8.880 to —0.357),
but not through the Self-Regulation scale (ay x b, = —2.317,95%
CI —8.733 to 0.284). There also was a significant direct effect of
group on depression (¢’ = 4.817, p = 0.0485) independent of
Self-Regulation or Not Distracting. These findings indicate that
the effect of MBCT on depression was partially mediated by Not
Distracting but not by Self-Regulation.

DISCUSSION

In the present study, we investigated the effects of MBCT on
body awareness as measured with the MAIA in patients with
chronic pain and comorbid active depression. To our knowledge,
this is the first RCT that investigates the effects of MBCT on
body awareness as measured with the MAIA in patients with
chronic pain and depression. The MAIA appears a reliable
instrument with scales of adequate consistency in this newly
studied population. In accordance with our hypothesis, MBCT
resulted in increases for several dimensions of body awareness in
the studied patient population. More specifically, a significantly
greater increase in Self-Regulation and Not Distracting, but
no changes in Noticing in the MBCT group as compared to
the TAU group were observed. In addition, participants in
the MBCT group, but not in the control group, had increases
in Emotional Awareness. For Pain Catastrophizing, we found
significant decreases within the treatment group, but not within
the control group. Furthermore, mediation analyses revealed
that the effect of MBCT on depression was mediated by Not

Distracting, but not by Self-Regulation. We discuss these results
for each dimension of body awareness separately in more detail
below.

Self-Regulation
The finding of a significantly greater increase in Self-Regulation
ratings in the treatment than in the control group is in line
with findings by Mehling et al. (2013, 2014). In two cross-
sectional studies they showed that patients with chronic low
back pain who were practicing mind-body therapies (Mehling
et al,, 2013), or yoga and meditation (Mehling et al., 2014) had
greater self-regulatory body awareness than patients without such
practice. In the cohort study (Mehling et al., 2014), this difference
was more pronounced for the Self-Regulation dimension than
for any of the other dimensions of body awareness. Similarly,
Bornemann et al. (2015) also found that increases following 3
months of contemplative training including the bodyscan and
breath awareness meditation were largest on the Self-Regulation
scale (effect size d = 0.72). Our study extends the previous
findings by demonstrating effects through a well-established
intervention (MBCT) in a patient population (chronic pain with
active depression).

The present findings of a change in Self-Regulation through
a mindfulness intervention are consistent with a hypothesized
link between mindfulness and enhanced self-management (Baer,
2003), a concept closely related to general self-regulation
(Vohs and Baumeister, 2011). Our findings also converge with
empirical evidence for better general self-regulation of chronic
pain through a mindfulness intervention (Kabat-Zinn et al,
1985), as well as with evidence from paradigms with acute
pain induction, in which mindfulness practice enhanced pain
tolerance (Kingston et al., 2007; Gard et al., 2012), thereby having
potential clinical implications.

Emotional Awareness

Paired samples ¢-tests revealed a large and significant increase
in Emotional Awareness over time within the treatment group,
while the change within the control group was small and not
significant However, no significant group by time interaction
was found. The significant increase in Emotional Awareness over
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MAIA not
distracting

Depression

MAIA self-

regulation
FIGURE 3 | Mediation model. Mediation model for the effect of group
[Mindfulness Based Cognitive Therapy + treatment as usual (TAU), vs. TAU
alone] on depression (measured with the Quick Inventory of Depressive
Symptomatology — Clinician rated) through the Not Distracting and
Self-Regulation scales of body awareness as measured with the
Multidimensional Assessment of Interoceptive Awareness (MAIA). Analyses are

based on N = 18 and numbers are standardized regression coefficients.
*p < 0.05, *p < 0.01.

time in the treatment group is in line with the expectation that the
MBCT intervention increases the awareness of the connection
between body sensations and emotional states and corresponds
to results by Mehling et al. (2013, 2014). Their group found
that levels of Emotional Awareness were higher in chronic pain
patients with mind-body practice than in patients without such
practice (Mehling et al., 2013). Bornemann et al. (2015) also
found significant increases of scores of the Emotional Awareness
scale following 3 months of bodyscan and breath awareness
training, but the effect size was rather small (<0.20). Beyond the
body awareness specific construct of Emotional Awareness, our
findings confirm theory (Bishop et al., 2004; Phillipot and Segal,
2009) and previous evidence that suggests an association between
mindfulness and general emotional awareness (Sze et al., 2010;
Boden et al., 2015).

In light of evidence that demonstrates that emotional
awareness is linked to better clinical outcomes and quality of
life (Williams et al., 2010; Boden et al., 2015), as well as to
reductions in depression symptomatology and in depression-
related affective and cognitive outcomes (Goldman et al., 2005;
Arch and Craske, 2006; Farb et al., 2010), the present findings
of increased Emotional Awareness in the MBCT group may be
relevant for clinical practice.

In the present study, the Emotional Awareness and Self-
Regulation scores were strongly correlated (r = 0.76). Similarly,
Mehling et al. (2013) found a relatively high correlation between
these two scales (r = 0.60) in patients with chronic pain, as
well as in body-mind practitioners, and Bornemann et al. (2015)
also found a considerable interscale correlation between these
two scales (r = 0.46). These findings may correspond to the
notion of the general self-regulation concept (Baumeister et al.,
1998; Muraven and Baumeister, 2000) as being closely related
to emotion regulation (Vohs and Baumeister, 2011; Vago and
Silbersweig, 2012).

Not Distracting

The significant group-by-time interaction on Not Distracting was
driven by a decrease in the TAU group and an increase in the
MBCT + TAU group. Distracting oneself from uncomfortable

body sensations or ignoring them, is a common coping strategy
in chronic pain (Reid et al., 2002; Peres and Lucchetti, 2010),
as well as in depression (Matheson and Anisman, 2003). In the
intervention group, however, subjects learned to pay mindful
attention to all body sensations including pain and depression-
related symptoms, independent of their valence. In the control
group, subjects did not learn to use this alternative approach
and may have practiced the more common coping strategy
of distraction so that they became “better” at ignoring and
distracting themselves from uncomfortable body sensations.

Correspondingly, when a sample of patients with chronic
lower-back pain was compared to healthy mind-body therapy
practitioners, the mind-body sample had significantly higher Not
Distracting scores (Mehling et al., 2013). However, contrary to
our findings, Mehling et al. (2013) found no significant difference
between the Not Distracting capacities of those patients with
past or current pain that did have mind-body therapy experience
and those that did not have such practice. Bornemann et al.
(2015) did not find that changes on the Not Distracting scale in
healthy participants, following bodyscan and breath awareness
training were significantly higher than those in the retest control
group. These discrepancies between the studies may be due
to methodological differences, differences in the interventions,
and differences in the studied population. Our findings are
further aligned with prior studies showing a negative association
between mindfulness and experiential avoidance (Riley, 2014),
and general distraction (Jain et al., 2007).

In the present study, we did not find significant correlations
between the Not Distracting scale and any other MAIA scales.
This result corresponds to the finding by Mehling et al. (2013)
that Not Distracting scores were not correlated with the other
scales in their large (N = 301-434) chronic pain sample.
Bornemann et al. (2015) on the other hand found that the Not
Distracting scale was significantly correlated with all other scales
in their sample of healthy patients. This difference might be due
to their very large sample size (N = 1076) or due to the fact that
they investigated a sample of healthy participant. These findings
may indicate that in patients with chronic pain, a coping style of
not distracting from pain is independent of the other aspects of
body awareness.

A striking finding of the present study is that Not Distracting
mediates the effect of MBCT on depressive symptom reduction.
This finding supports the clinical importance of the Not
Distracting aspect of body awareness. Furthermore, while it has
long been hypothesized that the effects of MBCT on depression
are mediated by body awareness, this is to our knowledge the first
study supporting such a relationship (Michalak et al., 2010, 2011,
2012; van Der Velden et al., 2015).

Although previous research has shown that for depression,
distraction may be an effective coping style, mindfulness is even
more effective in reducing negative mood (Broderick, 2005;
Huffziger and Kuehner, 2009). Furthermore, mindfulness has
been shown to be better in reducing acute pain than distraction
in individuals with high levels in pain catastrophizing (Prins
et al., 2014). Similarly, in patients with chronic pain that had
high health anxiety, paying attention to sensations resulted in
greater pain relief than distraction (Hadjistavropoulos et al,
2000), which is in line with the notion that “one problem in
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chronic pain is not only the pain itself, but the ‘turning away’
from, the averting of attention from the regions that give rise
to painful sensations, either through deliberate distraction, or by
thinking about the pain (conceptually) rather than experiencing
the sensations directly” (Williams, 2010). More in general,
experiential avoidance is associated with a wide variety of
psychopathology (Hayes et al., 1996) and coping strategies that
work contrary to avoidance, such as mindfulness are related to
better mental health outcomes (Williams et al., 2010).

Together these findings suggest that the Not Distracting aspect
of body awareness may be an important predictor of depressive
symptoms and potentially of mental health in general, and that it
can be cultivated through mindfulness based interventions.

Noticing and Attention Regulation

The present study did not detect significant changes in the
awareness of uncomfortable, comfortable, and neutral body
sensations as a result of the MBCT intervention. However, the
effect sizes of the pre-post changes in the treatment group were of
medium size, whereas the increases in the control group only had
a small effect size. These findings contrast earlier findings where
large differences in MAIA Noticing scores were found between
individuals with chronic pain who had mind-body practice and
those patients who did not have such practice (Mehling et al.,
2012). Our findings are in line with those of Bornemann et al.
(2015), who despite a very large sample size did not find a
significantly greater increase in the contemplative training group
than in the rest control group.

No significant group by time interaction was revealed for
Attention Regulation, indicating that MBCT did not result in
increases of the ability to sustain and control attention to body
sensations. The absence of a significant increase of Attention
Regulation in the MBCT group is surprising, given that previous
studies found that mind-body therapy practicing patients with
back pain had higher scores of Attention Regulation than
non-practicing patients (Mehling et al., 2012, 2013), and that
bodyscan and breath awareness training lead to large effects on
Attention Regulation in healthy participants (effect size d = 0.54;
Bornemann et al., 2015).

It remains an open question whether the absence of
significantly greater increases in Noticing and Attention
Regulation in MBCT + TAU than in TAU is specific for the
studied patient population and intervention, or just a lack of
power. Larger studies are warranted.

Pain Catastrophizing

The absence of a group by time interaction for pain
catastrophizing indicates that there were no greater changes in
pain catastrophizing in the MBCT group than in the control
group. However, the main effect of time was approaching
significance and was driven by a large and significant decrease
within the MBCT group and a small, non-significant decrease in
the control group.

Consistent with the significant decrease in pain
catastrophizing within the MBCT group, Mehling et al.
(2013) showed that pain patients who practiced mind-body
therapies worried less about their pain or other uncomfortable

body sensations than individuals without mind-body practice.
Furthermore, our findings are aligned with a growing body of
evidence showing that in patients with chronic pain, mindfulness
and participation in mindfulness-based interventions are related
to decreases in pain catastrophizing (e.g., Schutze et al., 2010;
Cassidy et al., 2012; Garland et al., 2012; Day et al., 2014) but see
(de Boer et al., 2014).

