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Chapter 1.

General introduction



Learning decisively shapes the way individuals experience the world
around them and how they respond to various external stimuli, including
pain 3. Increased pain sensitivity can result from negative experiences
creating negative expectations about an environmental stimulus, such as
a treatment, a phenomenon termed nocebo hyperalgesia '-3. Nocebo has
been described as the negative counterpart to placebo. Neatly a century
into the proliferation of placebo-controlled studies +9, research has
shown that learned expectations regarding inert treatments may not only
have positive placebo effects, but may also mimic negative treatment
outcomes, such as medication side-effects 7-°. Nocebo responses may
thus produce deleterious effects on a variety of symptoms, as a result of
learning mechanisms that are not yet fully understood. For example, it
remains unclear how negative expectations on a cognitive level influence
pain processing in the brain, or what the involvement of relevant
emotions may be. Due to a known involvement of learning in the
experience of pain L1012 it is important to study and better understand
the biobehavioral mechanisms that undetly nocebo hyperalgesia.

In this general introduction, first, nocebo hyperalgesia will be framed as
a multifaceted phenomenon that can be patt of the intricate mechanisms
of pain processing. Cognitive-emotional pain processing is described in
the context of learned nocebo responses and as complimentaty to
sensory-discriminatory nociceptive processing. The state of the art in
experimental nocebo research and the relevance of experimental
learning mechanisms are then outlined. Experimental models that are
typically implemented to investigate the cognitive and emotional aspects
of nocebo hyperalgesia are described. Cognitive processes such as
learning, as well as emotional processes such as fear, are then presented
as major putative underlying factors in nocebo hyperalgesia, as indicated
by experimental findings. Biobehavioral underpinnings of nocebo
effects are then discussed in relation to current neurobiological
literature; gaps in knowledge are highlighted. Finally, an outline of the
current dissertation is presented.
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Nocebo hyperalgesia and its involvement in pain

Nocebo hyperalgesia seems to be an intricate component of pain
processing. Due to the multifaceted, subjective, and often unpredictable
nature of pain, recovery from pain and chronic conditions are especially
difficult to manage 13. Pain has been desctibed to arise in response to a
nociceptive signal from the body, but this is not always a direct path.
Rather, the experience of pain is heavily influenced by an array of
processes within the nervous system . These intricate processes do not
merely rely on information regarding the nature of the nociceptive
stimulus, but may include pain processing based on past experiences or
cognitive-emotional factors such as fear 3. We start by outlining the
basic mechanisms of pain processing, in order to examine how these
may be influenced by cognitive and emotional elements under nocebo
hyperalgesic conditions.

Due to the multifactorial nature of pain, processing of nociceptive input
involves a large, distributed neural network that is not yet fully
understood 15. Pain pathways have been extensively investigated via
neuroimaging methods such as functional magnetic resonance imaging
(fMRI) and electroencephalography (EEG) and are thought to
encompass numerous brain regions and processes. One neural system
that has been implicated in pain processing relays sensory-discriminatory
functions that are mainly involving nociceptive stimulus information. A
second, more distributed system, is thought to be involved in cognitive-
evaluative processes 617 and these could relate to learning and
behavioral underlying factors. It should be noted that these networks
and systems ate not cleatly defined, and that the literature contains
inconsistencies regarding the exact brain areas that may be included in
these systems !7. Nevertheless, sensory-discriminatory processes and
cognitive-evaluative processes have been extensively researched and are
often found to play important roles in pain perception 018 and in
nocebo hyperalgesia 1°-21.
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Further insights come from biobehavioral studies illustrating that the
experience of pain atises from a combination of bottom-up processes
(for example, the type and intensity of nociceptive stimulation) 22?7 and
top-down processing (for example nocebo-related processes such as
learning or emotional modulation of incoming pain signals) 232628-31, As
one potential product of this interplay between sensory perception,
cognition, and emotion, nocebo hyperalgesia is a complex phenomenon,
and sophisticated experimental methods ate required to understand its

influence on pain.

