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The sciences have two extremes which meet. The first is the pure natural ignorance in which
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Abstract
The treatment of both cancer pain and non-cancer chronic pain is still suboptimal. The
overall aim of this PhD thesis was to conduct translational pain research at the interface
between clinical pain medicine and the field of human proteomics, using the practice of
intrathecal analgesia at our institution as a starting point. Hence, the cerebrospinal fluid
(CSF) is at the centre of the present dissertation, both as a target for infusing analgesics
(Papers I and II – clinical and pharmacological aspects) and as an important biofluid for
human biomarker studies (Papers III and IV – proteomic aspects). In Paper I, 28 cases of
intrathecal analgesia in cancer patients were prospectively followed. Movement-evoked
breakthrough pain remained a major clinical problem throughout the study month despite
otherwise successful intrathecal analgesia (defined as good control of spontaneous resting
pain paralleled by a marked decrease of concomitant systemic opioid doses). This study
therefore illustrates the importance of considering not only spontaneous resting pain but
also movement-evoked breakthrough pain.
In Paper II, an expert-based algorithm for trialing the intrathecal analgesic ziconotide by
bolus injections was evaluated in an open-label study of 23 patients with chronic
neuropathic pain. We found few responders (13%) according to the strict criteria of the
algorithm, but ziconotide bolus injection trialing seems feasible. The predictive power of
ziconotide bolus trialing remains unclear, and the pharmacological profile of ziconotide
(with very slow tissue penetration due to high hydrophilicity) calls the rationale for
ziconotide bolus trialing into question.
In Paper III, we found low levels of beta-endorphin in the CSF of chronic neuropathic pain
patients (n=15) compared to healthy controls (n=19). We speculate that this might indicate
dysfunctional top-down control of nociception. Substance P levels in the CSF did not differ
by univariate statistics. In Paper IV, the CSF proteome of 11 patients with chronic
neuropathic pain and 11 healthy controls was exploratively studied, combining gel-based
proteomics with multivariate data analysis. After eliminating four proteins associated with
age, 32 proteins were found to highly discriminate between groups. Among these, the seven
proteins having the highest discriminatory power between patients and controls were: one
isoform of angiotensinogen, two isoforms of alpha-1-antitrypsin, three isoforms of
haptoglobin, and one isoform of pigment epithelium-derived factor.
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In conclusion, this PhD thesis demonstrates the fruitfulness of studying the CSF, both as a
target for infusing analgesics and as a potential mirror of the neurobiological processes
involved in pathological pain conditions. The thesis points to the need for more research
into the mechanisms of different pain conditions, in order to hopefully achieve the vision of
mechanism-based pain diagnoses.
Keywords: beta-endorphin; biomarkers; breakthrough pain; cancer pain; cerebrospinal
fluid; intrathecal analgesia; multivariate data analysis; neuropathic pain; pain; proteomics;
substance P; ziconotide
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Comprehensive Thesis Summary
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1
1.

Background
I DEVOTED MYSELF TO STUDY
ECCLESIASTES 1:13

1.1 The Importance of Pain
1.1.1 Pain is a Basic Human Experience
The inescapability of pain is expressed in one of the oldest poems of world literature, the
Book of Job: “Yet if I speak, my pain is not relieved; and if I refrain, it does not go away”
(Job 16:6). Pain is one of the most basic experiences of human existence, and it is therefore
of central importance in religions (e.g., Christianity and Buddhism) and philosophical
systems of various sorts (e.g., hedonistic utilitarism and stoicism). The experience of pain
is also intrinsically linked to the so-called “hard problem” of consciousness [42]: how can
a network of ~100 billion neurons (amounting to > 1014 synapses) give rise to consciousness
and subjective experience?

1.1.2 Pain is Necessary for Survival
The unpleasantness of pain must not make us forget its survival value. Congenital
insensitivity to pain is a genetic disorder characterized by a substantial lack of nociceptive
nerve fibres [111]. The deleterious consequences of such painlessness have been well
described [160]. Likewise, a condition like leprosy (Hansen’s disease) illustrates what
leprosy specialist Paul Brand called the “nightmares of painlessness” [26]. Not being able
to feel pain is a threat to the integrity and survival of the organism. Indeed, pain has been
described as a homeostatic emotion [56], homeostasis being the process of maintaining an
optimal balance in the physiological status of the body. Different interoceptive homeostatic
systems monitor the state of the body and give rise to different “feelings”, e.g. thirst, hunger,
and temperature [55]. According to this view, pain is one of many homeostatic emotions
and, as such, is necessary for survival.
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1.1.3 Pain is a Public Health Challenge
Almost three decades ago, the World Health Organization (WHO) three-step analgesic
ladder for the treatment of cancer pain was presented [262,274]. Notwithstanding the claim
that in about 90% of cases adequate analgesia can be achieved by following these WHO
guidelines [97,216,274], the treatment of cancer pain remains suboptimal even in developed
European countries [27]. Globally, the World Palliative Care Alliance has deemed that the
lack of access to pain treatment is a public health emergency in many countries worldwide
[14].
The prevalence of pain in hospitalized patients is high, varying between 44% and 78% in
different studies [243]. In the general population, a large European epidemiological survey
in 2006 concluded that 19% of adult Europeans have at least moderate chronic pain [28].
This finding concurs with other epidemiological studies, and chronic pain is therefore
associated with very high socio-economic costs [90,102,114,221]. Hence, both acute,
chronic and cancer pain are major health issues.

1.2 Definitions
1.2.1 The Complexity of Pain Taxonomy
The need of a pain classification system has long been recognized [22], and it has been
argued that defective and inconsistent pain taxonomies hamper the development of pain
research [241]. In an ideal classification system, as for instance the periodic table in
chemistry, the different categories are mutually exclusive and exhaustive [156]. Although
this ideal will barely ever be achievable in pain medicine, the International Association for
the Study of Pain (IASP) has issued an extensive, expert-based multidimensional
classification system with five axes: region of the body; organ system involved; temporal
characteristics; intensity and time since onset; etiology [156]. This results in a five-digit
code, reflecting the complexity and heterogeneity of pain conditions. In clinical practice,
pain diagnoses according to the current version of the International Classification of
Diseases (ICD-10) are often based on anatomical location, duration, and/or etiology. The
need for a more mechanism-based classification system has long been recognized
[267,269].
ICD-10 is currently being revised, and a task force from IASP has recently proposed a new
and pragmatic classification of chronic pain for the upcoming ICD-11 [240]. The new ICD
category “Chronic Pain” divides into seven groups: 1) chronic primary pain (including e.g.
fibromyalgia and irritable bowel syndrome), 2) chronic cancer pain, 3) chronic postsurgical
and posttraumatic pain, 4) chronic neuropathic pain, 5) chronic headache and orofacial pain,
6) chronic visceral pain, 7) chronic musculoskeletal pain. The authors acknowledge that this
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is not “a perfect solution”, but it is nonetheless “the first systematic approach to
implementing a classification of chronic pain in the ICD” [240].

1.2.2 Some Basic Definitions
IASP has defined pain as an unpleasant sensory and emotional experience associated with
actual or potential tissue damage, or described in terms of such damage [241]. For the
purpose of this thesis, the following definitions are important to keep in mind.
Chronic pain is arbitrarily defined as pain for more than three (or six) months [241].
Moreover, it is often stated that chronic pain is pain that extends beyond the expected period
of healing, and that the pain is without purpose and a disease in its own right [173]. In this
context, some authors use concepts like pathological pain, or maladaptive pain, or
maldynia (Greek for “bad pain”) [71,96]. It is sometimes stated that the vital importance of
acute pain might be an important background to why pain can become chronic. According
to this view, because the organism cannot afford missing potential life-threatening damage,
the nervous system is heavily biased in favour of pain sensitivity [33].
Neuropathic pain is caused by a lesion or disease of the somatosensory nervous system
[116]. It is often contrasted to nociceptive pain, which designates pain arising from actual
or threatened damage to non-neural tissue. The prevalence of chronic pain with neuropathic
characteristics in the general population has been estimated to ~7% [25]. Both nociceptive
and neuropathic pain are very heterogeneous categories. Inflammatory pain is often seen as
a subtype of nociceptive pain [141] (nociceptors being sensitized by the process of
inflammation), but some authors view inflammatory pain as a distinct subtype (see e.g. Wolf
[267]; in that case, nociceptive pain is defined as an early warning mechanism that aims at
protecting the organism from tissue damage.)
Future mechanism-based classifications will probably build on but also transcend the simple
dichotomy between nociceptive and neuropathic pain. For instance, a group of pain
physicians at the Swedish Quality Registry for Pain Rehabilitation has recently proposed
that chronic widespread pain (also known as generalized pain) should be viewed as a
specific pain type, with a postulated (presently to a large degree unknown) core
pathophysiological mechanism [233]. When the pain is caused by a severe psychiatric
disease, it is called psychogenic (this should be clearly differentiated from the
psychological co-morbidities commonly associated with chronic pain) [233]. Sometimes,
the mechanism underlying the pain of an individual patient remains idiopathic. Hence, five
pain types emerge: nociceptive (including inflammatory), neuropathic, widespread,
psychogenic, and idiopathic.
Cancer-related pain is a mixed entity, encompassing varying degrees of nociceptive and
neuropathic pain [165,197]. The pain is caused either by the disease itself (cancer pain
proper), or by its treatment [85]. Examples of the latter are persistent post-surgery pain,
5
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radiation-induced mucositis, and painful post-chemotherapy polyneuropathy. Tumour
invasion into or compression of neural structures can cause neuropathic cancer pain [165].
In patients with cancer-related pain, a systematic review from 2012 found a prevalence of
neuropathic pain of almost 40% (when patients with mixed pain were included) [18].
Breakthrough pain (BTP) was defined more than 20 years ago as “a transitory
exacerbation of pain that occurs on a background of otherwise stable pain in a patient
receiving chronic opioid therapy” [191]. However, there is still no unequivocal definition
of BTP [106]. Often BTP is categorized into spontaneous BTP, end-of-dose failure, and
incident pain (of which movement-evoked pain is a subtype) [85].

