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occurrence of chronic primary pain and mental
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1. Introduction

The co-occurrence of chronic primary pain - defined as pain in 1 or
more anatomical regions that persists or recurs for longer than
3 months, is associated with significant emotional distress and/or
significant functional disability, and symptoms are not better
accounted for by another diagnosis56 -anxiety, and depression in
childrenconstitutesaserioushealthproblem,alsosummarizedunder
the internalizing cluster.46 (For easeof reading, theword “children”will
be used for both children and adolescents throughout the topical
review.) Children with chronic pain suffer substantially more from
anxiety and depression compared to healthy children,3 with
comorbidity rates ranging between 50%14 and 82%.47 This co-
occurrence aggravates and leads to severe mental health problems
(MHP; the overarching term “MHP” will be used for the presence of
psychopathological symptomsormental healthdisorders throughout
the review17) and pain problems in adulthood.79 Treatment outcome
is significantly worse, even in the most intensive form of treat-
ment.39,71 Today, there are sound conceptualmodels accounting for
the co-occurrence.40,72,79 Most models suggest predisposing
vulnerability factors such as increased anxiety sensitivity (AS),40

precipitating factors such as instigating stressful life events,55,72 and
perpetuating factors such as child’s maladaptive emotion regulation
(ER)72,85 and parental chronic pain and MHP.73,79

Thus far, the construct of interoception—defined as body-to-
brain afferent signaling, central processing, and neural and
mental representations of internal bodily changes60—has not
been integrated into any existing model (Table 1 for terminology
of key terms related to interoception). There are, however, strong
reasons calling for its integration: Altered interoception is
considered a prominent feature of a variety of both MHP and
chronic pain conditions,61,76 at least in the adult literature. The
assumed factors accounting for the co-occurrence, eg, stressful
life events, are closely intertwined with (altered) interoception.70

Its integration points directly to its therapeutic potential,9,61,76

which may lead to a decrease in the co-occurrence of MHP and
chronic pain. The present topical review therefore aims to

establish an initial model on this newly emerging field in paediatric
pain with the scope on the role of altered interoception for the co-
occurrence of chronic pain and MHP in children. The review
presents a developmentally informed examination with the
advantage that emergent processes contributing to altered
interoception can be identified and studied before they become
consolidated in adulthood.

2. (Altered) interoception

Interoception occurs across all major biological systems
involved in maintaining bodily homeostasis, including the
cardiovascular, gastrointestinal, and autonomic systems.43

Interoceptive sensations are today regarded as conscious
percepts that result from a constructive process, in which the
brain interprets information from the body in light of predictions
given past experience.76 Interoception thus interacts with
cognition and emotion.60 Research on the development of
interoception is still scarce, but recent evidence suggests that
interoceptive ability is already present in infants to regulate
hunger and satiety and subsequently develops to more
complex interoception in preschool-aged children,65 school
children,44 and adolescents48 (for a review, see Ref. 53).

Parents are assumed to play a pivotal role in the development of
interoception,53 although research is still in its infancy. It is
hypothesized that parents’ capacity to detect and react to the
infant’s physical needs and emotional states depends on the fine
balance between parental interoception and that of the infant.25 In
linewith this, Abrahamet al.1 found that greater activation of parent’s
anterior insula (brain structure belonging to the interoceptive nervous
system34) during individually tailored videotapes of child–parent
interaction when the child was an infant predicted lower child
somatic symptoms 6 years later.