Experimental learning mechanisms

Research typically induces nocebo effects by use of experimental
learning models. Experimental models refer to simulations of conditions
or responses to treatment that resemble clinical conditions and are
induced in healthy individuals, artificially, in a laboratory. In nocebo
research, learning manipulations consistently induce nocebo
hyperalgesic responses. Typically, conditions in which a sham treatment
is associated with pain aggravation are created by use of well-established
learning techniques such as classical conditioning or providing negative
verbal or written information. Experimentally induced nocebo
hyperalgesia in healthy subjects enables researchers to examine these
effects, in order to disentangle the mechanisms by which learning can
affect pain sensitivity.

In the most robust experimental models of nocebo hyperalgesia,
classical conditioning forms and reinforces pain expectations through
associative learning 115234 In conditioning models of nocebo
hyperalgesia, an association between a high-intensity pain stimulus
(unconditioned stimulus, UCS) and a nocebo (inert treatment)
conditioned stimulus (CS) is formed by repeatedly pairing the two
stimuli. After repeated trials, an association between the nocebo
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stimulus and the worsening of pain is formed and the nocebo stimulus
can evoke changes in perceived pain (conditioned response, CR), similar
to the previous pain stimulus (Figure 1) 3536, The powerful associative
learning mechanisms employed by classical conditioning setve to
recreate learned hyperalgesic responses to a specific stimulus. Classical
conditioning thus attempts to recreate a putative clinical context in
which not only physical injury but also memories of previous
experiences and expectations about the future could have a strong
impact on pain symptoms.

Verbally delivered negative information can also alter pain expectations
through instructional learning. Negative suggestions typically involve
explaining the pain-enhancing effect of a (sham) treatment. Suggestions
are used to induce nocebo hyperalgesia by themselves or to enhance the
effectiveness of nocebo conditioning %378, The combination of
conditioning and verbal suggestions is found to create the strongest
experimental model of nocebo hyperalgesia 7. This points towards a
complex interplay of diverse learning processes that may underlie
nocebo effects.

Experimental models are thus suited for examining pain aggravation
under nocebo hyperalgesic conditions, but they can also shed light on
pain chronification due to nocebo. Experimental attenuation models of
conditioned effects have shown that learning may be involved in the
persistence of pain over time. Paradigms that employ extinction or
counterconditioning methods may provide valuable insights into the
factors that contribute to nocebo responses -4, In a typical extinction
patradigm, associations between the UCS and CS are discontinued, and
learned effects would be expected to become extinct over multiple trials
that are no longer negatively reinforced 7°. This type of behavioral
paradigm represents that, even classical conditioning has been
discontinued, increased pain sensitivity can persist in response to a

learned nocebo stimulus, over a prolonged period of extinction 4244, The
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clinical implications of negative pain effects that are resistant to
extinction or other forms of nocebo attenuation remain unclear 1.

Cognitive-emotional factors

Experimental nocebo models that include conditioning and negative
suggestions also enable the study of diverse cognitive and emotional
factors that may be involved in nocebo hyperalgesia. Cognitive
manipulations, such as varying the type of learning, can shed a light on
the intricate processes that give rise to the experience of pain. Factors
that contribute to the formation or the persistence of nocebo effects can
be studied using manipulations within experimental models. For
instance, studies have shown that consistent and repetitive learning
methods, such as classical conditioning with continuous reinforcement
of an association, induces the strongest nocebo responses 2. However,
interrupted or inconsistent learning is still able to induce nocebo
hyperalgesia to some extent 4245, which may be important from a clinical
perspective, where pain and learning may be less consistent than in
experimental settings. Partially reinforced learning has been shown to
slow down the extinction or minimization of learned effects 4>, including
nocebo effects 4.

Learning as an undetlying cognitive factor contributing to the formation
of nocebo effects may also be investigated at a neurobiological level.
Brain plasticity has long been shown to be non-unitary 47-50, with
multiple mechanisms and processes being involved in different types of
memorization, learning, as well as recall 451,52, Given this multifaceted
nature of learning, precise manipulations, targeting associative aspects
of learning, hold the potential of entiching our understanding of
hyperalgesic pain responses. For example, structures such as the N-
Methyl-D-aspartate (NMDA) receptor and neurochemicals such as
glutamate have been consistently implicated in a broad array of brain
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plasticity ~ processes, including learning by association = 33-34
Pharmacological manipulation of these receptors has been proven
fruitful for enhancing learning during exposure therapy -5 and may
also prove useful in the examination of the precise neurocognitive
mechanisms, such as specific receptors and localized learning processes,
that may facilitate nocebo hyperalgesia.