1.2.3 The Biopsychosocial Model
In a widely influential paper published in Science in 1977, psychiatrist George L. Engel
introduced the biopsychosocial model of health and disease [23,78]. This model has had a
great impact on pain medicine [88]. Engel argued that the prevailing biomedical model, with
its reductive physicalism and mind-body dualism, had come to a dead end. Engel was not
denying the overwhelming advances of modern medicine, but he contended that there was
a need for a more holistic reframing of medical science. In his own words, the doctor “must
weigh the relative contributions of social and psychological as well as of biological factors
implicated in the patient’s dysphoria and dysfunction as well as in his decision to accept or
not accept patienthood and with it the responsibility to cooperate in his own health care”.
Pain is not equivalent to nociception. Nociception is the neural process of encoding noxious
stimuli; pain is a subjective experience. This experience is often described as having three
different aspects: a sensory-discriminative aspect, an affective-motivational aspect, and a
cognitive-evaluative aspect [153]. The biopsychosocial model fits well with such a
multifaceted view of pain. For instance, it is widely recognized that affective factors like
fear [264] and depression [140] are important to assess in pain patients, although the causal
relationships are complex and difficult to disentangle [140,263]. The biopsychosocial model
is consistent with the view of the brain as an active system that filters, selects and, through
descending neural pathways, modulates nociceptive input from the periphery
[153,154,179,231]. The biopsychosocial model is also consistent with the fact that pain is
not just about an “inner” experience; pain is associated with behavioural changes, e.g. fearrelated avoidance of physical activity [264]. Basic knowledge in behavioural medicine [93]
is therefore arguably of paramount importance for pain practitioners.

1.3 Spinal and Brainstem Mechanisms of Pathological Pain
While acknowledging the importance of a broad biopsychosocial perspective, this thesis
focuses on the neurobiological and sensory-discriminative aspects of the pain experience,
6
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Figure 1 Basic pain-related neuroanatomy, with a focus on the spinal cord and brainstem.
The figure is reproduced from [60] with permission. Nociceptive primary afferents (Aδ and
C fibres) synapse with second order neurons in Rexed lamina I, lamina II (=substantia
gelatinosa), and (in the case of Aδ fibres) lamina V. Nociceptive specific (NS) second order
neurons are mainly found in the superficial dorsal horn (laminae I–II), whereas most wide
dynamic range neurons (WDRs) are located deeper (lamina V). Second order neurons from
the superficial dorsal horn innervate brainstem areas such as the parabrachial area (PB) and
the periaqueductal grey (PAG), as well as medial nuclei of the thalamus (not shown); the
interaction with the “limbic system” is symbolically depicted (the affective-motivational
aspect of the pain experience). Lamina V second order neurones mainly project to the
thalamus, and from there the somatosensory cortex is activated (the sensory-discriminative
aspect). Descending pathways are depicted by downward arrows – see section 1.3.3 and
Figure 3.
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with a special emphasis on the spinal cord and the cerebrospinal fluid (CSF). In the
following, I will therefore review some key concepts concerning the neurobiological
mechanisms of pathological pain at the spinal and brainstem level, with special reference to
neuropathic pain. Basic knowledge of peripheral processes is assumed, the nociceptive input
from primary afferents being transmitted to second order neurons in the dorsal horn of the
spinal cord [60]. See Figure 1 for a schematic depiction of pain-related spinal and brainstem
neuroanatomy.

1.3.1 Central Sensitization
Pioneering work of Clifford J. Woolf [266] led to the concept of central sensitization. Until
the 1980s, pain processing was largely seen to work much like a telephone wire [268].
Today central sensitization, defined as a nociception-driven amplification of neural
signalling within the central nervous system (CNS) leading to pain hypersensitivity, is
generally acknowledged to be of physiological importance in chronic pain conditions [268].
Clinically, as seen in Figure 2, central sensitization is inferred indirectly from allodynia
(pain due to a stimulus that does not normally provoke pain) or hyperalgesia (increased pain
from a stimulus that normally provokes pain).

Figure 2 With the induction of central sensitization in somatosensory pathways, a central
amplification occurs enhancing the pain response to noxious stimuli in amplitude, duration
and spatial extent (resulting in hyperalgesia). Strengthening of normally ineffective
synapses recruits subliminal inputs such that inputs in low threshold sensory inputs can now
activate the pain circuit (resulting in allodynia). Reproduced from [268] with permission.
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Synaptic plasticity, described as long term potentiation (LTP), is an important general
neurobiological principle underlying learning and memory [32]. In the pain setting, LTP is
best seen as a particular component of central sensitization [211,268]. Moreover, central
sensitization differs from the older concept of windup in that the former entails an
amplification that outlasts the end of the conditioning stimuli, whereas the latter represents
an increasing output during the course of a train of identical stimuli [268]. Windup does not
in itself have any long-term consequences, but in conjunction with central sensitization it
can greatly enhance the nociceptive output of the dorsal horn [211].
Central sensitization has been divided into an acute and a late phase. The acute phase is
dependent on nociceptor input to the spinal cord (activity dependent), whereas the late phase
entails transcriptional changes (transcription dependent) [267].
The term central sensitization seems to be increasingly used in clinical pain medicine [104],
and it has been invoked in a wide range of different pain conditions: complex regional pain
syndrome, fibromyalgia, miscellaneous musculoskeletal disorders, neuropathic pain,
osteoarthritis, post-surgical pain, rheumatoid arthritis, temporomandibular disorders,
tension-type headache, visceral pain hypersensitivity syndromes [268]. Given the broadness
of the concept, it has been claimed that central sensitization should probably not be viewed
as a specific pain type [233]. Moreover, it is important to remember that it is a
neurophysiological term which can only be applied when both neural input and output are
known [104]. Hence, strictly speaking, the concept of central sensitization should be
restricted to the preclinical neurophysiological setting. Nonetheless, some authors use
concepts like “central sensitivity syndromes” or “centralized pain” to characterize some of
the clinical pain conditions listed above in this paragraph [48,231].

1.3.2 Neurotransmitters and Neuropeptides
Some of the key neurotransmitters and neuropeptides involved in nociception and central
sensitization will now be briefly reviewed. However, it is important to acknowledge that
there are also other classes of molecules involved in the modulation of nociception, e.g. the
neuromodulatory lipids of the endocannabinoid system [100]; these will not be discussed in
the present thesis.
Classical neurotransmitters are small molecules such as amino acids or monoamines.
Glutamate (an amino acid) is the most common excitatory neurotransmitter in the CNS and,
by activating e.g. N-Methyl-D-Aspartate (NMDA) receptors, plays a role in LTP [32].
Glutamate-induced activation of NMDA receptors in the spinal cord by continuous
nociceptive afferent input is believed to be a very important factor in the initiation of central
sensitization [211]. Suppressed inhibitory effects by amino acid neurotransmitters γAminobutyric Acid (GABA) and glycine are also important for the development of central
amplification of nociceptive input to the spinal cord [211]. Other classical neurotransmitters
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that are important in the pain setting include the monoamines serotonin and norepinephrine;
these will be briefly mentioned below when describing top-down modulation.
Neuropeptides are different from classical neurotransmitters in many ways: they require
high-frequency firing to be released; their receptors are found mainly outside the synapses;
they have prolonged neuromodulatory effects; their receptors are normally not ionotropic;
they have diverse effects (on gene expression, glial cells, blood flow, and synaptogenesis)
[230]. In the dorsal horn, neuropeptides such as Substance P (SP) or Calcitonin GeneRelated Peptide (CGRP) are co-localized with glutamate in a subpopulation of primary
nociceptive C-fibres [32,230], and intensive nociceptive input results in their co-release
with glutamate, promoting NMDA receptor activation [33,211].
SP is an 11-amino-acid neuropeptide, with Neurokinin 1 (NK1) as its receptor [230].
Although it has been said that dorsal horn Lamina I neurons expressing the NK1 receptor
are necessary for the development of central sensitization [126], and despite promising
preclinical studies, several clinical trials in humans (in diverse pain states such as painful
diabetic neuropathy, post-herpetic neuralgia, migraine, visceral pain, osteoarthritis, and
fibromyalgia) have failed to demonstrate any analgesic effects of NK1 receptor antagonists
[139,230]. Although several lines of evidence suggest a central role for SP and the NK1
receptor in nociception, it is possible that other types of signalling by these neurons may be
more important than those involving the NK1 receptor itself [237]. The release of SP from
primary nociceptive afferents is lessened by opioids [15].
There are three classes of classical endogenous opioids: endorphins, enkephalins, and
dynorphins. The respective precursors to these important pain-modulating neuropeptides
are pro-opiomelanocortin (POMC), pro-enkephalin, and pro-dynorphin, respectively [181].
Moreover, so-called endomorphins have also been identified; they have the highest affinity
for the µ opioid receptor [129]. However, the status of endomorphins as endogenous ligands
remains controversial [149]. In addition to the classical three opioid receptors δ, κ, and µ
associated with the above-mentioned endogenous opioids, a fourth opioid receptor has been
described: the nociceptin receptor (also named NOP, or orphanin FQ, or OP4, or opioid-like
receptor 1) [149,181]. Currently, cebranopadol, which is both a nociceptin receptor agonist
and a µ receptor agonist, is being tested in several clinical trials [133].
Exogenous opioids are well-known as analgesics. Because opioid receptors are widely
distributed in the CNS, and because of differences in types of exogenous opioids and routes
of administration, the exact location of opioid-mediated analgesia is somewhat difficult to
determine [149]. The dorsal horn of the spinal cord contains all types of opioid receptors,
notably µ opioid receptors in lamina II (substantia gelatinosa) interneurons (with axons
projecting to lamina I or III-V) [149]. Moreover, the periaqueductal grey (PAG), the locus
ceruleus, and the rostral ventral medulla show high concentrations of opioid receptors, the
activation of µ opioid receptors in these structures leading to top-down inhibition of
nociception through descending pathways (see below) [181].
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Endogenous opioids are released in the dorsal horn of the spinal cord upon activation of topdown inhibitory systems. It is also possible that their release is driven by purely intraspinal
circuits (i.e., not involving top-down control) following nociceptive input from the
periphery, although it seems clear they are not secreted directly by primary afferents or
second-order neurons. Hence, the main sources of endogenous opioids in the dorsal horn
are interneurons and supraspinal axons. Furthermore, it is unlikely that endogenous opioids
in the spinal cord act in a classic synaptic manner; instead, they act by volume transmission
[149]. (Volume transmission means that they act like local hormones on all nearby receptors
having the proper specificity, usually within a few micrometers from the release site [32].)
Of the three classes of classical endogenous opioids, enkephalins and dynorphins are
expressed in the dorsal horn, whereas endorphins (e.g., beta-endorphins) are not [149].
The physiology of beta-endorphin (BE) has recently been reviewed [259]. For the purposes
of the present thesis, the following points are noteworthy:









BE is a 31 amino acids polypeptide with a molecular weight of 3465 Da, meaning
that it is about 10 times “bigger” than the alkaloid morphine.
There are probably two functionally different BE systems: one peripheral (release
of BE by the pituitary into the systemic circulation) and one central (synthesis in
hypothalamic POMC neurons).
An intact blood-brain barrier (BBB) hinders free exchange of BE between plasma
and CSF.
Even though these two systems are functionally different, there still may be some
bi-directional exchange of BE: from plasma to brain in small areas lacking a BBB;
from brain to plasma by means of transport mechanisms across capillaries.
Hypothalamic POMC neurons can release BE directly into the CSF of the third
ventricle.
The CSF can serve as a transport medium for BE to distant brain or spinal sites. This
is called “long-distance volume transmission” and is by no means unique for BE.