Limitations

The present study has several limitations. First, this pilot
study had a relatively small sample size, resulting in low
power to detect true effects. Yet despite this limitation, some
significant effects were found. However, it must be mentioned
that because of the small sample size we chose a less conservative
statistical approach and did not correct for multiple comparisons.
Second, because this was a pilot study, we used TAU as a
control group, which does not adequately control for “placebo
effects” secondary to non-specific factors like attention in
patient-clinician interactions (Goyal et al., 2014). This means
that, theoretically, the clinical improvement could be due
to non-specific factors like attention and expectations about
improvement and not due to the specific effects of MBCT.
We controlled for attention as much as possible by providing
equal numbers of office and phone visits with the clinician
for both the MBCT group and TAU group. In future larger
studies it would be imperative to compare MBCT to an active
non-specific control group, such as group sessions including
psycho-education and gentle stretching exercises without any
mindfulness components, as in the study of Hoge et al. (2013).
Third, the MAIA is a relatively new scale that requires further
refinement and validation in different populations. Fourth,
because the intervention produced skills and understanding of
concepts that were relatively new to participants at baseline,
subjects may have reached a different understanding of the
concepts enquired by the MAIA items post-treatment. While
the first three limitations can be addressed by larger studies
with active control groups and future versions of the MAIA,
the last limitation is probably inherent to interventions that
result in a change of perspective and thus more difficult to
address. Using behavioral data might help to validate self-report
instruments in these circumstances. Finally, because there were
too many missing midpoint data, we conducted mediation
analysis only on the endpoint data, which decreases the degree
of causal specificity (Kazdin, 2007). However, Hayes argues that
mediation analysis is still valuable, even when data collection of
the mediator and outcome variable is at the same time point
(Hayes, 2013). The findings on the mediation analysis in this
study should be interpreted as tentative and purely hypothesis
generating. Future larger studies with MBCT in this population
with the assessment of the MAIA scales of potential mediators
at multiple time points are warranted, to permit more conclusive
statements.

CONCLUSION

In summary, our data suggest that MBCT can increase several
dimensions of body awareness as measured with the MAIA
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in patients with chronic pain and comorbid active depression.
In particular, the Not Distracting aspect of body awareness
mediated the positive effect of MBCT on depressive symptoms.
Furthermore, the MAIA appears to be a reliable instrument
for measuring self-reported body awareness in this population.
This finding is important because the reliability of this new
and increasingly used instrument for measuring body awareness
has so far not been assessed in a population of patients with
chronic pain and comorbid depression. Our finding that MBCT
can increase self-reported body awareness represents the first
preliminary evidence in support of a causal link between a
mindfulness-based intervention and increased body awareness
(as measured with the MAIA) in this population. Finally, the fact
that body awareness mediated the effect of MBCT on depressive
symptoms provides preliminary first evidence for this long-
hypothesized relationship and indicates that body awareness may
have clinical relevance as an element of mindfulness approaches
in the studied population.
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Meditation is commonly thought to induce physiologically quiescent states, as evidenced
by decreased autonomic parameters during the meditation practice including reduced
heart rate, respiratory rate, blood pressure, skin conductance, and increased alpha
activity in the electroencephalogram. Preliminary empirical support for this idea was
provided in a case report by Dimsdale and Mills (2002), where it was found that
meditation seemed to regulate increased levels of cardiovascular arousal induced by
bolus isoproterenol infusions. In that study, while meditating, a self-taught meditator
exhibited unexpected decreases in heart rate while receiving moderate intravenous
doses of the beta adrenergic agonist isoproterenol. This effect was no longer observed
when the individual received isoproterenol infusions while not meditating. The current
study was designed to explore this phenomenon empirically in a group of formally trained
meditators. A total of 15 meditators and 15 non-meditators individually matched on age,
sex, and body mass index were recruited. Participants received four series of infusions
in a pseudorandomized order: isoproterenol while meditating (or during a relaxation
condition for the non-meditators), isoproterenol while resting, saline while meditating
(or during a relaxation condition for the non-meditators), and saline while resting. Heart
rate was continuously measured throughout all infusions, and several measures of heart
rate were derived from the instantaneous cardiac waveform. There was no evidence
at the group or individual level suggesting that meditation reduced the cardiovascular
response to isoproterenol, across all measures. These results suggest that meditation is
not associated with increased regulation of elevated cardiac adrenergic tone.

Keywords: meditation, adrenergic, regulation, sympathetic, parasympathetic, isoproterenol, body

Introduction

Meditation is a form of mental training that has been practiced for thousands of years, and
that can be conceptualized as a family of complex emotional and attentional regulatory training
regimens developed for various ends, including the cultivation of well-being and emotional balance
(Davidson et al., 1976; Ekman et al., 2005; Brefczynski-Lewis et al., 2007). Meditation has also
been defined as involving a process of intentional self-regulation of attention, in which attention
is directed from a combination of external and internal stimuli to a primarily internally perceptive
state (Astin et al., 2003; Bonadonna, 2003). Traditional philosophies emphasize that anyone
can learn to meditate (Taimni, 1961), and that through repeated practice meditation provides
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long-term effects that outlast the confines of individual
meditative states (Nyanaponika, 1969; Ahir, 1999; Burley, 2000).

A central tenet of early investigations into the effects of
meditation has been that meditation induces a physiologically
quiescent bodily state. This was based on initial reports
of decreases in autonomic parameters such as heart rate,
respiratory rate, blood pressure, skin conductance, and
adrenergic reactivity, as well as increased levels of alpha activity
in the electroencephalogram during the practice of meditation
[mostly Transcendental Meditation (TM)] (Wallace et al,
1971; Orme-Johnson, 1973; Beary and Benson, 1974; Farrow
and Hebert, 1982; Hoffman et al., 1982; Jevning et al., 1992;
Travis and Wallace, 1997; Aftanas and Golocheikine, 2002;
Aftanas and Golosheykin, 2005). Early researchers described
this pattern of autonomic responses as an integrated “relaxation
response” (Benson et al., 1974). More recently, investigations
have continued finding reductions in physiological parameters
such as heart rate and blood pressure occur during the acute
meditation practice (Telles et al., 1995; Barnes et al., 1999;
Solberg et al., 2004) as well as following practice over longer
periods of time (Barnes et al., 2004; Harinath et al., 2004). Similar
effects have also been reported for more secular and abbreviated
protocols such as an 8 week training in Mindfulness Based Stress
Reduction, which incorporates instruction in meditation as well
as teaches cognitive and other approaches to enhance stress
reduction (Hughes et al., 2013).

Although the notion that meditation results in physiologically
quiescent states is well established, the extent to which meditative
practices exert such effects is unknown. Early investigations of
yogis in India who claimed to be able to exert considerable
voluntary control of the heart (some claimed to be able to
stop the heart) revealed limited support for this idea. At
best, some individuals were able to exert transient bradycardia,
or reductions in heart rate by engaging in combinations of
posture manipulation, muscular contraction and breath holding
(including the Valsalva maneuver, or “bearing down,” which
elicits a complex pattern of reflexes including tachy/bradycardia
and hyper/hypotension) (Wenger et al, 1961). Subsequent
studies have reported mixed results, primarily for different yoga
adepts (Fenz and Plapp, 1970; Kothari et al., 1973). More recently,
shorter term changes in the ability to reduce the resting heart
rate have been reported (Telles et al., 2004). The perception
that meditation and yoga confers an increased cardiac regulatory
capability has persisted, despite this heterogeneous literature.

Preliminary empirical support via a case study approach
suggested a novel effect of meditation on the ability to regulate
increased levels of cardiovascular arousal. Dimsdale and Mills
(2002) reported a case study in which a female meditator was
randomly recruited to participate in a standardized isoproterenol
challenge as a control subject in their studies of sympathetic
nervous system regulation in hypertension (Dimsdale et al., 1988;
Mills et al., 1998). Isoproterenol stimulates peripheral beta 1
and beta 2 adrenergic receptors equally, and when administered
intravenously results in rapid and transient increases in heart
rate, contractility and bronchodilation, as well as decreases in
diastolic blood pressure. The protocol involved administration
of a standard isoproterenol sensitivity test, involving sequentially

increasing doses of intravenous isoproterenol. Halfway into the
infusions the woman spontaneously started meditating, and
continued to meditate during the infusions. At the time of the
isoproterenol challenge the investigators did not know she was
a meditator, but noticed afterwards that after the fourth dose (1
mcg) her heart rate had begun to decrease, in stark contrast to the
expected increase. They report that at the highest dose (4 mcg),
when the expected heart rate response was a 21 beats per minute
(bpm) increase above baseline, they observed a 17 bpm decrease
below baseline. When this unexpected result was mentioned,
the participant stated that she had decided to start meditating
halfway into the experiment. Suspecting that her meditation
practice had interfered with the isoproterenol response, she was
asked to return 2 weeks later and repeat the challenge, with
explicit instructions to avoid meditating during the infusions.
Her heart rate response to the subsequent infusion protocol
appeared entirely consistent with the typical laboratory response
to isoproterenol at rest (i.e., an approximately 20 bpm increase
above baseline at the highest dose). This individual reported a
self-taught meditation practice for many years, and that she did
not practice any particular tradition of meditation.

The current study was designed to investigate whether there
is an effect of meditation on attenuating adrenergically mediated
increases in sympathetic arousal, using an empirical group study
approach. We recruited formally trained meditators with at least
several years of experience, and examined autonomic parameters
of sympathetic arousal during meditation and resting conditions,
during the application of isoproterenol and saline infusions.
To examine whether such a putative effect was specific to a
meditation practice or was a generic ability inherent to humans
more generally, we also recruited a group of individually matched
non-meditators, and tested them under relaxation and resting
conditions.

We hypothesized that the practice of meditation would be
specifically associated with an enhanced ability to regulate body
states occurring in the context of acute physiological arousal. To
test this hypothesis, the impact of a meditation practice on the
cardiovascular response to isoproterenol was assessed. Several
specific predictions derive from our hypothesis: (1) In the face of
isoproterenol infusions, during a meditation practice meditators
would display lower isoproterenol induced heart rate increases
than during a non-meditation condition. (2) Meditators would
demonstrate lower heart rate increases during a meditation
practice than non-meditators during a relaxation practice. (3)
Heart rate reductions in the meditators would be specific to
meditation, i.e., meditators and non-meditators would have
equivalent heart rate responses to isoproterenol at rest (when not
engaging in meditation or relaxation strategies).

Methods

Participants

Fifteen meditators and fifteen non-meditators participated in
the study. Each non-meditator was individually matched to a
corresponding meditator based on three criteria: age, gender,
and body mass index (see Table 1). Meditators were considered
eligible for participation if they reported a continuous (daily or
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TABLE 1 | Meditator and non-meditator demographic data.