Altered interoception may occur at various facets of interoceptive
processing (seeRef. 34 for a list of 14 facets of altered interoception).
A full depiction of all facets is beyond the scope of the review. Here, I
focus on 2 facets with some empirical evidence: (1) altered
interoceptive accuracy in the cardiac system, the most common
studied channel,52 and in the gastrointestinal system and (2) altered
cognitive processing which is already a key component in existing
conceptual models.40,72,79

2.1. Altered interoceptive accuracy

Altered interoceptive accuracy is defined as alterations in the
process of correctly and precisely monitoring internal sensa-
tions.43,61 The heartbeat tracking task66 represents one of the
most common procedures used today to assess cardiac
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accuracy, defined as the objective accuracy in detecting one’s
heartbeat.28 In heartbeat tracking tasks, children are asked to
count their heartbeats at rest (for 15-25 seconds).44 Cardiac
accuracy is then based on the comparison between objectively
measured and self-reported (ie, counted) number of heartbeats,
with higher levels suggesting increased cardiac sensitivity.34

While decreased cardiac accuracy has been found in adults with
chronic pain19 and in adults with depression,34 adults with anxiety
disorders consistently demonstrate increased cardiac accu-
racy.20 Cardiac accuracy has not yet been investigated in
children with chronic pain nor in children with depression. The 3
existent studies in children with anxiety22,23,67 showed inconsis-
tent findings.

The water load symptom provocation task, originally concep-
tualized as a laboratory analogue for abdominal pain,7 constitutes
a noninvasive paradigm to assess gastric sensitivity.38,77 During
the water load symptom provocation task, children are instructed
to drink until they feel completely full (during 3-15 minutes).
Immediately after ingestion, the amount of ingested water is
recorded and children report pain intensity and gastrointestinal
symptoms.82 Results in children with chronic (abdominal) pain
consistently reveal increased gastric sensitivity, indexed by less
water ingestion and increased symptom reports compared with
healthy children.2,82 Whether this holds true for children with
anxiety and depression is currently an open question.

2.2. Altered cognitive processing of internal
bodily sensations

Thoughts and feelings change the internal state of the body and
respond to it, and vice versa,49,60 as has been detailed in the
cognitive-perceptual model of anxiety16 and the fear-avoidance
model.80 Both emphasize the role of cognitive biases such as
catastrophic misinterpretations of bodily sensations. Children’s
cognitive biases (for a review, see Ref. 11) have been integrated
into existing conceptual models,41,72,79 albeit without focusing on
interoception. However, children with chronic pain and children
with anxiety disorders seem to interpret ambiguous bodily

sensations as threatening,21,35 a cognitive pattern defined as
an “anxious potentially harmful interoceptive schema”.62 This
pattern leads to subsequent emotional (anxiety), behavioral
(avoidance), and somatic responses (increase in heart rate).49

Whether children with depression also display this cognitive bias
is yet unresolved.

Besides cognitive biases, alteredmemories of painful events
are a key construct in pain research.41,57,58 Children’s explicit
memories of painful events can be assessed as recalled pain
compared with their initial pain report.58 Noel et al.58 found that
children with increased AS at baseline recalled their pain
higher 12 months after surgery. Whether children with chronic
pain also display altered memories of nonpainful internal
sensations and how this relates to anxiety and depression
needs to be investigated in future studies.

3. Initial model on the role of altered interoception

In the previous sections, I summarized some evidence for altered
interoception in children. Here, I present an initial model (Fig. 1) that
postulates that altered interoception constitutes a causal risk factor
for the co-occurrence of chronic pain andMHP (for specific research
hypotheses, see Table 2). The model also addresses the de-
velopment of altered interoception, integrating top-down and
bottom-up processes. Altered interoception is assumed to lead to
maladaptive responses49 and to demonstrate a relationship to
symptoms of the internalizing cluster of chronic pain and MHP. Top-
down (expectations of harmful sensations) andbottom-upprocesses
(stressed bodily state) fuel altered interoception and subsequent
responses, fostering the co-occurrence of chronic pain and MHP.

Altered interoception can be triggered by immediate causes
such as (harmless) increased sensory input due to physical
activity. Interoceptive fear conditioning describes the associative
learning process where (harmless) interoceptive stimuli are
repeatedly paired with an unconditioned stimuli (pain) and thus
function as a conditioned stimulus.18,84 Subsequently, the
previously harmless sensations entail a threat value and elicit a
conditioned fear response such as a potentiated startle

Table 1

Terminology of key terms related to interoception (in order of appearance).