1.3.3 Defective Top-Down Modulation
The PAG, which for obvious neuroanatomical reasons is one of the first areas exposed to
BE released into the third ventricle (see above), is part of an intricate top-down system that
modulates nociceptive inputs at the spinal level [179,231]. The best studied top-down
descending pathway is the PAG-RVM system, which links the PAG to the spinal cord via
the rostral ventromedial medulla (RVM) [108]. The PAG and the RVM contain a high
density of opioid receptors [181]. Neurons projecting from the RVM to the spinal cord are
GABA-ergic, glycinergic or serotonergic; the effect of spinal serotonin can be either
inhibitory or facilitatory, depending on the receptor subtype activated [179]. Noradrenergic
pathways, originating in e.g. the locus coeruleus (in the pons), are also involved in
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downward pain modulation [186], and these circuits are partially integrated into the PAGRVM system [179]. See Figure 3 for a schematic depiction.

Figure 3 Schematic representation of the top-down modulation of nociception. Legend: 1)
cortical/subcortical impulses; 2) periaqueductal grey (PAG) in the mesencephalon; 3) locus
coeruleus in the pons (noradrenergic system); 4) raphe nucleus (serotonergic system in the
RVM); 5) inhibitory synapses in the dorsal horn; 6) ascending spinothalamic tract; 7) motor
neuron reflex. The DNIC system is not depicted. Reproduced from [99] with permission.
Another important related concept is that of the Diffuse Noxious Inhibitory Controls
(DNIC) system, also known as counter irritation. The DNIC phenomenon means that
nociceptive signalling from the periphery is inhibited by applying another noxious stimulus
to a remote area of the body [252]. The term “diffuse” relates to the fact that DNIC works
non-somatotopically, meaning that its response is general regardless of where the noxious
stimulus is applied [179]. A key relay station for this system is the medullary subnucleus
reticularis dorsalis (SRD), also known as the dorsal reticular nucleus (DRt). In order to study
the efficacy of the DNIC system, conditioned pain modulation (CPM) experiments can be
carried out [137,272].
Hence, the concept of pain modulation at the spinal level has evolved considerably since
Melzack & Wall first presented their ground-breaking work half a century ago [153,154]. It
is becoming increasingly clear that defective top-down modulation is an important
mechanism in chronic pain conditions like fibromyalgia, temporomandibular joint disorder,
12
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or irritable bowel syndrome, and there seems to be considerable overlap between the
concepts of central sensitization and defective top-down modulation (the latter is often
viewed as part of the former) [231].

1.3.4 Neuroinflammation and Gliosis
Over the past two decades, non-neural immunocompetent glial cells (mainly microglia and
astrocytes in the CNS but also possibly Schwann cells in the peripheral nervous system)
have emerged as probable key actors in the pathophysiology of chronic pain [95]. This has
been shown most convincingly concerning microglia in animal models of post-traumatic
peripheral neuropathic pain [211]. Microglia are the phagocytes of the CNS (they constantly
survey the local environment and respond to various stimuli), while astrocytes have a
multiplicity of functions: they provide structural support, promote the formation of the BBB,
regulate blood flow, contribute to synaptic transmission, provide trophic support, promote
repair of neuronal system, regulate the concentration of neurotransmitters and ions in the
synaptic cleft [96]. Hence, far from being passive, glial cells are key players in CNS
homeostasis. The process whereby glial cells turn from maintenance and surveillance to
proliferation and activation is called gliosis [96].
Microglia are activated by nociceptive input to the spinal cord (via primary afferent release
of ATP, chemokines and other substances) and/or, in the case of neuropathic pain, by
alarmins (also known as damage-associated molecular patterns (DAMP) molecules)
released by primary afferents following nerve damage [96]. For a simplified representation,
see Figure 4. However, whether microglia play a role in clinical pain remains an open
question [211].

Figure 4 Principle of microgliosis. (A) Following a peripheral injury, the synaptic
projection of a pain sensing neuron within the spinal cord releases e.g. ATP. (B) Nearby
microglial cells within 50 to 100 µm are drawn to the source of ATP and undergo
morphological changes as they approach the source and become activated. (C) Fully
activated microglial cells are localized around the pain sensing neuron and begin to interact
with the neuron on a molecular level, releasing various neuroinflammatory agents. ATP,
adenosine Triphosphate. Reproduced from [248] with permission.
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Upon activation, microglia release pro-nociceptive neurotrophic factors like brain-derived
neurotrophic factor (BDNF) [17,211,230], as well as key multifunctional cytokines (TNFα, IL-1β, IL-6) that initiate and orchestrate the subsequent production of downstream
cytokines and other proalgesic mediators [95,159,248]. This multi-faceted process is
depicted in Figure 5.

Figure 5 Noxious afferent input results in the activation of resting microglial cells that
migrate to the source of ATP. Transcription of various neuroinflammatory agents including
cytokines and neurotrophic factors occurs. The release of these neuroinflammatory agents
into the synaptic cleft and subsequent binding to various receptors result in an increase in
intracellular ions within the neuron, such as Ca2+ and Cl–, which depolarizes the cell and
thereby causing sensitization. Two prominent receptors that are involved with Ca2+ influx
into the neuron are AMPA and NMDA receptors. BDNF has been shown to bind to the
TrkB receptor and inhibits the efflux of Cl– out of the neuron. ATP, adenosine 5′triphosphate; BDNF, brain-derived neurotrophic factor; p38MAPK, p38 mitogen activated
protein kinase. Reproduced from [248] with permission.
Microglial activation leads to the activation of astrocytes, resulting in further neural
sensitization [248]. Glial cell line-derived neurotrophic factor (GDNF) is secreted by
astrocytes, and, in patients with chronic painful osteoarthritis, Lundborg et al found high
CSF levels of GDNF, as well as an increase in pro-inflammatory cytokines [143]. Hence,
evidence for neuroinflammation in human chronic pain conditions is beginning to emerge.
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Other relevant human biomarkers studies will be referred to below in the section on
biomarkers (section 1.4).

1.3.5 The Specific Case of Neuropathic Pain
In addition to peripheral processes (e.g., ectopic nerve activity), the above-mentioned spinal
and brain stem mechanisms are generally acknowledged to be important for the
development of neuropathic pain. Central sensitization and NMDA receptor activation are
important in neuropathic pain, as is neuroinflammation [12]. Indeed, neuropathic pain is
now by some authors considered to be a neuroimmune disorder [96]. CNS microglia are
thought to be important initiators of neuropathic pain, whereas astrocytes have a role in the
maintainance of neuropathic pain [76]. However, there is a knowledge gap between animal
models and clinical pain medicine: whereas glial changes are evident in animal models of
neuropathic pain, evidence for such changes in humans are almost non-existent, and glial
cells (at least astrocytes) from mice and monkeys are quite different from humans [236].
Nonetheless, based mainly on animal experiments, it is believed that glial cells in the spinal
cord play an important role in the pathophysiology of neuropathic pain [248]. Glial
activation is driven by neurotransmitters, ATP, chemokines, and other substances released
by primary afferents under conditions of enduring nociceptive signalling [96,256], but in
the specific case of neuropathic pain there is also a damage-related neuron-to-glia signal as
heat shock proteins and other endogenous danger signal substances are released from the
afferent terminals of injured first-order neurons and thereby activate spinal microglial cells
[159]. Heat shock proteins belong to a class of molecules known as DAMP, or alarmins
[96].
Defective top-down modulation seems also to be important in neuropathic pain [12]. For
instance, in an animal model of neuropatic pain, tactile allodynia was precipitated in nonallodynic rats by injecting lidocaine into the RVM [64]. Also in rats, Leong and co-worker
have shown that peripheral nerve injury induces death of antinociceptive RVM neurons, and
this loss of RVM neurons can perhaps shift the balance of descending control from pain
inhibition to pain facilitation [136]. Interestingly, the process of gliosis that is thought to be
an important mechanism in the pathophysiology of post-traumatic peripheral neuropathic
pain has also been demonstrated in the RVM, possibly linking the two phenomena of
defective top-down inhibition and neuroinflammation [76].

1.4 The Quest for Biomarkers
A substantial part of the knowledge described in section 1.3 has been acquired through
animal experiments. Although there are obvious similarities between species, there are also
differences. This is not least the case in such a multi-faceted experience as pain, and
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translating evidence from animals to humans in this field is far from trivial [147]. It is
against this background that the quest for human pain biomarkers must be understood.