Emotional underlying factors, such as fear of pain symptoms, may
additionally tie into the processing of pain based on prior experiences
and expectations. Through the common theme of learning, nocebo
hyperalgesia bares some similarities to the formation of phobias 50-38.
Nocebo and phobic responses may both be characterized by a key
involvement of cognitive-affective components such as aversive
learning and fear of a stimulus 125359, Indeed, neural correlates of nocebo
hyperalgesia show some involvement of fear processing. This is
especially evident by the consistent involvement of the amygdala in both
nocebo responses 192060 and fear responses ¢-64. Similarly to nocebo
conditioning, pain-related fear can be acquired through associative
learning %98, Pain-related fear may thus be relevant to nocebo effects
because it may arise in experimental models as a result of experienced
pain or as a result of threatening information regarding upcoming pain.
Fear experienced during nocebo conditioning may thus potentially
augment the acquisition of negative expectations, but experimental
studies on this are lacking so far. This makes fear an especially important
factor to study in relation to nocebo hyperalgesia.



Figure 1. A representation of typical experimental procedures for delivering classical
conditioning and negative suggestions. At baseline before any intervention, an inert
treatment has no effect. In the case of a conditioning paradigm this becomes a
conditioning stimulus, CS, but in verbal suggestion paradigms no conditioning takes place
and suggestions can be delivered once, verbally or in writing. A nocebo treatment is here
represented as an inert pill. During a learning paradigm, the negative association between
the nocebo treatment and pain aggravation (unconditioned stimulus, UCS) is expetienced
by the subject (unconditioned response, UCR). If learning a negative association comes in
form of a verbal suggestion, continuous learning is not required, and one suggestion can
in principle suffice. Thereafter, a nocebo effect on pain (conditioned response, CR in the
case of classical conditioning) is formed, as a result of learned negative expectations
regarding the nocebo treatment.

Biobehavioral underpinnings

In recent years, fundamental research has focused on unravelling how
nocebo responses are formed and how they may integrate in pain
processing. In order to reach a better understanding of the
neurocognitive components of nocebo effects, it is imperative to build
on previous nocebo research, by utilizing consistent experimental
models. In this way, results are comparable, and the reliability of findings
can be tested over multiple studies. Theories and findings from the
nocebo literature should also be connected to what is currently known
about ovetlapping cognitive and emotional processes. Comprehensive
reviews of the current state of research into the neural correlates of
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nocebo hyperalgesia can thus be very valuable, next to neurobiological
studies that build upon this accumulation of knowledge.

Research to date has highlighted some key areas that may be involved in
nocebo hyperalgesia. Pain-specific processing has been implicated in the
presentation of nocebo hyperalgesic responses. For instance, the dorsal
horn of the spinal cord, the secondary somatosensory cortex, and the
dorsolateral prefrontal cortex (dIPFC) all seem to be activated during
nocebo responses 15, This may indicate that pain reports under nocebo
hyperalgesic conditions closely resemble typical pain processing.
Concurrently, nocebo responses have also been shown to involve brain
areas such as the anterior cingulate cortex (ACC), amygdala, and
hippocampus %9, which supports an involvement of cognitive-
emotional factors in nocebo effects, which are also involved in pain
processing and integration. Nocebo hyperalgesia also seems to involve
chemical systems, such as prostaglandins, cortisol, and dopamine 70,
while electrophysiological correlates point towards an involvement of
alpha and gamma brain rhythms 7-7. It is thus evident, albeit not
surprising, that nocebo hyperalgesia largely ovetlaps with pain
processing. The involvement of a wide network of cognitive-emotional
processing is also supported by neurophysiological findings. However,
replicating findings from one nocebo study to the next seems
challenging due to the implementation of diverse experimental models
and distinct learning mechanisms between different studies. Employing
diverse methods helps clarify specific aspects of nocebo hyperalgesia but
also leads to inconsistencies and gaps in the literature, rendering nocebo
hyperalgesia a phenomenon that is still poorly understood on a

neurocognitive level.