Meditators (M) Non-meditators (NM)

Sex 10 Men, 5 Women 10 Men, 5 Women
Age (yrs) 44.7+13.2 44.0+13.7
Body Mass Index 245+4.6 255+4.0
Race 15 Caucasian 14 Caucasian American,
American 1 Asian American
Education (years) 17.3+2.2 15.9+2.3
Beck Anxiety Inventory score 51+3.4 3.5+2.9
Beck Depression Inventory score 4.3+4.6 3.7+5.3
Meditation practice (years)* 10.8+10.8 0+0
Cumulative meditation practice 4947 + 6251 0+0
(hours)*
Retreat experience (days)™ 19+14 0+0
CD25 (micrograms) 4.48+1.5 472422
Practice similarity: iso + 3.5+1.1 3.4+1.1
meditation/relaxation
Practice similarity: saline + 3.7+£1.1 3.8+0.8

meditation/relaxation

Chronotropic Dose 25 (CD25): isoproterenol dose (mcg) required to increase the heart
rate by 25 beats per minute. Mean + SD. *p < 0.01, **p < 0.05. Means =+ standard
deviation. Iso, isoproterenol.

near daily) meditation practice during the previous 2 years, and if
they had also attended one or more weeklong meditation retreats
within the previous year. Using this criteria, 11 of the recruited
meditators were Vipassana practitioners, and the other four
meditators were Kundalini practitioners. Non-meditators were
considered eligible for participation if they had never received
formal meditation training in meditation or yoga and did not
practice self-taught meditation.

All participants were screened for the presence of any
neurological, psychiatric, cardiac or respiratory disease during
a detailed phone interview, and were excluded if they reported
a history of disease in any of these categories. None of the
study participants were smokers, and none of the women took
oral contraceptives or were pregnant, as assessed via urine
pregnancy test. Each participant demonstrated a normal 12
lead electrocardiogram (EKG), as assessed by a board certified
cardiologist or neurologist.

This study was approved by the University of Iowa’s
Institutional Review Board, and all participants provided
informed consent prior to participation.

Tasks

Participants were informed that they would be asked to rest
quietly with their eyes open on two occasions, and to meditate
(or alternatively, to relax) with their eyes closed on two occasions.
The instruction to keep the eyes open or closed was chosen to
reflect the manipulation reported in Dimsdale and Mills (2002).
It was also chosen to improve the face validity of the meditation
and relaxation conditions, as these activities are typically taught
and practiced with the eyes closed. Meditators were asked to
engage in their usual daily meditation practice for a period of
15-20 min during the meditation condition. Since the Kundalini

tradition offers many different types of meditations deriving
different types of effects, Kundalini meditators were asked to
select a specific meditation practice that they had found helped
them decrease their level of bodily arousal in the past. Since
the Vipassana tradition does not provide such an approach,
Vipassana meditators were simply asked to engage in their
usual meditation practice. Non-meditators were instructed in the
performance of a cognitive relaxation strategy for a period of 15-
20 min during the relaxation condition. Specifically, they were
asked to engage in a relaxation practice they had found useful
for themselves in the past, one that would help them to “relax
your mind and body, help you slow your thoughts, slow your
breathing, and slow your heart rate.” If a non-meditator reported
no such a strategy, they were given the option to perform one
or any combination of several relaxation strategies including
(1) reliving a pleasant memory, such as a warm day at the
beach, (2) replaying their favorite song internally, (3) completely
relaxing their musculature and/or (4) slowing their breathing.
These strategies were selected with the aim of facilitating
elicitation of the relaxation response (Benson et al., 1974). Non-
meditators were specifically instructed to avoid falling asleep
during the relaxation practice, despite any inclinations that might
arise.

During the rest conditions both groups were instructed
to avoid engaging in their meditation/relaxation practice, and
instead, to explore their everyday thoughts (for example,
thoughts about activities from the recent past such as what they
had done the day before, or thoughts about potential future
activities such as what they would do once the study had been
concluded).

All participants were informed that they would be receiving
isoproterenol or saline at some points during the entire session,
but that neither they nor the experimenter would know when
the nurse administered a particular agent. The room in which
the study took place was kept quiet and was dimly lit throughout
duration of the study to minimize distractions. Participants were
seated in a padded chair, with a curtain draped over the arm
containing the intravenous line, in order to reduce distraction
and to preserve the blinding.

To assess task validity, after each meditation condition was
complete, participants were asked to “rate how similar your
meditation practice just now compares to your meditation
practice in general,” on a scale from 1 (“not at all the same”)
to 5 (“completely the same”). Non-meditators were also asked
to rate their relaxation practice in a similar fashion, using
the same scale. If they reported never having practiced the
specific instructed relaxation condition, they were asked to relate
their experience to other events where they had felt a state of
relaxation.

Infusion Protocol

Two sets of standard bolus isoproterenol infusion protocols and
two sets of matched saline infusion protocols were administered.
The isoproterenol protocols consisted of sequentially increasing
bolus isoproterenol doses of 0.1, 0.5, 1.0, 2.0, and 4.0 (mcg),
delivered 3.5min apart. The saline protocols consisted of five
identically delivered bolus infusions of saline.
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Infusion Delivery

Each infusion (isoproterenol and saline) consisted of two 3
milliliter (ml) bolus infusions delivered sequentially through
an intravenous catheter. During isoproterenol infusions, a 3 ml
bolus containing the specified dose was delivered, immediately
followed by a 3ml bolus of saline to flush the line. During
saline infusions, a 3 ml bolus of saline was delivered, immediately
followed by an additional 3ml bolus of saline. Both bolus
volumes were administered in entirety within a 15s period by a
nurse from the General Clinical Research Center. This method of
delivery minimized the participant’s ability to use external cues
to distinguish between the different infusion types, and ensured
rapid and standardized systemic introduction of isoproterenol.

Procedure

The infusion protocol order was pseudorandomized and single
blinded. This was necessitated by practical considerations: in
order to ensure the safety of isoproterenol administration,
a physician was required to be present during the first
round of infusions. Due to constraints in the physician’s
schedule, a majority of the time the first condition consisted of
isoproterenol infusions. However, the remaining task selection
process (for example, isoproterenol plus rest vs. isoproterenol
plus meditation) remained randomized, and was determined
by the nurse administering the infusions. The remaining three
infusion conditions were completely randomized.

Psychophysiological Measures

Heart rate was continuously measured throughout all infusions,
from alead II electrocardiogram (MP100 acquisition unit, Biopac
Systems, Inc.), at a sampling rate of 200 Hz. All artifacts affecting
the cardiac waveform (e.g., movement related and cardiac, such
as premature ventricular contractions) were visually identified
and manually removed.

Several measures of heart rate were derived from the
instantaneous cardiac waveform. These measures were divided
across three epochs of specific relevance to the timeline of heart
rate changes induced by isoproterenol (Figure 1). The first epoch
consisted of a 30s interval starting immediately after the onset
of each infusion. This reflects a period when bolus isoproterenol
induced heart rate changes are unlikely to occur. The second
epoch consisted of a 90s interval beginning 30s after infusion
administration. This reflects a period when bolus isoproterenol
induced heart rate changes are most likely to occur. The third
epoch consisted of a 60s period beginning immediately after
the end of the second epoch. This interval reflects a period
when the heart rate is nearing baseline or has already returned
back to baseline. These three epochs combine to represent the
3min following each infusion onset, when the probability of
isoproterenol induced changes in heart rate are maximal. Because
the participant could hear the nurse was preparing the next
infusion during the final 30 s period (of the 3.5 min separating
each infusion), this period was not included in the analysis to
remove any potential influence of this preparatory period on the
heart rate.

Within each epoch, four measures were obtained. (1) Mean
heart rate change. This was determined for each participant by

Epoch 1 Epoch 2 Epoch 3
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FIGURE 1 | Epochs used to derive different measures of heart rate. This
example shows a typical heart rate response to a 2.0 mcg dose of
isoproterenol in a single subject.

subtracting the average heart rate during epoch 1 from epoch
2. This controls for any potential residual elevations in baseline
heart rate that might occur following increasing doses, and
provided a reliable estimate of changes induced by isoproterenol
administration. (2) Mean heart rates for each participant were
determined across epochs 1, 2, and 3. This provided a measure
of average heart rate over the entire window of response to
isoproterenol. (3) The lowest heart rates occurring for each
participant within a 3 s period throughout epochs 1, 2, and 3. This
provided a measure of the floor effect for the heart rate response
to isoproterenol. (4) The highest heart rates occurring for each
participant within a 3-s period were identified across epochs 1, 2,
and 3. This provided a measure of the ceiling effect of the heart
rate response to isoproterenol.

Finally, heart rate and blood pressure were measured with
an automated non-invasive blood pressure monitoring device
(inflatable cuff wrapped around the dominant arm) similar to
what was likely used during the Dimsdale and Mills (2002)
study!. These latter measures were initiated 30 s after the start of
each infusion, in an effort to mirror the type of measurement used
by Dimsdale and Mills (2002). Due to variability in the amount of
time taken for the machine to generate a blood pressure reading,
each measure with this device was obtained approximately 60-
80 s after each infusion onset (maximum range observed: 58-93 s
after initiating measurement).

Data Analysis

Continuous data were analyzed using general linear models
(GLM) with repeated measures, with group (meditator, non-
meditator) as the between subjects factor and with condition
(isoproterenol plus meditation or relaxation, isoproterenol plus
rest, saline plus meditation or relaxation, saline plus rest) and
dose (isoproterenol, saline) as the within subjects factors. In
the GLM analysis, the meditation vs. rest contrast is explicitly
evaluated in the condition term. Therefore, the pertinent
measures determining whether meditators show differences in
their autonomic responses during meditation vs. rest were tested
by the group x condition, and by the group x condition x
dose interactions. All repeated measures tests were assessed for

IThese measures were incorporated after several participants had been tested. As
a result, data for the full sample are unavailable (measures were collected from 11
meditators and 13 non-meditators).
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violations of the sphericity assumption, and when violated, were
corrected with the Huynh-Feldt method. In these instances the
corrected p-values are reported, along with the Huynh-Feldt
epsilon (g) correction.

Results

Participants

Meditators reported significantly more years of meditation
practice f(;3) = 3.90, p = 0.002, hours of cumulative meditation
practice t,5y = 3.07, p = 0.008, and days of retreat experience
t28) = 2.31, p = 0.037, than non-meditators. The groups did not
differ with respect to age t(,5) = 0.15, p = 0.88, body mass index
tg) = —0.63, p = 0.53, or education t(;5) = 1.64, p = 0.11. The
groups also did not differ with respect to baseline levels of anxiety
(assessed via the Beck Anxiety Inventory) tg = 1.39,p =
0.18, or depression (assessed via the Beck Depression Inventory)
t28) = 0.33,p = 0.74.