1.4.1 Rationale for the Quest
A biomarker has been defined as a characteristic that is objectively measured and evaluated
as an indicator of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention [20]. Biomarkers can help in diagnosis and
prognosis, in the evaluation of treatment response and the development of drugs, and they
can serve as surrogate endpoints (i.e., as substitutes for clinical endpoints) [24].
Pain medicine lacks objective biomarkers to guide diagnosis and choice of treatment [24].
This is in sharp contrast to e.g. cardiology, where chemical biomarkers (e.g., troponins) play
an important role. A thorough pain analysis can often discriminate between nociceptive and
neuropathic pain, but it is noteworthy that this is one of few mechanism-based distinctions
(albeit a very crude one) in clinical pain medicine. Pain diagnoses are often based on
anatomical location, duration and/or etiology.
As pain by definition is a subjective experience, it has been contended that biomarkers for
pain is a sheer impossibility [120]. According to this view, there is a logical contradiction
(and an ethical danger) in the attempts to find objective biomarkers for subjective states like
pain. In the context of this debate, I have elsewhere proposed that the neologism “nocimarker” would perhaps be a better term than “pain biomarker” for denoting attempts to find
objective, measurable correlates to the neurobiological processes involved in different pain
conditions [9]. This proposal pertains to the philosophical distinction between the “hard”
vs. “easy” problems of consciousness [42], and also to the well-known distinction between
nociception and pain (nociception being the neural process of encoding noxious stimuli, see
section 1.2.3). Pain is always subjective and cannot be observed “from the outside”; it is a
lived reality, an “inner” experience. In contrast, the neural circuits and the biochemistry of
the nociceptive pathways can be studied “from the outside” by science. In the pain setting,
biomarkers should not be seen as a substitute to the patient’s subjective report.
A long-term vision for pain medicine could be the possibility of basing the prescription of
analgesics or even disease-modifying drugs on a mechanistic understanding of different
pain types. Such a vision requires the discovery of mechanism-specific biomarkers [267].
Today, analgesics are often prescribed on a trial-and-error basis.
Biomarkers are not limited to chemical substances measured in a body fluid. Indeed, the
concept of biomarker is sometimes broadened to include many different kinds of
measurements in pain patients, e.g. sensory phenotyping, intraepidermal nerve fiber counts,
microneurography, electrophysiological recording of noxious stimulus-evoked cortical
potentials, or different kinds of functional imaging [44,58,128,187,217,232]. However,
referring to psychophysical tests as biomarkers is problematic (as discussed in section 5.3).
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The cerebrospinal fluid (CSF) is an interesting target for human biomarker studies in
neurological disorders [204].

1.4.2 The Previous Achievements of the Quest
While acknowledging that there are many different kinds of potential biomarkers described
by pain researchers (see above), this section will focus on biochemical markers in the CSF.
Candidates in earlier studies have included different kinds of peptides/proteins, and these
will now be briefly reviewed.
Neuropeptides
Already in 1978, Almay et al reported that levels of unspecific “endorphins” were low in
the CSF of patients with predominantly “neuralgic” pain, compared both to patients with
what was labelled “psychogenic” pain and to healthy controls [4]. Also, in 1988, Tonelli et
al found low CSF-BE in patients scheduled for Spinal Cord Stimulation (SCS), compared
to historic controls [238]. As a contrast, in 1988, Vaeroy et al found normal levels of CSFBE in fibromyalgia syndrome patients [244]. In cancer patients, Samuelsson et al found low
levels of CSF-BE; they also measured CSF-CGRP and CSF-SP, without finding any
differences between patients and controls [212].
Levels of CSF-SP were elevated in two studies of fibromyalgia syndrome patients,
compared with healthy controls [208,245]. Concerning neuropathic pain, two studies failed
to show an elevation of CSF-SP in patients, compared to healthy controls [3,138]; in one of
them, CSF-SP was actually lower in patients [3]. However, patients with painful
osteoarthritis had high levels of CSF-SP [138]. In the acute perioperative setting,
Buvanendran et al registered a sharp increase of CSF-SP during surgery, but this finding is
difficult to interpret given the confounding effect of concurrent spinal anaesthesia [39].
Buvanendran et al also measured CSF-CGRP, which decreased from baseline after surgery.
Given recent reports about the analgesic potential of the nociceptin receptor and µ receptor
agonist cebranopadol [133], it is of interest to note that CSF-nociceptin has also been
investigated. Brooks et al did not find altered CSF-nociceptin levels in labour pain [35].
Raffaeli et al did not find any statistically significant differences between CSF-nociceptin
of opioid-naïve chronic pain patients (n=6) vs. controls (n=9); however, chronic pain
patients on continuous intrathecal morphine treatment (n=12) had a significantly lower
CSF-nociceptin than controls (n=9) [195].
Neurotrophic factors
In patients with chronic painful osteoarthritis, Lundborg et al found high levels of CSFGDNF [143]. In a study comparing three groups (chronic nociceptive low back pain, chronic
neuropathic pain, and controls with normal pressure hydrocephalus), Capelle et al did not
find any statistically significant differences for any of the following neurotrophic factors:
GDNF, BDNF, Nerve Growth Factor (NGF), Ciliary Neurotrophic Factor (CNTF) [40].
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Cytokines
In the study referred to above, Lundborg et al also found an increase in pro-inflammatory
cytokines IL-8 and IL-1β in CSF [143]. In patients with disc herniation and sciatica, Brisby
et al found normal levels of CSF cytokines; however, they noted a temporal pattern
concerning IL-8, which was increased in patients with a shorter duration of symptoms
compared to patients having a more chronic pain [30].
Markers of neuronal damage
In another study, Brisby et al studied neurofilament protein light subunit (NFL), protein S100, neuron-specific enolase (NSE), and glial fibrillary acidic protein (GFAP) in the CSF
of patients with lumbar disc herniation; the main finding was that NFL and protein S-100
were higher in patients than in controls, indicating damage of axons and Schwann cells in
the affected nerve root (especially in patients with short duration of symptoms) [31].
Cystatin C
In 2003, Mannes et al described Cystatin C in the CSF as a biomarker of acute labour pain
in humans [146]. A year later, a larger study failed to reproduce these findings [75].
Recently, Cystatin C has been shown by Guo et al to be up-regulated in patients with painful
osteoarthritis (n=8) compared to controls (n=8) [101].

1.5 The Alleviation of Pain
The need for biomarkers in pain medicine must be seen in the context of the limitations of
current treatment methods: if pain relief was no longer a clinical problem, there would be
no need for biomarkers. But pain remains a substantial problem, even in developed
countries. The paucity of safe and effective treatments for chronic non-cancer pain is
arguably an important background for the current “opioid epidemic” in the US [41,145].
The problem of opioid dependence and addiction is by no means new. In the West at the
end of the 19th century, the disastrous consequences of the then widespread use of opium
had become clear; indeed, there are claims that 10% of the US population were dependent
on opioids at that time [201]. This led to strict legal regulations at the beginning of the 20th
century, and to a situation of extremely restrictive use and fear of opioids (often called
“opiophobia”) [201]. A landmark in the gradual turn from “opiophobia” to the more liberal
view prevalent today was the publication of the WHO analgesic ladder for cancer pain
almost 30 years ago [262].

1.5.1 The WHO Analgesic Ladder
In 1986, the WHO three-step analgesic ladder for the treatment of cancer pain was published
(Figure 6) [262,274]. Notwithstanding the claim that in about 90% of cases adequate
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analgesia can be achieved by following these WHO guidelines [97,216,262,274], the
treatment of cancer pain remains suboptimal even in developed European countries [27].
For instance, two out of three patients with advanced cancer report pain [250].

Figure 6 The WHO three-step analgesic ladder, reproduced with permission from [255].
Adjuvants pertain e.g. to the treatment of neuropathic pain. This figure is an adaptation of
the original three-step ladder [262].
Nowadays, the usefulness of the second step (corresponding to the use of a weak opioid) is
being debated, and in clinical practice it is often omitted [121]. Nonetheless, the three-step
ladder remains an important conceptual tool for the basic treatment of cancer pain. A fourth
step, consisting of advanced interventional techniques, is often described as being an
essential component of modern cancer pain relief [46]. One of these advanced methods is
intrathecal analgesia (ITA), which will be described below. But first, a few things need to
be said about the treatment of neuropathic pain.

1.5.2 The Treatment of Neuropathic Pain
Neuropathic pain, defined as pain caused by a lesion or disease of the somatosensory system
[116], occurs both in cancer and non-cancer pain. Clinically, the certainty of the presence
of neuropathic pain can be graded by using four criteria [165]: 1) pain with a
neuroanatomically plausible distribution; 2) history of a relevant lesion or disease affecting
the somatosensory system; 3) confirmatory tests demonstrating presence of negative and
positive sensory signs confined to innervation territory of the lesioned nervous structure; 4)
further diagnostic tests confirming lesion or disease entity underlying the neuropathic pain.
Criteria 1+2 entail “possible” neuropathic pain. The addition of criteria 3 or 4 entails
“probable” neuropathic pain. All four criteria imply “definite” neuropathic pain.
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Evidence-based guidelines stipulate the use of antidepressants (tricyclics or duloxetine),
anticonvulsants (gabapentin or pregabalin), topical lidocaine, and sometimes opioids [65].
In severe cases, SCS is a valuable option [49,117]. Still, many patients do not reach adequate
pain control or experience troublesome side-effects [12,65]. Hence, neuropathic pain
remains difficult to treat. Iatrogenic neuropathic pain is thought to be the major cause of
chronic post-surgical pain [124,249].