Facet Definition

Interoception Body-to-brain afferent signaling, central processing, and neural and mental representations of internal bodily

changes60

Altered interoception Alterations in the different facets of interoceptive processing34

Interoceptive accuracy or sensitivity Process of correctly and precisely monitoring the sensations as assessed by comparisons between subjective

and self-reported objective indices43,61

Cardiac accuracy Process of correctly and precisely monitoring sensations in the cardiac system28

Gastric sensitivity Process of correctly and precisely monitoring sensations in the gastrointestinal system38,77

Water load symptom provocation task (WL-SPT) Noninvasive paradigm to assess gastric sensitivity38,77

Anxious potentially harmful interoceptive schema Tendency to interpret ambiguous internal sensations as threatening61

Interoceptive fear conditioning Associative learning process where (harmless) interoceptive stimuli are repeatedly paired with an unconditioned

stimuli (pain), and thus function as a conditioned stimulus18,84

Interoceptive nervous system (INS) Major brain structures underlying interoception34

Autonomic nervous system (ANS) Collection of nerve cells/fibers consisting of 2 branches, the sympathetic and parasympathetic branch

Autonomic dysregulation Parasympathetic withdrawal associated with a predominance of sympathetic activity,30,81 reflected by low heart

rate variability (HRV)13

Interoceptive predictive coding Assumption that interoception is largely a construction of beliefs which are based on past experiences and the

result of an iterative process of comparing the brain’s expectation of an internal sensation with the incoming

sensation4,60,70
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response,32 even in the absence of the unconditioned stimuli.27

We recently showed that children with chronic pain report
increased fear (emotional response) when confronted with
(harmless) internal bodily sensations induced through muscle
tension tasks.27,32

When vulnerable children are confronted with increased
sensory input, they may also exhibit an inability to differentiate
between aversive sensory input from constantly ongoing
interoceptive afferents.62,84 As a consequence, they may
imbue interoceptive sensations with motivational significance
in line with the motivational perspective in chronic pain,78 and
react upon them, although they may not be threatening.62 The
internal sensation will be associated with negative valence and
linked to beliefs, eg, illness beliefs (“There is something wrong
in my body.”).62 Bodily symptoms are then amplified, resulting
in a vicious cycle of bodily sensations and responses.49

Interpersonal factors, major stressful life events, and early
life pain constitute distal causes, ie, antecedent conditions
with long-term consequences.24 Although parental chronic
pain is a key aspect in existing conceptual models,40,72,73

parental (altered) interoception has not yet been included.
Recent studies showed that half of the parents of children with

chronic pain suffer from chronic pain and MHP themselves,5

placing these parents at risk of both altered interoception and
maladaptive ER.19,59 As parents are assumed to play a pivotal
role in the development of interoception53 and ER,64 I
postulate that altered parental interoception and maladaptive
ER demonstrate a relationship to their child’s symptoms,
mediated by child’s altered interoception. Parents with altered
interoception may face difficulties in supporting their child
when dealing with intense bodily sensations.53 They may be
faced with difficulties in their own ER,60 affecting their child’s
ER.73 This may lead children to develop maladaptive ER, such
as expressive suppression,31 which has been frequently
observed in adults with chronic pain59 and is associated with
depressive and anxiety symptoms.31

The role of major stressful life events (eg, sexual abuse) and the
associated dysregulation of the stress axes have already been
outlined in the existing models.29,55,75,79 Altered interoception,
however, has not yet been integrated. Research suggests that
early life pain can also be conceived as an early environmental
stressor12 that place children at risk of increased basal
hypothalamus–pituitary–adrenocortical axis activity.12 Schulz
and Vogele69 postulate that the dysregulation of the stress axes

Table 2

Selection of research hypotheses generated by the initial model on the role of altered interoception for the co-occurrence of

chronic pain and MHP in children (see also Fig. 1).

ID Domain Research hypotheses

1 Altered interoception 1.1. Children with chronic pain and children with MHP display altered interoception at the different facets of

interoceptive processing compared to healthy children.