Mean Heart Rate Change

As expected, we observed a significant effect of condition
Fu3 = 14022, p < 00001, 3 = 083, ¢ = 0.780,
observed power = 1.00, and dose F(; 4y = 68.5, p < 0.0001,
nf, = 0.71, ¢ = 0.554, observed power = 1.00, on the mean
heart rate response to isoproterenol. There was a significant
interaction between condition and dose F(; 12y = 68.54,p <
0.0001, 71}2) = 0.59, ¢ = 0.737, observed power = 1.00, such
that increases in heart rate occurred at increasing doses of
isoproterenol (but not saline) administration. However, despite
these changes, there were no group differences in the heart rate
response to isoproterenol. There was no effect of group F(;, 25) =
2.97,p = 0.10, né = 0.10, observed power = 0.384, and there
were no interactions between condition and group F(;, 3y = 0.21,
p = 0.84, nf, = 0.01, observed power = 0.088, between dose
and group F; 4 = 021, p = 0.84, nf, = 0.01, observed
power = 0.093, or between condition and group and dose
Fq, 12 = 0.82, p = 0.60, nlzj = 0.03, observed power = 0.482,
suggesting that the heart rate increases induced by isoproterenol
were not statistically different between the groups (Figure 2A).
Mean average heart rate changes and associated 95% confidence
intervals are displayed in Table 2.

Mean Heart Rate

Epoch 1

We did not find an effect of condition on the average heart
rate during epoch 1, F; 3 = 0.39, p = 0.76, nf, = 0.01,
observed power = 0.12, but did observe a significant effect of dose
Fq, 4y =4.74,p = 0.008, nf, = 0.15, ¢ =0.616, observed power =
0.80. There was also a significant interaction between condition
and dose F(;, 2y = 4.41, p < 0.0001, Tlf, = 0.14, ¢ = 0.772,
observed power = 0.99, suggesting that increases in mean heart
rate during epoch 1 occurred at increasing doses of isoproterenol
(but not saline) administration. However, despite these changes,
there were no group differences in heart rate during this period.
There was no effect of group F(;, 25y = 1.20, p = 0.28, nf) = 0.04,
observed power = 0.19, and there were no interactions between
condition and group F; 3 = 2.00, p = 0.12, nf) = 0.07,

observed power = 0.50, between dose and group F; 4y = 0.33,
p = 0.76, nf) = 0.01, observed power = 0.12, or between
condition and group and dose F(;, 15y = 0.74,p = 0.68, nf, =
0.03, observed power = 0.43, suggesting that the mean heart rate
increases observed for increasing doses of isoproterenol during
epoch 1 were not statistically different between groups. Average
heart rate changes and associated 95% confidence intervals are
displayed in Table 3. The finding of dose related increases during
this epoch reflects that fact that some of the heart rate changes
induced by isoproterenol (particularly at the higher doses) began
occurring early, as was observed in several participants.

Epoch 2

We observed a significant effect of condition on the average heart
rate during epoch 2, F(; 3y = 84.19, p < 0.0001, nf, = 0.75,
observed power = 1.00, as well as for dose F(; 4y = 84.19,
p < 0.0001, nf, = 0.75, ¢ = 0.402, observed power = 1.00.
There was also a significant interaction between condition and
dose F1 120 = 7291, p < 0.0001, ny = 0.72, & = 0.330,
observed power = 1.00, suggesting that increases in mean heart
rate during epoch 2 occurred at increasing doses of isoproterenol
(but not saline) administration. However, despite these changes,
there were again no group differences in heart rate during this
period. There was no effect of group F(; 25 = 0.65, p =
0.43, nf) = 0.02, observed power = 0.12, and there were no
interactions between condition and group F(; 3y = 2.00, p =
0.12, nf, = 0.07, observed power = 0.37, between dose and
group F(j 4y = 144, p = 0.24, n; = 0.05, observed power
= 0.16, or between condition and group and dose F(; 13y =
0.70, p = 0.59, nf) = 0.02, observed power = 0.41, suggesting
that the mean heart rate increases observed for increasing doses
of isoproterenol during epoch 2 were not statistically different
between groups (Figure 2B and Table 4).

Epoch 3

We observed a significant effect of condition on the average heart
rate during epoch 3, F; 3 = 8.30, p < 0.0001, T]f, = 0.23,
observed power = 0.98, as well as for dose F; 4 = 30.66,
p < 0.0001, nf, = 0.52, ¢ = 0.440, observed power = 1.00.
There was also a significant interaction between condition and
dose F(j, 12 = 20.72, p < 0.0001, nj = 0.43, & = 0.418,
observed power = 1.00, suggesting that increases in mean heart
rate during epoch 3 occurred at increasing doses of isoproterenol
(but not saline) administration. However, despite these changes,
there were no group differences in heart rate during this period.
There was no effect of group F; 55y = 0.92, p = 0.35, ﬂf) = 0.03,
observed power = 0.15, and there were no interactions between
condition and group F(; 3 = 1.68, p = 0.18, né = 0.06,
observed power = 0.43, between dose and group F(; 4y = 0.93,
p = 039, my = 0.03, observed power = 0.29, or between
condition and group and dose F(;, 15y = 0.65, p = 0.67, nlzJ =
0.02, observed power = 0.38, suggesting that the mean heart rate
increases observed for increasing doses of isoproterenol during
epoch 3 were not statistically different between groups. The
finding of dose related increases during this epoch reflects that
fact that some of the heart rate changes induced by isoproterenol
(particularly at the higher doses) were still present and in the
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FIGURE 2 | Mean heart rates for both groups during
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measured via automated blood pressure monitor. For purposes of clarity,
mean values are displayed without error bars, and the relaxation condition for
the non-meditators is labeled as meditation.

process of returning to baseline, as was observed in several
participants (Table 5).

Highest and Lowest Heart Rates

The pattern of findings reported above also held true for the
highest and lowest heart rates observed during epochs 1, 2,
and 3. Specifically, increases in the highest (and lowest) heart
rates occurred for conditions containing increasing doses of
isoproterenol (but not saline), in the absence of any group
differences whatsoever. In the interest of brevity the relevant
statistics have not been reported here, but rather, the reader is
referred to Figure 3.

Automated Heart Rate and Blood Pressure
Automated Heart Rate

We observed a significant effect of condition on the automated
measure of heart rate F(; 3y = 115.88, p < 0.0001, T]IZ, = 0.84,

e = 0.813, observed power = 1.00, as well as dose F(; 4 = 74.42,
p < 0.0001, nf) = 0.77, ¢ = 0.909, observed power = 1.00.
There was also a significant interaction between condition and
dose F, 12 = 40.31,p < 0.0001, n2 = 0.65, ¢ = 0.438,
observed power = 1.00, suggesting that increases in automated
heart rate occurred at increasing doses of isoproterenol (but not
saline) administration. There were again no group differences
in heart rate during this period. There was no effect of group
F(1, 28 = 0.06, p = 0.80, ny = 0.00, observed power = 0.06,
and there were no interactions between condition and group
Fu 3 = 1.02,p = 0.38, 1y = 0.04, observed power = 0.27,
between dose and group F(; 4 = 2.12, p = 0.09, nf) = 0.09,
observed power = 0.61, or between condition and group and
dose F(; 12 = 1.19, p = 0.32, nf, = 0.05, observed power =
0.68, suggesting that the mean heart rate increases observed for
increasing doses of isoproterenol with the automated measure
were similar between the groups (Figure 2C).
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TABLE 2 | Average heart rate changes and 95% confidence intervals across all conditions.

Average HR change

Dose (mcg) Non-meditators 95% CI Meditators 95% CI

Mean SE Lower Upper Mean SE Lower Upper

ISO + RELAXATION ISO + MEDITATION
0.1 0.74 0.84 —0.99 2.47 0.97 0.84 -0.76 2.7
0.5 4.33 0.77 2.74 5.91 2.6 0.77 1.03 4.2
1 8.02 1.03 5.91 10.13 6.2 1.03 4.09 8.3
2 12.91 1.63 9.58 16.25 11.11 1.63 7.79 14.45
4 17.93 2.26 13.3 22.56 17.27 2.26 12.64 21.89
ISO + REST ISO + REST
0.1 1.97 0.65 0.65 3.31 1.82 0.65 0.48 3.15
0.5 5.01 0.85 3.28 6.74 3.97 0.85 2.24 5.7
1 6.99 0.76 5.44 8.53 6.28 0.76 4.73 7.82
2 12.22 1.39 9.38 15.06 10.89 1.39 8.05 13.73
4 18.85 1.54 16.71 22.02 16.44 1.54 12.28 18.59
SALINE + RELAXATION SALINE + MEDITATION
0.1 0 0.96 —1.96 1.97 —1.04 0.96 -3 0.92
0.5 0.89 0.66 —0.47 2.2 —1.17 0.66 —2.52 0.18
1 0.86 0.51 -0.19 1.91 —1.08 0.51 —2.08 0.02
2 0.76 0.52 —0.31 1.84 —0.22 0.52 -1.29 0.85
4 —1.54 1.04 —3.67 0.6 —0.88 1.04 -3.02 1.25
SALINE + REST SALINE + REST

0.1 0.85 0.59 —-0.37 2.06 —-0.13 0.59 —1.35 1.08
0.5 0.58 0.52 —0.49 1.65 0.33 0.52 —0.74 1.4
1 0.69 0.65 —0.62 2 0.88 0.64 —0.42 2.19
2 0.39 0.9 —1.47 2.24 —-0.9 0.9 —2.75 0.95
4 0.82 0.61 —0.44 2.07 0.74 0.61 —0.51 2

Systolic Blood Pressure

We did not observe a significant effect of condition F(; 3y =
0.03, p = 0.99, nf, = 0.00, observed power = 0.06, but
did observe a significant effect of dose F(;, 4 = 4.35, p =
0.006, nf, = 0.17, ¢ = 0.820, observed power = 0.82, on the
automated measure of systolic blood pressure. There was no
interaction between condition and dose F(;, 15y = 1.74, p < 0.08,
nf, = 0.07, observed power = 0.87, suggesting that changes
in systolic blood pressure were not influenced by isoproterenol
administration. No group differences in systolic blood pressure
were observed. There was no effect of group F(j 25y = 0.71,
p = 041, T]I% = 0.03, observed power = 0.13, and there were
no interactions between condition and group F; 3 = 0.80,
p = 0.50, né = 0.04, observed power = 0.21, between dose and
group F(; 4 = 1.52,p = 0.21, nf, = 0.07, observed power =
0.45, or between condition and group and dose F(;, 15y = 1.03,
p = 0.42, 7112) = 0.05, observed power = 0.59. These decreases
in systolic blood pressure were similar for both groups and

appeared to occur during the first few doses, irrespective of
condition, suggesting that these effects were likely not related to
isoproterenol (Figure 4A).

Diastolic Blood Pressure

We observed a significant effect of condition F(; 3y = 25.37,p <
0.0001, nf, = 0.54, observed power = 1.00, and dose F(;, 4y =
28.58, p < 0.0001, nf, = 0.57, ¢ = 0.653, observed power
= 1.00 on the automated measure of diastolic blood pressure.
There was also a significant interaction between condition and
dose F(i, 12 = 1243, p < 0.0001, n2 = 0.36, & = 0.692,
observed power = 1.00, suggesting that changes in diastolic blood
pressure occurred at increasing doses of isoproterenol (but not
saline) administration. There were again no group differences in
diastolic blood pressure. There was no effect of group F(;, 25 =
0.65, p = 0.43, nf, = 0.03, observed power = 0.12, and there
were no interactions between condition and group F(;, 3y = 0.29,
p = 0.82, nf, = 0.01, observed power = 0.10, between dose and
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TABLE 3 | Average heart rates during epoch 1, including 95% confidence intervals.