1.5.3 Intrathecal Analgesia
Opioid receptors were identified in the spinal cord in 1973 [185]. Three years later, animal
experiments by Yaksh and co-workers showed that the injection of opioids intrathecally
lead to powerful and highly selective analgesia [271]. Soon, the use of intrathecal morphine
injections in humans was described [253]. These ground-breaking studies were followed by
others [89,134,203], and in 1981 Onofrio & Yaksh published the first case report of a
continuous intrathecal infusion of morphine [177]. Hence, intrathecal analgesia (ITA) has
been practised for over three decades. But what is the evidence for its effectiveness?
Intrathecal Analgesia in Cancer Pain
Since 1981, there has been a plethora of uncontrolled studies assessing the efficacy of ITA
for cancer pain [11,38,51,86,91,123,176,198,219,220]. In 2010, Meyers and co-workers
performed a systematic review, finding 12 randomized controlled trials (RCT) about
intraspinal analgesia for cancer pain [166]. Seven out of 12 studies evaluated the effect of
epidural analgesia, and hence only five were concerned with ITA. Out of five ITA-studies,
one assessed the effect of the novel non-opioid analgesic ziconotide compared to placebo
(see below); three compared different analgesic regimes; and one non-blinded RCT assessed
the efficacy of opioid-ITA compared to what was called “comprehensive medical
management”. In this latter study, Smith et al showed that ITA led to improved cancer pain
control and less drug toxicity after four weeks [228]. (Subsequently, this RCT rendered two
additional publications [226,227]). Hence, according to the standards of evidence-based
medicine, there is a paucity of high-quality studies. However, reviewers in the field seem to
agree that ITA is a valuable analgesic technique in intractable cancer-related pain
[11,97,166,224].
In Sweden, the infusion of a combination of morphine and bupivacaine via an externalized
catheter has been studied extensively by a group in Gothenburg, both for cancer pain
[172,219,220] and non-cancer pain [62,171]. Bupivacaine can also be used as the sole agent
for ITA [61,67,142]. Moreover, it has been shown that the adjunction of bupivacaine to
morphine leads to a diminished dose progression of morphine, suggesting a synergetic effect
[251].
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Intrathecal Analgesia in Non-Cancer Pain
Although ITA was initially developed for the treatment of cancer pain, today the majority
of patients treated with ITA worldwide have non-cancer types of pain [79]. A review from
2007 concluded that in chronic non-cancer pain patients, pain seems to improve with ITA,
but ITA-opioid doses increase over time and long-term effects remain unclear, due to lack
of long-term follow-up (maximum of 2 years) [242]. The evidence for efficacy in noncancer pain has been called “moderate” [224] or “limited” [82]. It has to be emphasized that,
with the exception of ziconotide (see below), there are no RCTs supporting the use of ITA
in non-cancer pain.
Ziconotide
For many years, morphine was the gold standard for ITA. Despite the wide use of other
opioids, local anaesthetics, or clonidine, the place of morphine as the first choice ITA-drug
was never really challenged before the apparition of the non-opioid ziconotide (Prialt®),
which in 2007 was upgraded to a first-line ITA-drug by the Polyanalgesic Consensus
Conference [66,70]. Ziconotide and morphine are the only analgesics approved for ITA by
the Food and Drug Administration [132].
Ziconotide is a synthetic analogue of a conopeptide found in the venom of the fish-hunting
marine snail Conus magus (Figure 7) [132]. It is a polypeptide consisting of 25 amino acids,
has a molecular weight of 2639 Da, and acts as a presynaptic N-type voltage-sensitive
calcium channel antagonist in the Rexed lamina I and II of the spinal cord dorsal horn
(Figure 8 and Figure 9) [158,189,223].
No ITA-drug has been as thoroughly investigated as ziconotide, including three pivotal
RCTs [199,229,246] and many open-label studies [2,68,73,77,196,214,247,258,260].
Typical opioid adverse events (AEs) such as respiratory depression, tolerance or
dependence have not been described for ziconotide [215]. However, ziconotide has a narrow
therapeutic window [189,215] and several neurological AEs have been reported, e.g.
dizziness, ataxia, abnormal gait, nystagmus, or nausea. Ziconotide AEs tend to occur more
commonly at higher doses [213,223,257], and a slow-titration strategy is recommended
[189,257]. Due to the risk of severe psychiatric AEs, patients with a history of psychosis
should not be treated with ziconotide, and all patients have to be closely monitored for
cognitive impairment, psychosis or changes in mood [174,189,213,247]. There are worrying
case reports about suicidality [144]. Slow titration and close neuropsychiatric monitoring
should therefore be mandatory.
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Figure 7 The fish-hunting Pacific marine snail Conus magus produces numerous venom
peptides to kill its prey. The venom is injected through a “harpoon”. Ziconotide is a synthetic
form of one of these peptides. Reproduced from [215] with permission.

Figure 8 Amino acid sequence of ziconotide with standard one-letter amino acid
abbreviations. The three stabilizing disulphide bridges are also illustrated. Reproduced from
[152] with permission.
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Figure 9 Ziconotide is a presynaptic N-type calcium channel blocker, thereby preventing
the release of neurotransmitters like glutamate. AMPA = α-amino-3-hydroxyl-5-methyl-4isoxazole-proprionate receptor. NMDA = N-methyl-D-aspartic acid receptor. Reproduced
from [215] with permission.
Patient Selection for Intrathecal Analgesia
Before starting long-term ITA, patients often undergo an ITA-trial in order to evaluate the
efficacy and tolerability of the planned treatment [37,69]. Trial practices vary widely [1].
Ziconotide trialing can be done either by continuous intrathecal infusion via an external
pump, or by bolus injections [37]. Bolus trialing is simpler and cheaper [6], but the
evaluation is more difficult since the duration of the clinical effect is brief. Ziconotide has
been administered by bolus injections in one study by Mohammed et al [161], as well as in
small studies that have not hitherto been published in peer-reviewed journals [98,175,207].

1.6 The Cerebrospinal Fluid
1.6.1 Production, Flow and Resorption
The volume of cerebrospinal fluid (CSF) is about 150 mL in an adult, and the rate of
production is roughly 600 mL per day [164]. Hence, CSF turnover is roughly six hours.
According to the classical teaching, CSF is produced in the choroid plexus within the
ventricles, leaves the brain via the foramina of Luschka and Magendie, circulates in the
subarachnoid space around the brain and spinal cord, and is resorbed into the venous sinuses
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across arachnoid villi and arachnoid granulations. However, this is too simplistic [164].
Pioneering work of Cserr et al showed that (at least in rats) there is a slow turnover from the
interstitial fluid surrounding neural tissue into the CSF [59]. Hence, it is believed that 10%
of the CSF comes from neural interstitial fluid [164]. Moreover, CSF resorption occurs at
many locations, e.g. into spinal veins where nerve roots exit the spinal canal [105,164]. The
driving force of CSF resorption is a pressure gradient from CSF to venous blood across
arachnoid villi, hydrostatic pressure creating giant vacuoles that transport CSF
unidirectionally into the blood. This transcellular (not intercellular) transport is not affected
by CSF composition, as particles of different sizes pass through at the same rate [164].
Furthermore, studies suggest an important role for lymphatic drainage, as CSF is able to
pass into the connective tissue surrounding the cranial nerves and spinal nerve roots (notably
the olfactory nerves and cribiform plate, the CSF then reaching the nasal mucosa and
eventually being drained from there into nasal lymphatic channels) [105,164,210].
Even the modified version of the classical teaching has recently been challenged. Some
authors propose a completely new hypothesis, according to which CSF is permanently
produced and absorbed in the whole central nervous system as a consequence of filtration
and reabsorption of water through the walls of neural tissue capillaries [178]. This new
hypothesis is said to be congruent with the fact that acute occlusion of the aqueduct of
Sylvius does not change CSF pressure in isolated ventricles, contradicting the notion of a
substantial flow of CSF out of the ventricles into the subarachnoid space [36]. Moreover,
the new theory states that absorption of CSF into venous sinuses and/or lymphatics is
probably of minor importance due to their minute surface area in comparison to the huge
absorptive surface area of neural tissue microvessels [36]. Hence, the exact physiology of
CSF production, flow and resorption remains a matter of considerable debate [164].

1.6.2 Cerebrospinal Fluid Proteins
In neurological conditions, the CSF is a particularly interesting body fluid for biomarker
studies, as it can be hypothesized to mirror pathologies in the CNS [206]. The potential of
CSF proteins as biomarkers is well illustrated by the advances made in Alzheimer’s disease.
In this condition, the combination of increased CSF tau protein and lowered CSF β-amyloid
has a good diagnostic performance, with high specificity and high sensitivity [21,92].
Another area of intensive CSF proteomic research are CNS inflammatory and
demyelinating disorders. For instance, a plethora of different biomarkers have been
proposed for multiple sclerosis (markers of demyelination/remyelination, of neuroaxonal
loss, of inflammation); however, none of these has yet achieved widespread clinical use
[54].
The total protein concentration in CSF is about 0.5% of that in plasma [53,113,164,204].
Diffusion of proteins from blood to CSF is restricted directly by the Blood-CSF Barrier
(BCB) located in the choroid plexus and arachnoid granulations, but also indirectly by the
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BBB which is present along almost all of the brain’s capillaries (the exception being the socalled circumventricular organs of the brain) [53,105]. As there is no barrier separating the
CNS from the CSF, the CSF is in direct contact with the extracellular space of the CNS
[21,53]. Indeed, studies using highly sensitive detection methods have been able to detect
thousands of CNS-unique proteins in the CSF (i.e., proteins not found in plasma) [164].
Concerning the total protein content of the CSF however, 80% is derived from plasma,
albumin being the most important. Plasma-derived CSF proteins cross the BBB and the
BCB by pinocytosis, whereas CSF proteins not derived from plasma are either synthesized
in the choroid plexus or diffuse from neural interstitial fluid out into the CSF [113,204].
There is a rostral-caudal protein gradient. According to a classical study (referred to by Irani
[113]), CSF in the ventricles has a protein concentration of 6-15 mg/dl, the cisterna magna
has 15-25 mg/dl, and the lumbar region has 20-50 mg/dl; recent studies show that the BCB
is more permeable to proteins in these caudal locations [113].
Some of the most abundant CSF proteins will now be briefly reviewed, the word “rank”
referring to the order of their abundancy in CSF, according to Irani [113]. CSF-albumin
(rank 1) is not synthesized in the CNS but derives from plasma, is about 200 times less
abundant in CSF than in plasma, represents 2/3 of total CSF proteins, and increases to some
degree with age [54,113]. The CSF albumin index, calculated as CSF-albumin ∕ Serumalbumin, provides a simple measure of the integrity of the BBB [54].
It is incorrect to view the CSF as merely an ultrafiltrate of plasma [113]. For each protein,
the CSF/plasma ratio gives an indication of whether the protein in question is likely to be
synthesized in the CNS: proteins found at levels much greater than 0.5% of plasma
concentrations probably undergo some local synthesis within the CNS [113]. For instance,
IgG (rank 3) and Alpha-1-antitrypsin (rank 6) have a ratio of only 0.2% and 0.4%,
respectively, whereas Prostaglandin-H2 D-isomerase (PGDS, previously known as betatrace) (rank 2) and Cystatin C (rank 8) have a ratio of 3400% and 500%, respectively [113].
Hence, PGDS and Cystatin C are enriched in CSF, whereas IgG and Alpha-1-antitrypsin
are not. CSF-enriched proteins can sometimes be synthesized in a very precise location of
the CNS, as exemplified by CSF-transthyretin (prealbumin) (rank 5) which is produced in
the choroid plexus. Another CSF-enriched protein is Apolipoprotein E (rank 7); by contrast,
Apolipoprotein A-I and A-II are predominantly derived from plasma [113].
Many CSF proteins can be classified into groups, e.g. into 1) structural proteins of various
neural cells (NFL, GFAP, protein S-100), 2) hormones and neuropeptides (some of them
using the CSF as a pathway for dissemination throughout the CNS), 3) enzymes and enzyme
inhibitors, 4) immune and inflammatory mediators (not least cytokines and chemokines).
As a final note of physiological and homeostatic interest, it is worth mentioning that enzyme
inhibitors (including Cystatin C and Alpha-1-antitrypsin) are the second most abundant
protein type in CSF (after albumin) [113].
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2
2.