1.2. Altered interoception constitutes a causal risk factor for the co-occurrence of chronic pain and MHP in

children. Using the 4 criteria outlined by Kraemer et al.45 for determining causal risk, the following research

hypotheses can be generated:

Altered interoception in children can be identified before the onset of chronic pain and MHP.

Altered interoception in children demonstrates a relationship to symptoms of chronic pain and MHP.

Altered interoception in children is amenable to treatment.

Altered interoception in children produces disparate outcomes in symptoms if intervened before the onset

of chronic pain and MHP.

2 Immediate causes for altered interoception 2.1. (Harmless) sensory input triggers altered interoception through cognitive (eg, expectations) and

physiological (eg, increased physiological signals) processes in children with chronic pain and MHP

compared with healthy children.

2.2. Altered interoception induces altered emotional, cognitive, behavioural, and somatic responses in

children with chronic pain and children with MHP.

2.3. These altered (emotional, cognitive, behavioural, and somatic) responses demonstrates a relationship

to mutual symptoms of chronic pain and MHP.

3 Distal causes for altered interoception

Interpersonal factors

Parental MHP

Parental chronic pain

Altered parental interoception and ER

Major stressful life events and early life

pain

3.1. Parents with chronic pain and MHP display altered interoception at the different facets of interoceptive

processing.

3.2. Altered parental interoception is related to maladaptive parental emotion regulation.

3.3. Altered parental interoception and maladaptive parental emotion regulation modulate their child’s

interoception and emotion regulation.

3.4. Altered parental interoception and maladaptive emotion regulation demonstrate a relationship to mutual

symptoms of chronic pain and MHP, mediated by child’s altered interoception.

3.5. Major stressful life events and early life pain trigger altered interoception through increased basal HPA

axis activity.

4 Pre-existing physiological traits:

Brain alterations and autonomic

dysregulation

5.1. Children with chronic pain and children with MHP display brain alterations in the INS.

5.2. These brain alterations correlate with facets of altered interoceptive processing.

5.3. Children with chronic pain and children with MHP display lower HRV compared with healthy children, as

an indicator of autonomic dysregulation.

5.4. Low HRV is related to altered interoception in (laboratory) situations where children are faced with

immediate causes (eg, [harmless] sensory input).

5 Pre-existing psychological traits:

Anxiety sensitivity (AS)

4.1. Increased AS constitutes a causal pre-existing psychological risk factor for altered interoception (for additional

research hypotheses for determining causal risk, see Abraham et al.1 and Kraemer et al.45).

HPA, hypothalamus–pituitary–adrenocortical; HRV, heart rate variability; INS, interoceptive nervous system; MHP, mental health problems.
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will permanently induce altered interoception. Individuals with
major stressful life events experience allostatic load,55,63 ie, a
significant wear and tear on the body’s sympathetic and
parasympathetic response system caused by mobilization of
multiple response systems. The overactivation of the
hypothalamus–pituitary–adrenocortical axis, an element of the
allostatic load, results in a state of hyperarousal that can
dysregulate the brain–body communication and, hence, alter
interoception. This altered interoception contributes to the
manifestation of (physical) symptoms.69

Brain alterations and autonomic dysregulation constitute pre-
existing physiological traits. The major brain structures underlying
interoception are summarized under the interoceptive nervous
system and include (1) the insula, the interoceptive center of the
brain61,62; (2) the hippocampus, responsible for the use of
interoceptive signals as contextual cues for memory storage and
retrieval34; (3) the anterior cingulate cortex, responsible for
responses to experience or expectation of internal bodily
sensations50; and (4) the ventromedial prefrontal cortex, re-
sponsible for the integration of interoceptive and exteroceptive
information.34 Recent evidence consistently suggests altered
interoception at the brain level in children and adults with chronic
pain,6,50 with anxiety,33,62 and with depressive disorders.8,34