Average HR—epoch 1

Dose (mcg) Non-meditators 95% CI Meditators 95% CI

Mean SE Lower Upper Mean SE Lower Upper

ISO + RELAXATION ISO + MEDITATION
0.1 66.47 2.54 61.27 71.77 71.86 2.54 66.67 77.06
0.5 66.26 2.83 60.46 72.07 72.92 2.83 67.11 78.72
1 66.37 2.68 60.89 71.86 71.97 2.68 66.49 77.46
2 67.48 2.76 61.83 7312 72.22 2.76 66.57 77.87
4 69.4 3.12 63 75.8 75.05 3.12 68.65 81.45
ISO + REST ISO + REST
0.1 66.18 2.52 61.03 71.35 69.09 2.52 63.92 74.25
0.5 67.32 2.59 62.02 72.2 69.74 2.59 64.44 75.04
1 68.46 2.6 64.12 73.79 70.98 2.6 65.65 76.32
2 67.98 2.65 62.58 73.29 71.28 2.64 65.87 76.69
4 70.45 2.97 64.37 76.53 73.11 2.97 67.03 79.19
SALINE + RELAXATION SALINE + MEDITATION
0.1 68.29 3.3 61.54 75.04 72.96 3.3 66.2 79.71
0.5 66.91 2.72 61.33 72.49 72.72 2.72 67.14 78.3
1 66.87 2.71 61.32 72.43 72.01 2.71 66.46 77.57
2 67.07 2.77 61.39 72.74 70.81 2.77 65.13 76.49
4 68.24 3.1 61.88 74.59 7.7 3.1 65.34 78.06
SALINE + REST SALINE + REST

0.1 67.26 2.78 61.56 72.96 72.16 2.78 66.46 77.86
0.5 67.73 2.67 62.27 73.19 70.91 2.67 65.45 76.37
1 68.00 2.73 62.42 73.59 70.42 2.73 64.83 76
2 67.94 2.87 62.05 73.83 71.43 2.87 65.54 77.32
4 67.31 2.58 62.02 72.59 711 2.58 65.81 76.38

group F(; 4 = 0.36, p = 0.76, nf) = 0.02, observed power =
0.13, or between condition and group and dose F(;, 15y = 0.45,
p = 0.90, nIz, = 0.02, observed power = 0.25. These findings
suggest decreases in diastolic blood pressure were similar for
both groups at increasing doses of isoproterenol (Figure 4B).
Such a decrease in diastolic blood pressure is consistent with the
vasodilatory effects of isoproterenol.

Individual Heart Rates

Given the absence of group effects, an examination of individual
heart rate changes during the isoproterenol plus meditation
condition was performed. The goal was to identify whether
any reductions in heart rate similar those reported in Dimsdale
and Mills (2002) had occurred in individual meditators or non-
meditators. At the individual level, we examined mean heart rate
changes during epoch 2, mean heart rate during epoch 2, and
lowest and highest heart rate during epoch 2 derived from the
continuous heart rate waveform during the isoproterenol plus
meditation/relaxation and isoproterenol plus rest conditions.

Based on the hypothesis that meditation would result in a
reduced response to isoproterenol, individual meditators and
non-meditators displaying the lowest responses were selected for
comparison with their respective groups. As Figure 5A indicates,
there were individuals in each group who displayed a reduced
heart rate response and reduced average heart rates relative to
their group averages. Similarly, there were individuals in each
group who displayed reduced heart rate maxima and minima
when compared with their group averages (Figure 5B). However,
although these reflect large differences in the magnitude of
the response to isoproterenol (compared to the respective
group mean), only one individual (a meditator) appeared to
display a reduced heart rate at increasing doses, and only when
using the criterion for lowest heart rate observed during a 3s
period.

Subjective Experience
Similarity ratings of the meditation and relaxation practices did
not differ between the groups F(; 5 = 0.03, p = 0.86, nf) =
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TABLE 4 | Average heart rates during epoch 2, including 95% confidence intervals.

Average HR—epoch 2

Dose (mcg) Non-meditators 95% CI Meditators 95% ClI

Mean SE Lower Upper Mean SE Lower Upper
ISO + RELAXATION ISO + MEDITATION

0.1 67.21 2.55 61.98 72.43 72.84 2.55 67.61 78.06

0.5 70.59 2.71 65.04 76.13 75.53 2.71 69.98 81.08

1 74.39 2.95 68.35 80.43 7817 2.95 7213 84.21
80.39 3.5 73.22 87.55 83.34 3.5 76.17 90.5

4 87.33 4.14 78.87 95.8 92.32 4.14 83.85 100.79

ISO + REST ISO + REST

0.1 68.17 2.51 63.03 73.31 70.9 2.51 65.76 76.04

0.5 72.34 2.64 66.93 77.74 73.71 2.64 68.31 79.12

1 75.44 2.84 69.62 81.26 77.26 2.84 71.44 83.08

2 80.21 3.19 73.66 86.75 82.17 3.19 75.63 88.71

4 89.31 3.51 82.13 96.49 88.55 3.51 81.37 95.73

SALINE + RELAXATION SALINE + MEDITATION

0.1 68.39 2.9 62.36 74.23 71.92 2.9 65.98 77.85

0.5 67.79 2.69 62.23 73.3 71.55 2.69 66.04 77.06

1 67.73 2.8 62.01 73.45 70.99 2.8 65.26 76.71
67.83 2.75 62.2 73.46 70.59 2.75 65.96 76.22
66.7 2.73 61.11 72.29 70.82 2.73 65.23 76.4

SALINE + REST SALINE + REST

0.1 68.10 2.77 62.44 73.77 72.03 2.77 66.36 7.7

0.5 68.31 2.63 62.93 73.7 71.24 2.63 65.86 76.63

1 68.69 2.69 63.19 7419 71.3 2.66 65.8 76.8
68.33 2.66 62.89 73.77 70.53 2.66 65.09 75.97
68.12 2.8 62.38 73.86 71.84 2.8 66.1 77.58

0.001, observed power = 0.054. The meditation and relaxation
practices appeared to be rated as more similar to the usual
practice during the saline infusion condition, but this difference
was not statistically significant F; ;) = 2.18, p = 0.15, nf,
0.08, observed power = 0.30.

Post Analysis

Since a heterogeneously recruited sample of meditators could
potentially result in differential heart rate responses during
meditation, we subsequently evaluated the responses of the
Kundalini and Vipassana practitioners separately, and in
comparison to each other.

Vipassana vs. Healthy Comparison
During the meditation condition there was no effect of group
Fy, 24 = 131, p = 0.26, nﬁ = 0.05, observed power = 0.20,

2Data were missing from 3 healthy comparison participants.

and there were no interactions between condition and group
Fa, 1 0.002, p 0.98, nf) 0.00, observed power =
0.05, or between condition and group and dose F(; 4 = 0.10,
p=0.98, nf, = 0.004, observed power = 0.07. This suggests that
during both meditation conditions (saline and isoproterenol)
the Vipassana meditators displayed similar average heart rate
increases as healthy comparisons.

Kundalini vs. healthy Comparison

During the meditation condition there was no effect of group
Fi, 17y = 2.1, p = 0.17, nf, = 0.11, observed power = 0.27,
and there were no interactions between condition and group
Fu, 1) = 0.006, p = 0.94, ng 0.00, observed power =
0.05, or between condition and group and dose F(; 4y = 1.58,
p = 0.19, ng = 0.09, observed power = 0.46. This suggests that
during both meditation conditions (saline and isoproterenol)
the Kundalini meditators displayed similar average heart rate
increases as healthy comparisons.
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TABLE 5 | Average heart rates during epoch 3, including 95% confidence intervals.

Average HR—epoch 3

Dose (mcg) Non-meditators 95% CI Meditators 95% CI

Mean SE Lower Upper Mean SE Lower Upper

ISO + RELAXATION ISO + MEDITATION
0.1 66.58 2.58 61.29 71.87 71.57 2.58 66.28 76.85
0.5 66.28 2.71 60.73 71.82 7.7 2.71 66.16 77.25
1 68.1 2.74 62.49 73.71 72.5 2.74 66.89 78.11
2 70.59 3.15 64.13 77.05 7511 3.156 68.66 81.57
4 73.94 3.67 66.43 81.45 81.28 3.67 73.77 88.79
ISO + REST ISO + REST
0.1 67.88 2.55 62.66 731 71.8 2.55 66.57 77.02
0.5 68.38 2.63 62.99 73.77 70.67 2.63 65.28 76.06
1 68.75 2.65 63.32 7419 70.86 2.65 65.43 76.3
2 71.47 3.04 65.25 77.69 75.57 3.04 69.35 81.79
4 77.07 3.33 70.24 83.9 80.35 3.33 73.52 87.18
SALINE + RELAXATION SALINE + MEDITATION
0.1 67.93 2.74 62.31 73.54 71.97 2.74 66.34 77.57
0.5 68.06 2.67 62.6 73.52 71.85 2.67 66.39 77.31
1 68.58 2.7 63.04 7412 71.2 2.7 65.66 76.74
2 67.89 2.78 62.2 73.58 70.39 2.78 64.7 76.08
4 66.48 2.69 60.97 72 70.09 2.69 65.57 75.6
SALINE + REST SALINE + REST

0.1 68.12 2.6 62.8 73.44 71.78 2.6 66.46 774
0.5 68.67 2.67 63.19 7414 71.24 2.67 65.77 76.72
1 69.73 2.53 64.54 74.93 71.04 2.53 65.85 76.23
2 68.38 2.66 62.94 73.83 71.83 2.66 66.39 77.27
4 69.81 2.77 64.14 75.47 7215 2.77 66.49 77.82

Kundalini vs. Vipassana

During the meditation condition there was no effect of group
F4, 13 = 0.11, p = 0.75, nf) = 0.008, observed power = 0.06,
and there were no interactions between condition and group
F4, 1) = 0.001, p = 0.98, nf, = 0.00, observed power = 0.05, or
between condition and group and dose F(; 4 = 0.88, p = 0.48,
nf, = 0.06, observed power = 0.26. This suggests that during both
meditation conditions (saline and isoproterenol) the two groups
of meditators displayed similar average heart rate increases.