Aims
WISDOM BRIGHTENS A MAN’S FACE.
ECCLESIASTES 8:1

Translational research is research that aims to bridge the gap between basic and clinical
science [125,147]. Using the practice of ITA at our clinical department as a starting point,
the overall aim of this thesis was to conduct translational pain research at the interface
between clinical pain medicine and the growing field of human proteomics. More
specifically, this thesis project had four concrete aims, corresponding to four papers,
succinctly summarized in Figure 10.

Figure 10 Overall and specific aims of the thesis.
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To be more precise, the four aims were:
1. In patients with severe cancer pain, to evaluate the effects of ITA not only on
Spontaneous Resting Pain Intensity (SRPI) and non-ITA opioid doses but also
specifically on Movement-Evoked Pain Intensity (MEPI). Hence, we wanted to
investigate the issue of BTP in the ITA setting. Our hypothesis was that continuous ITA,
with the possibility of extra patient-controlled bolus doses, would lead to substantial
relief of both spontaneous resting pain and movement-evoked pain after one week and
that this effect would remain for one month. Paper I.

2. To conduct a phase II, open-label, clinical trial investigating the feasibility of trialing
the IT analgesic ziconotide by high dose bolus injections. Paper II.

3. In a cross-sectional study, to investigate the concentrations of the classical
neuropeptides SP and BE in the CSF of patients with chronic neuropathic pain,
compared to healthy controls. We also wanted to relate the levels of CSF-SP and CSFBE to one another, as a possible indicator of the balance between pro- and
antinociceptive factors. Paper III.

4. In an explorative, hypothesis-generating study, to search for CSF biomarkers reflecting
the pathophysiological mechanisms of chronic neuropathic pain. To this end, gel-based
proteomic technology was combined with Multivariate Data Analysis (MVDA). Paper
IV.
Hence, the logic of the project was to move “from the clinic to proteomics”.
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3.

Methods
I UNDERTOOK GREAT PROJECTS.
ECCLESIASTES 2:4

3.1 Patients
The thesis is based on two cohorts of patients.

3.1.1 Cancer Pain Cohort
The first cohort, corresponding to Paper I, consists of 28 ITAs performed on patients with
severe cancer-related pain. The patients were referred to the Pain Unit of the Pain and
Rehabilitation Centre at Linköping University Hospital. The median (range) age was 59
(27-83) years and 14 out of 28 cases were women. Because of an infection in one patient
and catheter dysfunction in another, the catheter was replaced in two patients. Hence, Paper
I was based on 28 consecutive cases of ITA in 26 individuals.
The most frequent cancer types were lung (n=5) and breast (n=5) cancer. Notably, this study
included four cases of vulvar cancer. Twenty cases were clinically assessed as having a
neuropathic pain component (see section 3.4.1 for a description of how this was assessed).
For detailed characteristics of the patients, see Table 1 in appended Paper I.

3.1.2 Neuropathic Pain Cohort
The second cohort of patients participated in a clinical trial of intrathecal bolus injections
of the analgesic ziconotide (Paper II), enabling CSF sampling for Paper III and IV.
Inclusion criteria for the clinical trial were 1) patient, at least 18 years of age, suffering from
chronic (≥6 months) pain, who had failed on conventional pharmacological treatment; only
patients with peripheral neuropathic pain due to trauma or surgery were included; 2) Visual
Analogue Scale Pain Intensity during week before inclusion ≥ 40 mm (VASPI-inclusion);
3) patient capable of judgment, i.e. able to understand information regarding the drug, the
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mode of administration and evaluation of efficacy and side effects; 4) signed informed
consent.
Exclusion criteria were 1) limited life expectancy (investigator’s judgment); 2) intrathecal
chemotherapy; 3) known or suspected intracranial hypertension; 4) known liver or kidney
disease, defined as serum transaminases, total bilirubin, alkaline phosphatase or creatinine
>1.2 Upper Limit of Normal (ULN); 5) advanced cardio-pulmonary disease (investigator’s
judgment); 6) ongoing infection, whether systemically or locally in the lumbar area; 7)
coagulopathy (including medication with warfarin, clopidogrel and heparin); 8) allergy to
ziconotide or any of the excipients in the ziconotide vial; 9) history of psychiatric disorders
which in the investigator’s opinion would put the patient at risk; 10) pregnant or lactating
woman (menstruating women had to use contraceptives during the trial period); 11)
participation in another clinical trial during the last 30 days.
All patients had at least probable neuropathic pain according to the criteria published by
Treede et al, see section 3.4.1 [239]. All patients but two had or had tried opioids; all patients
but one were on or had tried amitriptyline and/or duloxetine; all patients but one were on or
had tried gabapentinoids (gabapentin and/or pregabalin). Moreover, 18 patients also tried
test-SCS. For further detailed characteristics, see Table 1 in appended Paper II.

3.2 Healthy Controls
For Paper III and IV, healthy controls were recruited by local advertisement at the Faculty
of Health Sciences, Linköping University, Sweden, and by contacting healthy subjects from
earlier studies. A structured in-depth interview was conducted to ensure the absence of any
significant medical condition. See below section 3.4.7.

3.3 Medical and Sampling Procedures
3.3.1 Body Fluid Sampling
For every subject in Paper II, III and IV, a blood sample was taken before lumbar puncture.
Then, a standard lumbar puncture was performed sitting or in the lateral recumbent position,
preferably at level L3-L4 or L4-L5. A 27G pencil-point noncutting Whitacre needle (BD
Medical, Franklin Lakes, New Jersey, USA) was used, and 10 ml of CSF was aspirated in
2 ml syringes. The CSF samples were immediately cooled on ice. The blood and CSF
samples were transported to the Painomics® laboratory, Linköping University Hospital.
The blood samples were centrifuged for 10 min at 1000 g within 30 min of blood collection,
plasma was removed, aliquoted and stored at -70°C until analysis. The CSF samples were
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checked for blood contamination and centrifuged for 10 min at 1000 g to discard any cellular
debris. The supernatant was removed to a new tube and stored as 1 ml aliquots at -70°C.

3.3.2 Ziconotide Trialing Procedure
The following data were registered: basic demographic data; pain diagnosis; pain duration;
present and past medical history; concomitant medication. A physical examination was
performed.
Before each ziconotide injection, a blood sample for Creatine Kinase (CK) was taken [215].
Commercially available ziconotide (Prialt®) was used. Apotek Produktion & Laboratorier
(APL), one of the leading contract manufacturers in Life Science in Scandinavia
(www.apl.se), diluted Prialt® according to the standards of the Swedish Medical Products
Agency, and vials containing 2 ml of Prialt® 5 µg/ml were delivered and stored in a
refrigerator at 5◦C. Immediately prior to each injection, the investigator (EB) drew the
appropriate volume of Prialt 5 µg/ml and diluted it with physiologic saline under aseptic
conditions to a total volume of 2 ml. The appropriate dose of ziconotide was injected during
one minute without barbotage. At 6 hours post-injection, the protocol stated that the patient
could either stay in the hospital overnight or be discharged (investigator’s judgment).
Each patient received up to three ziconotide bolus injections according to a comprehensive
expert-based, agreed-upon algorithm. The first bolus dose was always 2.5 µg of ziconotide.
After this first injection, the way the patient progressed in the algorithm depended on the
presence or absence of clinically meaningful percentage pain reduction (PPR, as calculated
according to section 3.4.4) and on the presence or absence of a significant adverse event
(AE, as defined in section 3.4.5). See Figure 2 in appended Paper II for a detailed algorithm.
Briefly, if the patient experienced:


no meaningful pain reduction and a significant AE, no second injection was given



no meaningful pain reduction and no significant AE: the dose of the second injection
was increased to 3.75 µg



meaningful pain reduction and no significant AE: a dose of 2.5 µg was repeated for
confirmatory purposes



meaningful pain reduction and significant AE: the dose of the second injection was
decreased to 1.25 µg

Following the same principles, a third injection could be given to patients who had received
1.25 or 3.75 µg at second injection. One week ± three days elapsed between each injection.
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A patient was considered a “responder” if experiencing meaningful pain reduction (PPR ≥
30%) and no significant AE on two consecutive occasions at the same dosage. All other
cases were defined as “non-responder”.

3.3.3 Intrathecal Catheters and Pumps
The placement of ITA-catheters (Paper I) was done under local anaesthesia with varying
levels of sedation. A commercially available intrathecal catheter set was used (Celsite
ST304-19, B. Braun Medical). The dura mater was punctured and a 19-gauge catheter was
threaded into the cerebrospinal fluid. Fluoroscopy was used routinely to place the catheter
tip at the segmental level corresponding to the most painful dermatome. Then, the catheter
was tunnelled and connected to a subcutaneous port, which was placed in the midclavicular
line a few centimetres cranial to the costal arch. Via an external pump (CADD-Legacy®
PCA), a combination of morphine (0.2 mg/ml), bupivacaine (1 mg/ml), and in some cases
clonidine (10 or 20 mcg/ml) was infused intrathecally. The usual starting rate was 0.5 ml/h
with patient-controlled boluses of 0.2 ml available up to twice hourly as needed. ITAdosages were subsequently adjusted according to clinical response but were not registered
prospectively. Patients were instructed to use the bolus function for BTP, including
prophylactically for predictable movement-evoked pain.

3.4 Assessments
3.4.1 Neuropathic Pain Assessment
In Paper I, the presence of a neuropathic pain component was assessed clinically, taking
into account neurological signs such as sensory and motor disturbances, tumour site,
radiological findings, and pain characteristics such as a “burning pain”, feeling “electric
shocks”, or feeling “pins and needles”.
In Paper II-IV, the certainty of the presence of neuropathic pain was reported using the
grading system adopted both by the neuropathic pain special interest group of IASP, and by
the European Federation of Neurological Societies [165,239]. The four criteria are:
1) Pain with a distinct neuroanatomically plausible distribution. Due to referred
pain or central sensitization, the distribution may extend outside the primary
innervation territory, but it must still be plausible in terms of the underlying
disorder.
2) A history of a relevant lesion or disease affecting the somatosensory system.
3) Confirmatory tests demonstrating presence of negative or positive sensory signs
confined to innervation territory of the lesioned nervous structure (i.e.
hypoesthesia, allodynia or hyperalgesia).
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4) Further diagnostic tests confirming lesion or disease entity underling the
neuropathic pain.
Criteria 1+2 equals “possible” neuropathic pain. The addition of Criteria 3 or 4 equals
“probable” neuropathic pain, whereas the addition of Criteria 3 and Criteria 4 equals
“definite” neuropathic pain [165,239].