With learning and the formation of expectations being at the heart of
the most robust nocebo theories 111727475 it is important to observe and
interpret similarities between these cognitive processes and nocebo

effects. Limbic system structures, and especially the amygdala, are



known to play a crucial role in learning and memory formation 76-7°.
More specifically, the amygdala and hippocampus, structures sometimes
implicated in nocebo effects 2021, play essential roles in the formation of
new memories based on past experiences 80-82. At the same time, the
consistent involvement of the ACC in nocebo effects may be drawing
together prior memories, expectations, and information processing. The
ACC is an area that is largely interconnected to the limbic system and
may play a key role in cognitive control and conflict monitoring 8384,
These neuroscientific similarities may indicate that nocebo hyperalgesia
involves a complex cognitive network that is responsible both for
memory formation and for the recall and integration of learned
expectations and incoming sensory information. Brain plasticity,
learning, and cognitive-emotional factors, seem to form an
interconnected, cortical-subcortical network that may be involved in

nocebo hyperalgesia and in pain processing 21606285 (Figure 2).

Yet, inconsistencies and a lack of replicability between nocebo studies
do not permit for firm conclusions to be drawn. Cognitive and
emotional components, such as learning and fear, seem have a critical
role in the formation of nocebo hyperalgesia. Nevertheless, there is
uncertainty regarding the specific learning mechanisms that may be
involved, how they affect brain plasticity, and how learning networks
may integrate with pain processing. This is evident in the large disparity
in neurophysiological findings of fMRI and EEG studies.
Inconsistencies in the literature also lead to uncertainty regarding the
impact of fear, as compared to related cognitive-emotional responses
such as anxiety. It is important for systematic experimental research to
actively manipulate states of brain plasticity, learning, memory, and other
cognitive processes. While a comprehensive overview of the state-of-
the-art in nocebo research is valuable, pharmacological manipulations
and other methods that directly manipulate cognitive states may be
central components in the strive to unravel the specific neurocognitive
mechanisms of nocebo hyperalgesia.
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Incoming Cognitive-emotional Biobehavioral Pain
information components integration perception
Pain
stimulation

incoming to PNS

A Expectations Pain & cognitive Pain
/ processing —> outcome
v Beliefs integration in CNS experienced pain
Negative
experiences
associated to pain
Chapters 2, 3 Chapters 4,5,6,7 Chapters 3,6, 7 Chapters 2,4, 5

Figure 2. The working theoretical model of this dissertation. In the process of pain
perception, incoming information to the Peripheral Nervous System (PNS) regarding a
pain stimulus (bottom-up information), in combination with negative experiences, are
influenced by nocebo-related cognitive-emotional factors (top-down information). Based
on these factors of interest, integrative processing of pain takes place in the Central
Nervous System (CNS), with the potential of giving rise to negative pain outcomes related
to learned nocebo responses.

The current dissertation

In this dissertation, we address biobehavioral aspects of nocebo
hyperalgesia, using neuroimaging as well as behavioral science methods.
First, a systematic review and meta-analysis provides a novel
examination of nocebo effect sizes and relevant factors in experimental
studies. Thereafter, a literature review aims to comprehensively
summarize what is currently known about the neurobiological correlates
of nocebo hyperalgesia. Subsequently, a series of experimental studies
attempt to directly manipulate and study cognitive and emotional factors
involved in nocebo, by use of innovative methods. Fear and
pharmacological manipulations of specific learning mechanisms are
utilized for the first time in these studies, while original
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electrophysiological methods reveal biomarkers of nocebo effects. The
aim of this dissertation was to further the knowledge on the
neurochemical, electrophysiological, and cognitive-emotional processes
that underlie nocebo hyperalgesia, with a specific focus on cognition,
emotion, and brain plasticity.