Discussion

As expected, bolus isoproterenol infusions produced dose-
dependent increases in heart rate in both groups during
a condition of rest. However, meditators did not display
lowered heart rate responses to isoproterenol while practicing
meditation. Both meditators and non-meditators displayed
similar dose dependent increases in heart rate during conditions
of isoproterenol plus rest, and during isoproterenol plus

meditation/relaxation. The lack of group differences in heart rate
was reliable. It was observed for five different measures of heart
rate (mean heart rate change, mean heart rate, lowest heart rate
during a 3s period, highest heart rate during a 3 s period, and
via automated heart rate monitor), and throughout three epochs
that captured the entire time span over which isoproterenol
induced changes occur. Equivalent decreases in diastolic blood
pressure were also observed in both groups following increasing
doses of isoproterenol. These decreases are consistent with the
known vasodilatory effects of isoproterenol on lowering diastolic
blood pressure. We do not consider these to be related to the
meditation intervention, as they occurred in both isoproterenol
conditions. Non-meditators did not display lowered heart rates
when practicing a relaxation condition, which was predicted.
Since the Dimsdale and Mills (2002) study reported a
finding in a single individual, we examined individual heart rate
responses within in each group of participants. Of the measures
utilized, there was only one participant who demonstrated an
appreciable reduction in heart rate during the meditation plus
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Highest HR during epoch 2: isoproterenol blocks
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FIGURE 3 | Highest and lowest heart rates for both groups during
epoch 2. (A) Highest heart rates observed during a 3 s period, averaged
across each group (ceiling effect). (B) Lowest heart rates observed during a
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3's period, averaged across each group (floor effect). For purposes of clarity,
mean values are displayed without error bars, and the relaxation condition for
the non-meditators is labeled as meditation.

isoproterenol condition similar to that reported by Dimsdale and
Mills (2002) (i.e., a 17 bpm decrease in heart rate from the lowest
to the highest dose). This finding occurred in a meditator, but it
was only observed with one measure, the lowest heart rate, which
is also the least reliable index of the response to isoproterenol.
This finding was no longer present when more robust measures
of the heart rate response to isoproterenol, such as the average
heart rate and average heart rate change, were examined in the
same individual. Thus, it seems unlikely that the individual effect
reported by Dimsdale and Mills (2002), although intriguing,
generally applies to individuals practicing meditation.

Several potential factors might explain the discrepancy in
findings between the two studies. First, individual variability in
heart rate responses might explain their observation of lowered
heart rate in one subject. We observed considerable variability
in heart rate responses to isoproterenol even when using a
continuous measure, with select individuals from both groups
exhibiting attenuated heart rate responses to isoproterenol. A
second and related reason could be measurement error. Dimsdale
and Mills (2002) did not utilize a continuous measure of heart
rate in their original study, and it is unclear when the automated
monitor they utilized actually captured their meditator’s heart
rate. Although they report that heart rate was measured 60 s after
the infusion was delivered, it is possible that there was enough
measurement variability to result in missing the heart rate epoch
of interest. In the present study, we observed large variability
in the output of the automated heart rate measurement when
using the blood pressure monitoring device (e.g., 58-93 s after

initiating measurement), which is long enough to potentially miss
capturing an individual’s heart rate response. It is also possible
that the window of measurement of the automated heart rate
monitor was too brief. In the current study, we observed the
largest reductions in heart rate response during a momentary
measure, the lowest heart rate during a 3 s period, which provides
some plausibility to this theory. Third, their meditator was not
formally trained, and indicated that she would often enter such
deep states that she would need to set an alarm clock to rouse
her from meditation. Thus, it is possible that this individual
likened sleep (or some other altered state of consciousness) with
meditation, and that the observed effect had nothing to do with
meditation but a different process worth understanding further.
However, despite these potential methodological and conceptual
considerations, the participant in Dimsdale and Mills’ study did
demonstrate a heart rate increase at the 1.0 mcg dose, followed by
two successive decreases below her resting heart rate. Assuming
this was not a spurious finding, such a profound decrease in
heart rate could also occur during an episode of increased vagal
output (as suggested by the authors). Neurocardiogenic syncope
is one example of such an increase in vagal output. These episodes
are usually preceded by an increase in sympathetic tone (as
was observed in the meditator at the 1.0 mcg dose) and can
even be triggered by isoproterenol (Kikushima et al., 1999).
These episodes are often foreshadowed by symptoms such as
lightheadedness, nausea, warmth, pallor and/or sweating, and
although the meditator denied experiencing a subset of these
(nausea, dizziness or fainting), it is possible that she was not
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FIGURE 4 | Blood pressure for both groups during
meditation/relaxation and rest. (A) Systolic blood pressure measured via
automated blood pressure monitor. (B) Diastolic blood pressure measured
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via automated blood pressure monitor. For purposes of clarity, mean values
are displayed without error bars, and the relaxation condition for the
non-meditators is labeled as meditation.

aware of these symptoms given the fact that she was in a
meditative state described as so deep as to require rousing with
an alarm clock. Since heart rate was the only autonomic measure
reported in that study, it is difficult to determine whether such a
reflex occurred. Evaluating this particular meditator’s (or others
the future) cardiovascular responses to upright tilt table testing
(perhaps even incorporating isoproterenol) could be useful to
exclude this as a possibility. Another possibility is that respiratory
modulation could have played a role in the observed heart rate
changes, as respiratory induced changes in heart rate variability
have been observed in meditators (Peng et al., 2004). We did not
examine this possibility as it was outside the scope of inquiry in
our study.

There are several limitations associated with the present
study. First, the meditation practice was investigated under
highly artificial circumstances. Meditators were meditating in
a novel environment, with an intravenous line placed, were
attached to various recording devices and were seated next
to two individuals who were observing them throughout the
study. Despite efforts to facilitate the practice, such as a curtain
between the investigators and participant, and a dimly lit,
quiet room, it cannot be claimed that the meditation and
relaxation conditions took place in the usual environment.
Second, the current study does not take into account the potential
influence of testing anxiety, that is, concern on the part of
the meditators about “performing well.” Although meditators
did not voice any such concerns, and did not differ from
the non-meditators in questionnaire measures of anxiety, this

possibility cannot be ruled out. A third limitation is the fact
that the meditation plus saline conditions did not appear to
lower the heart rate substantially. This could again be due to the
artificiality of the environment, thus preventing meditators from
authentically engaging in their practice and displaying increased
parasympathetic indices. However, retrospective ratings of the
quality of the meditation practice indicated that meditators
found their meditation practice during the infusions to be
predominantly similar to their daily practice, reducing this as
a possibility. The lack of heart rate reductions during saline
could also be related to the type of meditation participants
practiced. For example, some meditations are suggested to
increase cardiovascular states whereas others are suggested to
decrease them (Amihai and Kozhevnikov, 2014). Since most
meditators were not instructed to use their meditation practice
to reduce their heart rate (this would have been seen by the
Vipassana practitioners as constraining and interfering with
the meditation practice), it is possible that the mediators were
performing the former type of meditation. Reports from the
meditators about the nature and quality of their practice did not
seem to indicate this as a possibility.

It is also possible that the lack of attenuated autonomic
responses in the current study could be related to a non-
ideal sample of meditators and/or a non-ideal meditation
practice. For example, since the majority of the meditators
came from a Vipassana background, their default meditation
practice may not be intended to have effects on autonomic
state. This argument is somewhat limited by the fact that
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during isoproterenol conditions. (A) Global mean heart rate
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heart rate change and global minimum heart rate change observed
during epoch 2 for all participants. The green lines indicate the
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meditator who displayed the lowest response during the isoproterenol
plus meditation condition. The blue lines indicate the non-meditators
who displayed the lowest response during the isoproterenol plus
relaxation condition. For purposes of clarity, the relaxation condition
for the non-meditators is labeled as meditation. Error bars represent
standard error of the mean.

Vipassana meditation techniques emphasize the cultivation
of quiescent and tranquil states of mind, and show some
evidence of altered sympatho-vagal balance (Krygier et al,
2013). Alternatively, it is theoretically possible that the default
body scanning meditation practice practiced by the Vipassana
meditators in this study could have been similar to a form
of “open presence” rather than “focused attention” meditation.
Since the former type of meditation has been associated
with heightened arousal instead of relaxation, this might be
expected to induce an increased autonomic response during
meditation instead of a quiescent one. We observed a few
marginal interactions between condition and group on heart rate
with the meditators potentially exhibiting increased heart rates
during meditation, that might potentially support this possibility.
However, these non-significant effects were not consistently
observed across the numerous heart rate measures employed.
Further complicating this theoretical interpretation is evidence
suggesting that open presence meditation can be associated with
attenuated autonomic responses to startle challenges that probe
sympathetic reactivity (Levenson et al., 2012). We conclude there
is no direct evidence in the current study to support the notion
of differentially decreased or increased autonomic indices in the
meditators.

Another question about the current sample is whether the
absence of effect could have been due to an inexperienced
sample of meditators relative to the meditator in Dimsdale

and Mills (2002), as the minimum requirement was only 2
years of meditative experience. Direct comparison between
the studies is not possible, as the years of practice were not
provided in that report. However, the notion that duration of
practice is synonymous with meditative expertise is a matter of
ongoing debate. Previous investigations of long term meditators
have not always yielded evidence of increased ability, even
for aspects of internal sensory experience that are routinely
cultivated in Vipassana and Kundalini traditions (Khalsa et al.,
2008; Daubenmier et al, 2013). A larger issue is the fact
that the meditator described in that report was not formally
trained in any particular tradition, making it impossible to
select an appropriately representative group of meditators. In
the current study we recruited formally trained meditators from
multiple traditions, used extensive measurements of heart rate
response, and examined individual outlier responses in both
groups to determine whether there was specific evidence that
meditation was associated with a lowered heart rate. Though
some individuals displayed attenuated heart rate responses to
isoproterenol, we found no evidence differentiating meditators
from non-meditators.

A general point is that while these limitations warrant
consideration, many of them would be similarly imposed by any
empirical study of meditation and thus cannot be easily obviated.
If further investigations of the current topic were continued, one
helpful strategy would be to screen large samples of meditators
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to identify those individuals who can reliably demonstrate
enhanced autonomic regulatory capabilities, and then perform
detailed investigation into the cognitive and neurophysiological
mechanisms underlying such abilities.

We feel it is also important to note that the current findings do
not necessarily negate previously reported findings of decreased
autonomic tone following the practice of meditation. Although
our study appeared sufficiently powered to detect effects related
to the isoproterenol vs. saline conditions, and the impact of
different doses, there was lower power at the group level.
While replicating this approach with a larger sample would
help to address this limitation, the current results suggest
that any effects, even if found reliable at the population level,
would be small and would have limited consequence at the
individual level. The current findings also have limited bearing
on the effects of meditation on emotional experience or emotion
regulation, effects consistently perceived at the individual level
with training, as these constructs were not investigated. High
levels of adrenergic hormones are often associated with acute
anxiety, stress, anger, fear and hostility, and different forms
of meditation are routinely practiced by some individuals to
help ameliorate such experiences (Shirey, 2007; Robins et al.,
2012; Serpa et al., 2014). Determining the biological mechanisms
supporting those beneficial effects remains an important and
active area of inquiry, regardless of whether they are derived
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Recent research suggests that bodily signals and interoception are strongly related
to our sense of time. Mindfulness meditators train to be aware of their body states
and therefore could be more accurate at interval timing. In this study, n = 22
experienced mindfulness meditators and n = 22 matched controls performed both,
an acoustic and a visual duration reproduction task of 8, 14, and 20s intervals, while
heart rate and skin conductance were continuously assessed. In addition, participants
accomplished a heart beat perception task and two selective attention tasks. Results
revealed no differences between meditators and controls with respect to performance
in duration reproduction or attentional capacities. Additionally no group difference in
heart beat perception scores was found. Across all subjects, correlational analyses
revealed several associations between performance in the duration reproduction tasks
and psychophysiological changes, the latter being also related to heart beat perception
scores. Furthermore, former findings of linearly increasing cardiac periods and decreasing
skin conductance levels during the auditory duration estimation task (Meissner and
Wittmann, 2011) could be replicated, and these changes could also be observed during
a visual duration reproduction task. In contrast to our earlier findings, the heart beat
perception test was not related with timing performance. Overall, although experienced
meditators did not differ from matched controls with respect to duration reproduction
and interoceptive awareness, this study adds significantly to the emerging view that time
perception is related to autonomic regulation and awareness of body states.