3.4.2 Numerical Rating Scale and Global Level of Satisfaction
At the time of ITA procedure (Paper I), the patients graded Spontaneous Resting Pain
Intensity (SRPI) and Movement-Evoked Pain Intensity (MEPI) for the last 24 hours. A 010 Numerical Rating Scale (NRS) was used. Zero denoted “no pain” and 10 “worst
imaginable pain”. Using the same scale, SRPI and MEPI were also recorded one week ±two
days (T1w) and one month ±one week (T1m) after the ITA procedure. We defined mild
pain as NRS≤3 and severe pain as NRS≥7. When treatment ended, the patients also verbally
graded their global level of satisfaction with the ITA-treatment: very satisfied; rather
satisfied; neither satisfied nor dissatisfied; rather dissatisfied; and very dissatisfied. When
ITA continued until death, the closest relatives were asked to grade their view of the
patient’s level of satisfaction.

3.4.3 Concomitant Medicines
In all patients and controls, concomitant medicines were registered. Opioids were converted
to oral morphine equivalents as follows: 100 mg oral morphine = 50 mg oral oxycodone =
20 mg oral hydromorphone = 20 mg oral methadone = 1 mg transdermal fentanyl [155,218].
For morphine and hydromorphone, a mean oral bioavailability of 33% was used.

3.4.4 VASPI, Percentage Pain Reduction, and PGIC
The primary outcome variable in Paper II was patient-reported Visual Analogue Pain
Intensity (VASPI). A horizontal, 0-100 mm, continuous, unmarked line was used, zero
representing no pain and 100 mm worst pain imaginable. The patients were asked to draw
a line perpendicular to the VASPI-line at the appropriate place [107]. Immediately before
each ziconotide injection, VASPI was reported for three time frames: past week (VASPI7d); past 24 hrs (VASPI-24h); current (VASPI-now). After each ziconotide injection,
patients reported VASPI-now hourly for 6 hours (separate sheets of paper were used for
each hourly rating), and the mean of these 6 post-injection values was calculated (VASPImean). Ziconotide-induced PPR was calculated using pre-injection VASPI-now and postinjection VASPI-mean (i.e., the mean of the 6 post-injection values). PPR ≥30% was
defined as clinically meaningful [74].
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At 6 hours post-injection, Patient Global Impression of Change (PGIC) for the past 6 hours
(PGIC-6h) was also recorded. PGIC is a 7-point scale that ranges from “very much
improved” to “very much worse” with “no change” as the mid-point [74]. At 24 hours postinjection, the patient graded VASPI-24h, VASPI-now and PGIC for the past 24 hours
(PGIC-24h).

3.4.5 Adverse Events
In Paper I, AEs were not prospectively recorded; however, if ITA was discontinued, the
cause of discontinuation was registered prospectively. In Paper II, an AE was defined as
any undesirable experience appearing within 24 hours after each injection, whether or not
considered related to intrathecal ziconotide. All AEs reported spontaneously by the subject
or observed by the investigators were recorded in a specific AE-form and in the medical
record. The intensity was graded by the investigator on a 3-point scale: mild (discomfort but
no disruption of normal daily activity); moderate (discomfort sufficient to reduce or affect
normal daily activity); severe (inability to perform daily activity). An AE of moderate or
severe intensity was considered to be significant, and only significant AEs influenced the
way patients progressed in the study algorithm. For each adverse event the relation to the
ziconotide bolus was rated as: probable; possible; unlikely; not assessable.
In accordance with the principles of Good Clinical Practice (GCP), the occurrence within
24 hours after each ziconotide injection of an AE that was fatal, life-threatening, disabling
or required/ prolonged in-patient hospitalization or caused congenital anomaly was defined
in the protocol as a Serious Adverse Event (SAE). Furthermore, if not listed in the Summary
of Product Characteristics (SPC) or in the official Swedish medicines compendium
(www.fass.se), a SAE was defined as a Suspected Unexpected Serious Adverse Reaction
(SUSAR), prompting immediate report to the relevant authorities.

3.4.6 Vital Signs
During the first hour post-injection (Paper II), vital signs (heart rate, blood pressure and
oxygen saturation) were recorded every 15 minutes. Thereafter, vital signs were recorded
hourly for 5 hours. Mean arterial pressure (MAP) was calculated using systolic blood
pressure (SBP) and diastolic blood pressure (DBP) as follows: MAP = (SBP + (2 * DBP))/3
[254].

3.4.7 Healthy Controls Structured Interview
A structured interview was conducted to ensure the absence of any significant medical
condition. The following areas were specifically assessed in the interview: earlier major
trauma; back, joints, muscles or skeletal disease; heart or vascular disease; lung or bronchial
disease; psychiatric symptoms; neurological, ear or eye disease; digestive tract disease;
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kidney, urinary or genital disease; skin disease; tumour or cancer; endocrine disease;
haematological disease; birth defects; other disease, disability or allergy. Moreover, the
presence of a known bleeding disorder was specifically inquired for. The absence of a
chronic pain condition was ensured by a structured questionnaire covering
sociodemographic data, presence of pain now, location of pain now, generalization of pain,
presence of intermittent pain, duration of persistent pain. The questionnaire also covered
anxiety and depressive symptomatology using Hospital Anxiety and Depression Scale
[276], coping aspects (i.e., catastrophizing) using Pain Catastrophizing Scale [235] and
health-related quality of life aspects using Short Form-36 (SF-36) [234] in order to ensure
that the controls were healthy. Subjects were also given the possibility to make a pain
drawing about pain now, pain at worst and pain at best. Musculoskeletal pain was more
deeply assessed by VASPI last month for 9 specific anatomical locations: neck; shoulders;
arms; hands; upper back; lower back; hips; knees; feet. Concomitant medicines were
registered. A medical examination was performed, including assessment for fibromyalgia
tender points.

3.5 Luminex Technology Kit
In Paper III, SP and BE were quantified by using the MILLIPLEX® MAP Human
Neuropeptide Magnetic Panel Kit, HNPMAG-35K (EMD Millipore Corporation, Billerica,
MA, USA). This is a Luminex technology kit, which enables simultaneous quantification
of SP and BE in the same assay and comprises all components necessary (buffers, standards
and microplate) for the whole assay procedure. SP and BE from plasma samples were
extracted by acetonitrile precipitation method according to the manufacturer´s
recommendations. 50 µl of the extracted plasma samples and 50 µl of CSF were analysed
in the Luminex 200 instrument (Life Technologies, Invitrogen Stockholm, Sweden). The
concentrations were calculated by reference to a seven-point five-parameter logistic
standard curve for each substance using MasterPlex QT 2010 (MiraiBio Inc., San Diego,
CA, USA).

3.6 Gel-Based Proteomics
For a detailed description of the gel-based proteomics method that was used, see appended
Paper IV. Here, a broad, non-technical overview will be presented. The overall workflow
is presented in Figure 11.
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Figure 11 Schematic workflow of gel-based proteomics, from sampling of the relevant
body fluid, tissue or cells (top left), to sample preparation and protein separation by twodimensional gel electrophoresis, to excision of a particular spot and protein identification
by mass spectrometry.
The proteome is the total protein content in a specific cell, body fluid or tissue. Whereas the
genome is constant, the proteome is constantly modulated by genome-environment
interactions [169,170]. Post-translational modifications (PTMs) generate a tremendous
protein diversity from the ~20 000 protein-coding genes of the human genome, the
complexity of the proteome being several orders of magnitude greater than the coding
capacity of the genome [50,115,122]. The relationship between genome, transcriptome and
proteome is depicted in Figure 12. After the genome, mapping different proteomes is next
in turn [127].
PTMs modulate enzyme activity, protein turnover and localization, protein-protein
interactions, various signalling cascades, DNA repair, and cell division [122]. It is becoming
increasingly clear that PTMs are important in both health and disease. For instance, posttranslational glycosylation patterns are said to be an extremely sensitive indicator of
intracellular conditions, and the fields of glycoproteomics is emerging as an important
contributor in the search for biomarkers in different medical conditions [109]. The
glycosylation form of a protein can be altered significantly because of diseases such as
cancer, inflammatory conditions and neurodegenerative disorders [72,151,180]. For
example, the role of glycosylation on alpha-1-antitrypsin has recently been reviewed [151].
Hence, PTM-patterns are probably important when trying to identify the molecular
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“fingerprints” of different pain conditions. Other important forms of PTMs include
acetylation, deamidation, hydroxylation, nitration, palmitoylation, phosphorylation,
sulfation and ubiquitination [122,205]. Hence, looking only at total levels of a particular
protein is probably often too simplistic.

Figure 12 The DNA to RNA to protein complexity. Each gene can give rise to multiple
mRNA transcripts by e.g. alternative splicing. The number of protein variants is further
increased by post-translational modifications. Reproduced with permission from [110].
Two-dimensional gel-based proteomics is a well-known analytical method with high
resolution and good quantitative analysis capability; it is particularly suited for mapping
PTM patterns [193,194,205]. Two-dimensional maps of the proteome are generated by twodimensional gel electrophoresis, enabling the visualization and quantification of hundreds
of proteins, each protein appearing as a spot (see proteome map in Figure 11) [169,170].
The Spot Optical Density (SOD) is a surrogate measure for relative quantity. Selected
proteins are then excised and identified by mass spectrometry. The major limitations of twodimensional gel techniques have to do, on the one hand with the fact that only highly
abundant proteins are detected and, on the other hand with the fact that “extreme proteins”
(extremely basic or acidic, extremely small or big) fall outside the pI/Mw range of detection
(in this thesis 8-250 kDa for Mw and 3-10 for pI) [193,194].