Autonomic dysregulation has been integrated into existent
models,32 albeit without addressing the role of interoception. The
autonomic nervous system (ANS) is a collection of nerve cells/fibers
consisting of 2 branches, the sympathetic and parasympathetic
branch.EachANSbranchhasafferent fibers that carry internal bodily
information to the brain and efferent fibers that regulate the viscera

based on brain activity.60 The ANS is assumed to be important for
interoception and ER.60 Adults with chronic pain show lowheart rate
variability,13 reflecting parasympathetic withdrawal associatedwith a
predominance of sympathetic activity.30,81 This autonomic dysre-
gulation is assumed to be associated with a reduced capacity to
downregulate autonomic reactivity,59 resulting in increased internal
bodily sensations. Research is still scarce in children, but 2 recent
studies confirmed that pain-persistent young women81 and children
with chronic pain51 also displayed low heart rate variability.
Autonomic dysregulation can be substantial in postural tachycardia,
a clinical syndrome comorbid with chronic pain in children,
characterized by tachycardia upon standing.83 Its association with
altered interoception warrants future research.49

Anxiety sensitivity is conceptualized as a pre-existing
psychological trait feeding into the altered cognitive process-
ing of internal sensations described above. Anxiety sensitivity
is defined as a constitutional trait characterized by hypersen-
sitivity to anxious-related sensations based on the beliefs that
these sensations have harmful somatic, psychological, and
social consequences.68 There is emerging evidence that
children with chronic pain display increased levels of AS and
that this is associated with symptom severity.15,26,40 Height-
ened AS is also found in a range of emotional disorders (for a
review, see Ref. 10).

4. Research agenda

There is a profound lack of research on altered interoception in
children with chronic pain. I here propose a research agenda

Figure 1. Initial model on the role of altered interoception for the co-occurrence of chronic pain andMHP in children (adapted fromRef. 49). The initial model, aimed
to initiate research in this newly emerging field in paediatric pain, postulates that altered interoception constitutes a causal risk factor for the co-occurrence of
chronic pain and MHP. Altered interoception can be triggered in daily life by immediate causes, eg, internal sensations during physical activity. These immediate
causes trigger afferent interoceptive input and cognitions about the sensations, that both result in altered interoception (ie, altered cognitive processing and
interoceptive sensitivity). Altered interoception then interacts with emotional, cognitive, behavioral, and somatic responses, leading tomutual symptoms of chronic
pain, anxiety, and depression. Altered interoception may be fueled by both pre-existing psychological traits (AS) and physiological traits such as brain alterations.
Distal causes, ie, antecedent conditions with long-term consequences, may account for the development of these traits. These entail interpersonal factors, major
stressful life events, or early life pain. ER, emotion regulation, AS, anxiety sensitivity; MHP, mental health problems.
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focusing on an in-depth investigation of interoception profiles and
an empirical investigation of the initial model. Testable hypoth-
eses for future research studies are summarized in Table 2.

4.1. Limitations

Interoception may quickly become an important topic in paediatric
pain, comparable with the adult literature.61,76 The presented initial
model might be helpful to guide research in this newly emerging
field. Although the scope of the review was on the role of altered
interoception for the co-occurrence of chronic pain and MHP in
children, there are many ways how interoception may be
approached, eg, focusing on the role of interoceptive predictive
coding in children.36,76 In this initialmodel, a broadperspectivewas
taken to stimulate research in awide range of fields, at the expense
of depth in some parts. The profound lack of research on altered
interoception in children also means that the initial model will
develop and be specified as more research emerges.

4.2. Clinical implications

There is an increasing need for mind–body therapeutic ap-
proaches to treat chronic pain in children,51 and this topical
review clearly follows calls to do so. With a deepened un-
derstanding of altered interoception in children with chronic pain,
appropriately tailored treatment strategies can be implemented.
These might range from biofeedback to refine interoceptive
sensitivity52 to interoceptive exposure to decrease fearful
responses to internal sensations (for a review, see Ref. 37). A
clearly important future research line should examine whether
these therapeutic strategies are capable of changing altered
interoception and subsequently decreasing the co-occurrence of
chronic pain and MHP.43
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