Keywords: mindfulness meditation, time perception, interoceptive awareness, autonomic regulation, attention

Introduction

The diversity of psychological and neurophysiological models of time perception is indicative of
the fact that the neural substrates and the processes accounting for the experience of time are
still unknown (Wittmann and Paulus, 2009; Merchant et al., 2013). Recent conceptualizations
that are based on empirical findings hint on the relationship between the experience of time and
self-and body processes, that is, on interoceptive states (Craig, 2009, 2015; Wittmann, 2009, 2013):
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Recordings in functional magnetic resonance imaging (fMRI)
indicated that activity within the insular cortex increased
continuously during the perception of duration (Wittmann et al.,
2010, 2011). Moreover, the experience of temporal delay between
external acoustic stimulation and the heart beat is related to
anterior insula activation (Critchley et al., 2004). Given the
close connection between the insular cortex and interoceptive
processes, the integration and perception of ascending bodily
signals would substantially contribute to the experience of time.

Recordings of physiological signals (heart periods, skin
conductance levels, respiratory periods) during a duration
reproduction task, with intervals of 8, 14, and 20, showed not
only a linear increase of cardiac periods during the encoding
of temporal intervals, but also revealed a positive relationship
between the slope of this increase in cardiac periods and duration
reproduction accuracy (Meissner and Wittmann, 2011). A recent
study also reported a positive correlation between a greater
control of the vagal tone and duration reproduction accuracy
for intervals from 0.5 to 40s (Pollatos et al., 2014). That is, the
increase in cardiac (parasympathetic) tone, as registered in the
brain, could represent a bodily marker for the estimation of
duration. It is important to mention that it is not the mean heart
rate during a target interval that correlated with timing behavior
(as assessed by Schwarz et al., 2013) but the linear increase
of cardiac periods that showed this relationship. In addition,
results of Meissner and Wittmann (2011) indicated that duration
reproduction accuracy correlated positively with the subjects’
ability to accurately perceive their own heart beats. A possible
explanation would be that individuals, who have a greater
awareness of their body states and thus a better access to visceral
feedback, are more accurate at interval timing. Alternatively, the
correlations between duration reproduction accuracy and both,
the slope of cardiac slowing and interoceptive awareness could
be due to increased attentional capacities of good performers
in time estimation tasks, who then simply would be able to
focus more adequately on time perception. In this scenario,
the steeper slope of cardiac periods in good performers would
reflect their higher attentional load, and the relationship with
interoceptive awareness could be due to the recently reported
association between interoceptive awareness and attention to
external acoustic or visual stimuli that are used for presentation
of temporal intervals (Matthias et al., 2009).

In this study, we investigated the role of body signals,
interoceptive awareness, and attentional capacities for interval
timing by focusing on a group of participants who regularly
train their attentional capacities to internal and external stimuli,
namely experts in mindfulness meditation. Mindfulness is
understood as bringing awareness to each present moment
in time with an accepting and non-judgmental attitude. It
can be developed and cultivated through introspective training
such as meditation (Kabat-Zinn, 2005; Sauer et al, 2013).
Mindfulness meditators during a typical meditation session focus
on their breathing-in and breathing-out or perform a “body
scan” where attention is systematically directed to each area
of the body from the toes to the top of the head (Morone
et al., 2008). Effects of mindfulness meditation are manifold
but basically comprise increased body awareness, attention

regulation, and emotion regulation (Holzel et al., 2011; Tang
et al,, 2015) all of which are mental factors that are involved
in time perception (Wittmann and Schmidt, 2014). Accordingly,
regular mindfulness meditation has been shown to alter the
cortical representation of interoceptive attention (Farb et al.,
2013). Moreover, there is evidence indicating that mindfulness
meditators after intensive practice have increased attentional
capacities to external stimuli (Jha et al., 2007; Zeidan et al., 2010;
Moore et al, 2012). These findings suggest that mindfulness
meditators may process time differently than matched controls.
Indeed, mindfulness meditators report that subjective time slows
down during mindfulness-oriented meditation and in daily life
(Kabat-Zinn, 2005).

In this study, we aimed to compare the role of bodily
signals and attentional capacities to internal and external stimuli
for time estimation in n = 22 experienced mindfulness
meditators and n = 22 matched controls. Participants performed
two duration reproduction tasks, while heart rate and skin
conductance were monitored. In addition, they accomplished a
heart beat perception task and two selective attention tasks. We
hypothesized that in comparison to non-meditating controls, the
mindfulness meditation experts would reproduce time intervals
more accurately. We also expected that mindfulness meditators
would show higher attentional capacities and would score higher
in interoceptive awareness. Finally, we investigated whether the
expected differences between meditators and controls would
go along with alterations of bodily signals during the duration
estimation tasks (Meissner and Wittmann, 2011; Wittmann and
Schmidt, 2014).

A secondary aim of the study was to investigate whether
we could replicate our former findings of linearly increasing
cardiac periods and decreasing skin conductance levels during
the auditory duration estimation task (Meissner and Wittmann,
2011), and whether these changes could also be observed during
an otherwise similar visual duration reproduction task.

Materials and Methods

Design

We conducted a cross-sectional study comparing n = 22
experienced mindfulness meditators with n = 22 matched
controls. The study was conducted at the Institute of Medical
Psychology, University of Munich, as part of a larger two-
center study, which compared 42 mindfulness meditators with 42
matched controls in their ability of time perception using a broad
range of behavioral tasks (Wittmann et al., 2015). The study was
approved by the ethical committees of the partaking Universities
(Munich and Freiburg).

Participants

Twenty-two experienced mindfulness meditation practitioners
with at least three years of continuous practice and at least
2h of practice a week over the last 8 weeks were recruited,
as well as n = 22 matched controls without any meditation
experience. The matching criteria were sex, age (& 3 years)
and education (£ 1 level of 5). Participants were recruited by
advertisements in meditation centers, on online platforms of the
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universities, and by word of mouth. Meditators were included
when reporting to regularly practice a form of meditation, which
had a dominant orientation toward awareness of the present
moment. Therefore, we included individuals if they participated
in forms of mindfulness meditation, Vipassana meditation, or
Soto Zen. Control subjects were required to have no experience
with any form of meditation including Yoga or Tai-Chi. Age
was restricted to the range between 21 and 50 years in order
to constrain age-related effects in the psychophysical tasks and
psychophysiological measurements. Participants had to be fluent
in German and were additionally required to report good
health and no known medical or psychological problems as
assessed with a detailed screening questionnaire. All participants
signed an informed consent and received a moderate financial
compensation (€20) for participation.

Instruments

Heart Beat Perception Task

The heart beat perception task consists of four heart beat
counting intervals (35, 25, 45, and 60s), during which
participants are asked to attend to their own heart beats and
count them silently (Pollatos et al., 2007). The beginning and
end of each counting interval is signaled by a start and stop
tone. A heart beat perception score is calculated for each
participant across the four trials according to the following
equation where high scores (maximum = 1) indicate accurate
heart beat perception:

1 — 1/4%((] recorded heart beats—counted heart beats|)/

recorded heart beats)

Freiburg Mindfulness Inventory (FMI)

The FMI (Walach et al., 2006; Kohls et al., 2009) contains 14 items
which evaluate self-reported mindfulness on the basis of a two-
dimensional structure utilizing a 4-point item scale format. These
dimensions are “presence” as ability to attend to the present
moment (“I am open to the experience of the present moment”)
and “acceptance” as non-judgmental attitude (“I am patient with
myself when things go wrong”).

The Attention Network Test (ANT)

The ANT (Fan et al., 2002) assesses the processing efficiency of
the three attention networks of (1) alerting, (2) orienting, and (3)
executive attention (conflict effect). They are quantified by means
of computerized reaction time measures for differently cued and
un-cued stimulus conditions. Participants have to respond to
either the left or right arrow key on the computer keyboard
depending on stimulus configuration. An overall reaction time
score and an index of accuracy are also calculated.

Divided Attention

Divided attention was assessed by a subtest of the “Test
Battery for Attentional Performance” [TAP, Version 1.7;Psytest:
Herzogenrath (Zimmermann and Fimm, 1997, 2002)]. The
subtest comprised a dual task paradigm in which the participants
were required to simultaneously monitor visual and acoustic
stimuli. In the visual task participants had to detect whether
crosses that appeared in a random configuration in a 4 x 4 matrix

form the corners of a square. The acoustical task included a
regular sequence of high and low beeps, whereas participants had
to detect an irregularity in the sequence of these beeps.

Visual and Auditory Duration Reproduction

In two separate computer tasks running on Psychtoolbox for
Matlab subjects had to reproduce the duration of (1) a visual
and (2) an auditory stimulus with intervals of 8, 14, and 20s
duration. In each trial, a green square (resp. a sinus tone of
440 Hz) was first presented for one of the three durations. After
the pause of either 4.5, 5, or 5.5s duration a second yellow
square (resp. a sinus tone of 500 Hz) appeared. It had to be
stopped by pressing the space bar when participants felt that
this second stimulus had reached the duration of the first. The
reproduction task contained six presentations of each of the three
durations summing up to 18 trials. At the beginning and the end
of each stimulus, an onset resp. offset marker signal was sent from
the Matlab program to the physiological acquisition software.
Participants were requested not to use mental strategies such as
inner counting but to rely on their subjective feeling of elapsed
time. To further prevent mental counting, participants were
additionally given a secondary working-memory task. Before
each trial four numbers were presented. At the end of each trial
one number appeared and the subjects responded whether the
number was one of the four previously presented by pressing the
left or right arrow button, respectively for “yes” and “no.” The
accuracy of duration reproduction can be calculated from the
temporal reproduction performance. In the following, the mean
of the six reproduced time intervals of each of the three durations
is referred to as “reproduced duration.” A duration reproduction
score (referred to as “duration reproduction accuracy”) was
calculated for each participant and each of the three durations
from six trials according to the following equation:

1 — 1/6%((|presented duration—reproduced duration|)/

presented duration)

Similar to the heart beat perception score high scores (maximum
1) indicate accurate duration reproduction.

Physiological Recordings

Heart rate and electrodermal activity were continuously recorded
using a BIOPAC MP 150 device (BIOPAC Systems Inc., Goleta,
CA, USA) with AcqKnowledge 4.1 software for data acquisition.
The sampling rate was 500 Hz for the ECG signal and 15.625 Hz
for the electrodermal signal.