In Chapter 2 we explore the state of the art in behavioral nocebo
research with a systematic review and meta-analysis of nocebo literature
on somatosensory sensations, including pain. We aim to address the
efficacy of different experimental learning methods for the induction of
nocebo effects. We systematically summarize results from dozens of
studies that investigated these effects, and we discuss the implications of
their findings. This meta-analysis showed that across sensations, the
magnitude of nocebo responses is affected by the type of learning, with
classical conditioning being more potent than verbal suggestions alone.
We discuss the lack of explanatory or moderation factors found in the
literature. Our analysis served to illuminate the extent to which learning
processes induce nocebo effects on different sensations and what the
practical and theoretical implications of a lack of moderating factors

identified may be for research and clinical practice.

In Chapter 3, we review the neurobiological literature on nocebo
hyperalgesia. This comprehensive review article summarizes
neurobiological findings from studies that utilized (fMRI, EEG,
magnetoencephalography (MEG), as well as pharmacological and
biochemical measures. The review provides a comprehensive overview
and serves to highlight consistent neural correlates of nocebo
hyperalgesia across a variety of different experimental nocebo models.
In this way, this overview aims to provide an up-to-date picture of the
biobehavioral correlates of nocebo effects. We outline the evidence
from this field and give an overview of similarities and differences

between nocebo research and learning/memory research.
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Building on previous nocebo studies as described in the first chapters of
this dissertation, Chapter 4 presents a randomized controlled trial
investigating distinct learning schedules. This experiment aimed to
examine the role of continuous versus partial learning and the
consequences of such learning schedules for the persistence of nocebo
hyperalgesia. For this purpose, both the induction and the attenuation
of nocebo hyperalgesia are experimentally manipulated via distinct
learning methods. Healthy participants were randomized to receive
conditioning on nocebo effects with continuous reinforcement, partial
reinforcement, or sham conditioning. In attenuation,
counterconditioning (i.e., positive conditioning of the nocebo
conditioned stimulus) was compared to extinction for the attenuation of
nocebo hyperalgesia. This study provided important insights into the
effect that different learning schedules may have on the acquisition and

attenuation of nocebo responses.

In Chapter 5 an experimental study of cognitive-emotional processes is
presented. Here, we aimed to investigate how fear can augment nocebo
responses and how this may affect the persistence of these responses
over time. We experimentally manipulated fear of pain during the
induction of nocebo responses. We used two distinct fear inductions.
One fear induction method was to manipulate pain levels with the aim
of inducing fear of the high pain stimulations. The other fear induction
included a threat manipulation that convinced participants that their skin
is critically sensitive to pain. This study provided insights into the role
of specific types of fear in the acquisition and extinction of nocebo
hyperalgesia, which may be of important relevance given the relationship

between fear and pain in clinical practice.

Chapter 6 presents an electrophysiological investigation into nocebo
hyperalgesia. We aimed to explore alterations in EEG biomarkers during
the anticipation, acquisition, and evocation of nocebo hyperalgesia. This

thorough investigation served to unravel multiple electrophysiological



aspects of nocebo effects, thereby shedding light on novel aspects of
brain processing under nocebo hyperalgesic conditions. We induced
nocebo hyperalgesia by use of conditioning and negative suggestions
and recorded EEGs before, during, and after nocebo acquisition and
evocation. This EEG study enriched our understanding of the role that
learning and nociceptive processing play in nocebo hyperalgesia.

In Chapter 7 we present a pharmacological fMRI study that investigated
neurochemical correlates of learning in nocebo hyperalgesia. In this
randomized clinical trial, we aimed to pharmacologically manipulate
NMDA receptors, known for mediating certain types of learning, such
as associative learning involved in classical conditioning. fMRI methods
allowed for the exploration of brain activations during nocebo
acquisition and extinction. We used classical conditioning and negative
suggestions to induce nocebo hyperalgesia in a group receiving a low
dose of D-cycloserine (a known partial NMDA receptor agonist) and in
a group receiving placebo. These manipulations and imaging methods
served to explore how NMDA-dependent learning influences the
formation of nocebo effects and several potentially relevant brain

processes were identified.

Chapter 8 is a general discussion relating to this dissertation. In this
chapter the results of the conducted studies are summarized and
connected to the aims of this PhD project. We then further discuss these

aims in light of theoretical and practical implications.
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