Heart rate was measured using three disposable Ag/AgCl
electrodes which were positioned in an Einthoven Lead I
configuration and connected to the BIOPAC amplifier module
ECG100C. Skin conductance was measured using two disposable
Ag/AgCl electrodes which were attached to the thenar and
hypothenar portions of the left hand and connected to the
BIOPAC amplifier module GSR100C.

Data Reduction and Statistical Analysis

Intervals between successive R peaks (cardiac periods) were
extracted from the electrocardiogram signal using the peak-
detection function implemented in AcqKnowledge 4.2. Cardiac
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periods were examined and screened for artifacts based
on the procedure developed by Porges and Byrne (1992).
Cardiac periods were re-sampled at 15.625Hz by using cubic
interpolation. Cardiac periods and skin conductance levels were
averaged for every second across the six presentations of each of
the three durations (8, 14, 205s). Skin conductance levels were
log-transformed prior to statistical analysis to obtain normal
distributions.

Differences between study groups where analyzed by Student-
t-tests for normally distributed data, Mann-Whitney U-tests
for non-parametric data, and Chi-Quadrat tests for categorial
data. Group differences for performance in the auditory and
visual duration reproduction tasks were explored by mixed-
design ANOVAs, with the between-subjects factor “group”
(mindfulness meditators, controls) and the within-subjects
factor “interval” (8, 14, 20s). To evaluate changes over
time in cardiac periods and skin conductance levels separate
mixed-design ANOVAs were performed for the encoding and
reproduction phase of each duration interval. Due to individual
differences in the length of the individually reproduced
intervals, the analyses for physiological changes during the
reproduction intervals for auditory and visual reproduction
tasks were restricted to seconds that were available for all
subjects. In the auditory reproduction task we analyzed the
first 6, 8, and 12s of the 8, 14, and 20s intervals in the
reproduction phase of the task, respectively. In the visual
reproduction tasks the analyses were restricted to the first
6, 8, and 15s for cardiac periods and 6, 8, 12s for skin
conductance levels of the 8, 14, and 20s intervals in the
reproduction phase of the task, respectively. Greenhouse-Geisser
corrections for repeated measures ANOVAs were applied where
appropriate.

Individual linear slopes of cardiac periods and skin
conductance levels for each of the 18 encoding intervals
were determined using linear regression. In order to normalize
the data, individual time series were converted into z-scores
before performing the linear regression analyses. Individual
slopes were then averaged for each participant across the six
presentations for each of the three durations. Group differences
between slopes were explored by mixed-design ANOVAs
with “interval” as the within-subjects factor and “group” as
between-subjects factor.

Spearman-Rho’s correlations were used to explore
relationships between behavioral results in the duration
reproduction tasks, associated psychophysiological changes,
heart beat perception scores, and results in the attention tests.

For statistical tests the significance level was set to p < 0.05.
Whenever multiple tests were conducted, the significance level
was Bonferroni-corrected.

Results

Study Sample

On average, the mindfulness meditators had a meditation
experience of 10.4 years (£ 7.5 SD) and had practiced 7h
per week (£ 5 SD). Meditation and control groups did not
differ with respect to age, education, body mass index, physical

activity, or current stress levels. As expected, meditators showed
significantly higher values of self-reported mindfulness in the
“Freiburg Mindfulness Inventory” (FMI) in both subscales of
“presence” and “acceptance;” as well as in the sum score
(Table 1).

Heart Beat Perception Scores
The mean heart beat perception scores were 0.79 (£ 0.18 SD) in
meditators and 0.78 (£ 0.15SD) in controls, with no significant

difference in-between (Mann-Whitney U-test, p = 0.751;
Figure 1).
TABLE 1 | Characteristics of the two study groups.
Variable Mindfulness  Matched p-value?
meditators controls
(n =22) (n=22)
Age (mean + SD) 39.7+79 39.5+8.0 0.9530
Sex (female (%)) 12 (55) 12 (55) 0.619¢
Body mass index (mean 4 SD) 21.6 +£2.3 219+ 27 0.675
Educational level 0.794°
Primary school; Hauptschule, n (%) 0 15
Secondary modern school; 1(5) 1(5)
Realschule, n (%)
Grammer school; Gymnasium, n (%) 4(18) 4(18)
University or college degree; 17 (77) 16 (73)
Studium, n (%)
Physical Activity (n IPAQ, mean +SD) 7.84+0.65 7.76 +1.10 0.778
Current stress level (SQCB, mean + 1273+ 3.7 1245+45 0.822
SD)
Mindfulness (FMI)
Presence (mean + SD) 252 +2.8 20.3+3.9 <0.001
Acceptance (mean + SD) 193+ 2.1 16.4 £ 37.5 0.001
Sum score (mean + SD) 447 £ 4.2 37.5+58 <0.001

IPAQ, International Physical Activity Questionnaire; SQCB, Short Questionnaire on Current
Burden,; FMI, Freiburg Mindfulness Inventory.

Bold values signify p < 0.05.

at-Test if not otherwise indicated.

b\Mann-Whitney U-Test.

CChi-Square Test.
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FIGURE 1 | Statistical dot plot with means (black bars) showing heart
beat perception scores in mindfulness meditators (MM) and matched
controls (Ctl). Mann-Whitney U-Tests were used to evaluate group
differences.
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Attentional Capacities

Meditators and controls did not differ in any of the variables of
the Attention Network Test (Figure 2; Supplementary Table 1)
or in the mean accuracy for the TAP subtest “divided attention”
(Supplementary Table 1).
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FIGURE 2 | Statistical dot plots with means (black bars) showing the
results of the Attention Network Test (ANT) in mindfulness meditators
(MM) and matched controls (Ctl). T-Tests were used to evaluate group
differences.

Duration Reproduction Tasks

Neither in the auditory nor in the visual duration reproduction
tasks reproduced duration differed significantly between
mindfulness meditators and matched controls (Figure 3;
Supplementary Table 2). The respective analyses for the accuracy
of duration reproduction also did not reveal any significant
group differences (Supplementary Table 2).

Psychophysiological Changes in Duration
Reproduction Tasks

Cardiac Periods

In both the auditory and visual reproduction tasks mean cardiac
periods increased over time during the encoding intervals of 8,
14, and 20s duration and decreased during the first 4s after
the tone had stopped (Figure 4). Mixed-design ANOVAs showed
significant main effects for time for each of the three encoding
intervals of 8, 14, and 20 s duration during both the auditory and
the visual tasks, and linear trends fitted the data reasonably well;
no significant main effects for group or interaction effects for time
by group were revealed (Table 2).

Compared with the respective encoding intervals, cardiac
periods showed similar patterns during the reproduction
intervals of the respective tasks (Figure4). Mixed-design
ANOVAs confirmed some of the changes to be significant, but the
results were more ambiguous than during the encoding intervals
(Table 2).

Skin Conductance Levels

Both in the auditory and visual reproduction tasks, mean skin
conductance levels decreased over time during the encoding
intervals of 8, 14, and 20s duration and increased during the
first 4s after the tone had stopped (Figure5). Mixed-design
ANOVAs showed significant main effects for time for each of
the three encoding intervals of 8, 14, and 20s duration in the
auditory task, and linear trends fitted the data reasonably well
(Table 3). In the visual duration reproduction task main effects
for time were significant for the encoding intervals of 14 and
20's duration. No significant main effects for group were found
in neither task. A significant interaction effect group by time
was revealed during the 8 s-encoding interval of the visual
reproduction task [F = 4.90 (1.62, 63.23); p = 0.0163], in that
meditators showed a sharper decline of skin conductance levels
than controls (Figure 5; Table 3).

Skin conductance levels showed similar patterns during
the reproduction intervals when compared with the respective
encoding intervals (Figure 5). Mixed-design ANOVAs confirmed
some of the main effects of time to be significant, but again,
results were much more ambiguous than during the encoding
intervals (Table 3).

Slopes of Cardiac Periods during the Encoding
Intervals of the Auditory and Visual Reproduction
Tasks

Across groups, cardiac periods increased by 0.09 z-scores per
second, 0.05 z-scores per second, and 0.04 z-scores per second
during the 8, 14, and 20 s intervals of the auditory reproduction
task, respectively. The slopes of cardiac periods did not differ
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FIGURE 3 | Statistical dot plots with means (black bars) showing variance revealed no significant differences between groups [main
reproduced duration for the three intervals of the auditory effect of group, auditory task: F(W, 42)= 0.4, p=0.514; visual task:
(A) and visual (B) duration reproduction tasks in mindfulness F(1, 42):0.9, p = 0.345]. P-values correspond to the results of
meditators (MM) and matched controls (Ctl). Mixed analyses of simple effects T-tests.

significantly between meditators and controls (Supplementary
Table 3).

Cardiac periods increased by 0.08 z-scores per second, 0.04
z-scores per second, and 0.04 z-scores per second during the 8,
14, and 20s encoding intervals of the visual reproduction task,
respectively. Again, the slopes of meditators and controls did not
differ (Supplementary Table 3).

Slopes of Skin Conductance Levels during the
Encoding Intervals of the Auditory and Visual
Reproduction Tasks

Across groups, skin conductance levels decreased by 0.012 z-
scores per second, 0.011 z-scores per second and 0.011 z-
scores per second during the 8, 14, and 20s intervals of the
auditory reproduction task, respectively. A significant difference
between groups was revealed for the 8-s interval, with a
steeper decline in the group of meditators (—0.020 £ 0.026
vs. —0.004 £ 0.020, p = 0.005; Figure 6, Supplementary
Table 3).

During the visual reproduction task, skin conductance
levels decreased across all subjects by 0.004, 0.008 and 0.010
z-scores per second during the 8, 14, and 20s intervals,
respectively. Meditators consistently showed a steeper decline of
skin conductance levels than controls (Figure 6, Supplementary
Table 3).

Correlational Analyses

Since no differences between groups were revealed the
correlational analyses were performed for the whole study
sample (n = 44).

Attentional Capacities

Correct answers in the TAP subtest for divided attention
correlated positively with heart beat perception scores across all
subjects (r = 0.381, p = 0.011), while the three components
of the ANT alerting, orienting, and executive function and
ANT reaction times showed no significant association (results
not shown). Correct answers in the TAP subtest for divided
attention also correlated positively with reproduced duration
during the 8 s-encoding interval of the auditory reproduction
task (Spearman’s r = 0.396, p = 0.008), and with reproduced
duration and reproduction accuracy during the 20s encoding
interval of the visual reproduction task (Spearman’s r = 0.396,
p = 0.009; and r = 0.390, p = 0.010, respectively). Alerting,
orienting and executive function in the ANT as well as reaction
times did not show such correlations (results not shown).

Heart Beat Perception Scores

Heart beat perception scores were not associated with any
of the performance variables in the auditory and visual
duration estimation tasks, or with the slope of cardiac periods
but correlated negatively with the slope of skin conductance
levels during the 14 s-encoding interval of the auditory task
(Spearman’s r = -0