3.7 Statistics
3.7.1 Traditional Statistics
In Paper I, McNemar’s test was used for comparing proportions, and Wilcoxon Signed
Rank Test was used to compare non-ITA opioid doses. The IBM Statistical Package for the
Social Sciences (SPSS, IBM Corporation, Somers, NY, USA) version 17.0 was used for all
analyses.
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In Paper II, we used IBM® SPSS® Statistics Version 21. Patients were descriptively
classified as responders or non-responders. Because of the complicated data structure
generated from the study algorithm (each patient receiving one, two or three bolus
injections), a summary measures approach was chosen for inferential statistics [150]. Hence,
for patients who were injected twice or thrice, mean values were calculated at each time
point for VASPI, pulse, blood pressure, PGIC and ziconotide dose, resulting in one set of
outcome data for each patient. Repeated Measures Analysis of Variance (RM-ANOVA) and
paired t-test were used to measure change over time. When the assumption of sphericity
was not met for RM-ANOVA (i.e. when Mauchly’s test ≤0.05), Greenhouse-Geisser was
chosen. Using a Bonferroni correction for post hoc analysis was judged to be far too
conservative (high risk of Type II error); least significance difference was chosen instead in
SPSS (equivalent to no correction). Moreover, Fisher’s exact test or Wilcoxon signed ranks
test were used when appropriate.
For traditional univariate statistics of Paper III, SPSS version 20.0 was used. For
comparisons between groups, we performed the Mann Whitney U test or, for categorical
data, the Chi-square test or Fisher’s exact test. Spearman’s non-parametric rank correlation
coefficient (rs) was used for correlation analysis.
For traditional univariate statistics of Paper IV, all computations were made using IBM®
SPSS® Statistics version 20. Mann-Whitney U test, Fisher's exact test, and Spearman’s rho
for correlation were used as appropriate. As many variables were analyzed, one should be
aware the problem of multiple testing, i.e. a high risk of Type I errors (false positives).
Changing the significance level, e.g. with a Bonferroni correction, was considered to be too
conservative in this exploratory study, because of the corresponding risk increase of Type
II errors (false negatives) [261].
For all papers, a p-value of ≤ 0.05 was accepted as significant.

3.7.2 Multivariate Data Analysis
Conceptual background
Each proteomic sample can generate the quantification of hundreds or even thousands of
potentially mutually interacting proteins. Traditional univariate statistical methods can
quantify level changes of individual substances but disregard interrelationships between
them and thereby ignore system-wide aspects. The development of Omics methods
(meaning large-scale characterization and quantification of pools of biological molecules)
has been paralleled by the development of statistical methods capable of handling such a
high number of inter-correlated variables in few individuals – i.e., Multivariate Data
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Analysis by projection (MVDA) [80,261]. For MVDA computations in this thesis project
(Paper III and IV), SIMCA (Umetrics AB, Umeå, Sweden) was used.
Conceptually, imagine a multidimensional space where each protein is a dimension (“k”
dimensions). Each subject (patient or control) will be a point in this k-dimensional space.
Due to a combination of technological development (rendering high “k”) and
practical/economic constraints (leading to a low number of subjects “n”), todays data tables
in the Omics field often have a low subjects-to-variables ratio (n<<<k). Classical regression
techniques like multiple linear regression (MLR) or logistic regression (LR), which were
developed in the early days of the 20th century, are not suited for such high-dimensional and
multi-collinear data. Hence, todays data table often break one of the underlying assumption
behind MLR and LR, namely that the predictor (X) variables are fairly independent. MLR
and LR also assume that a high subject-to-variables ratio is present (e.g., >5), and they have
difficulties coping with missing data. Due to the above-mentioned drawbacks of classical
regression techniques (with regression coefficients becoming unstable and their
interpretability breaking down), the modern MVDA method of Orthogonal Partial Least
Squares (OPLS) regression was used instead. OPLS can handle subject-to-variables ratios
< 1, and copes well with both multi-collinearity and missing data. OPLS is a recent, easierto-interpret modification of Partial Least Squares (PLS). In OPLS-Discriminant Analysis
(OPLS-DA), the outcome variable (Y) is nominal, e.g. patient or healthy control. The
MVDA workflow of Paper IV and the reporting of parameters necessary for evaluating
model quality were in accordance with the paper published by Wheelock & Wheelock [261].
Before all MVDA analyses, data were log-transformed when needed (using the SIMCA
function “auto transform selected variables as appropriate”) and scaling to unit variance was
applied [80,261,265].
Statistical workflow
First, the data was overviewed by unsupervised Principal Components Analysis (PCA),
which is the foundation of all latent variable projection methods (Paper III and IV). PCA
entails the definition of only a few latent variables that describe the underlying structure in
the data. The latent variables (called principal components, PC) are uncorrelated to each
other, and they summarize and simplify the data, separating information from noise and
enabling to find relevant patterns in the data. Optimal model dimensionality (i.e. number of
PCs) is determined by cross-validation, which is a practical and reliable way to test the
significance of a PCA model. This is default in SIMCA. Hence, PCA can be viewed as a
form of multivariate correlation analysis. PCA also enables the identification of outliers and
deviant subgroups. A PC relates to each original variable by a loading (p), which has a value
between -1 and +1. Variables with high loadings (ignoring the sign) are considered to be of
large or moderate importance for the PC under consideration. Variables that have high
loadings (with positive or negative sign) on the same PC are inter-correlated. Two plots are
generated from the PCA analysis: The score plot illustrates the relationships between the
39

CHAPTER 3. METHODS

subjects, using PCs as axes in a two- or three-dimensional coordinate system and
representing each subject by a dot. The complementary loading plot describes the
relationships between variables [80,261,265].
After data overview with PCA, OPLS-DA was used in Paper IV to regress (predict) group
membership, i.e. to find which variables were responsible for class discrimination (patient
or healthy control). Hence, the outcome variable (Y) was nominal (patient or healthy
control), whereas the predictor variables (Xs) where numerical (relative quantification of
each measured protein by SOD). In SIMCA, optimal model dimensionality (i.e. the number
of latent variables) is by default determined by cross-validation, which is a practical and
reliable way to test the significance of the model. The R2 value indicates how well the model
explains the dataset, and cross-validated Q2 is a measure of the predictive power of the
model. If R2 is substantially greater than Q2 (a difference >0.3 is mentioned in the literature
[80]), the robustness of the model is poor, implying overfitting [261]. Moreover, Analysis
of Variance of Cross-Validated predictive residuals (CV-ANOVA), which is a SIMCA
diagnostic tool for assessing model reliability, was also computed. CV-ANOVA measures
the significance of the observed group separation and provides a familiar p-value metric for
the model [261]. Group separation and dimensionality reduction are both metaphorically
conceptualized Figure 13.

Figure 13 Metaphorical representation of the principle of dimensionality reduction (in this
highly simplified case, from three to two dimensions) combined with group separation by
OPLS-DA. Reproduced with permission from Umetrics AB. The “angle” of the flashlight
is chosen to maximise group separation. In Paper IV, 260 dimensions are reduced to two
or three dimensions, as exemplified by Figure 15 and Figure 16.
The importance of the variables can be measured as a Variable Influence on Projection
(VIP) value. This indicates the relevance of each X-variable pooled over all dimensions and
Y-variables – the group of variables that best explain Y. Variables with VIP  1.0 and having
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a 95% confidence interval not including zero are usually considered significant, but in
Paper IV, VIP 1.5 was used for OPLS-DA. The direction of the relationship (positive or
negative) was determined by sign of the corresponding loading. In addition to OPLS-DA,
OPLS was also used in patients (n=11) with age as outcome (Y) variable, rendering an ageVIP. Age-VIP <1 or having a 95% confidence interval including zero was taken to indicate
a low risk of an association between protein and patient age. In Paper III, VIP-values were
generated using PLS [80,261,265].

3.8 Good Clinical Practice
Ziconotide (Prialt®) is approved for intrathecal continuous infusions, not intrathecal bolus
injections. Hence, the relevant authorities in Sweden considered that the standards of ICHGCP (International Conference of Harmonization – Good Clinical Practice) had to be
applied in Paper II. Accordingly, this EudraCT 2010-018920-21 study was conjointly
approved by the Swedish Medical Products Agency and the Regional Ethics Committee in
Linköping, Sweden. Study monitoring was effectuated by the Linköping Academic
Research Centre, based at University Hospital, Linköping, Sweden. The study protocol was
pre-published on-line on ClinicalTrials.gov (identifier NCT01373983), which is a registry
database of publicly and privately supported clinical studies for human subjects.
ClinicalTrials.gov is a service of the US National Institutes of Health.
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4.

Results
WHAT DOES THE WORKER GAIN FROM HIS TOIL?
ECCLESIASTES 3:9

Referring back to the specific aims described in Chapter 2, the main findings of Papers IIV will be summarized in the present chapter. Instead of merely transcribing all results
reported in the papers, I will focus on some of the main findings of Paper I-III and present
the results of Paper IV in more detail. For supplementary information, the reader is referred
to the Results section of Papers I-IV.

4.1 Movement-Evoked Pain despite Intrathecal Analgesia
The main results from Paper I are summarized in Table 1. For a quick overview, the reader
is also referred to the figures in the paper itself. In brief, we showed that movement-evoked
BTP remained a major clinical problem in patients with ITA throughout the study month:
44% still had severe MEPI after one week and 40% after a month.
Table 1 Spontaneous resting pain intensity (SRPI) and movement-evoked pain intensity
(MEPI) graded by a 0-10 numerical rating scale (NRS), and non-intrathecal analgesia (nonITA) opioid doses at the time of ITA start (T0), after one week (T1w), and after one month
(T1m). *Denotes statistical significance, P ≤ 0.05. Opioid doses are oral morphine
equivalents (mg/day).
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However, no patient had severe SRPI after one week compared to 31% before ITA, and the
proportion of patients with mild SRPI had increased from 27% to 76%. Meanwhile, the
median daily dose of non-ITA opioids decreased from 575 to 120 mg of oral morphine
equivalents. The positive effect on SRPI and on doses of non-ITA opioids remained
essentially unchanged during the study month.

4.2 Ziconotide Bolus Trialing Seems Feasible
4.2.1 Low Proportion of Responders
In Paper II, a total of 36 injections were given to 23 patients. The results, expressed as PPR
for each bolus injection, are summarized in Figure 14 and in the figures of appended Paper
II. We found a low proportion of responders (13%). However 30% of patients experienced
≥30% pain reduction on a least one injection, yielding a number needed to treat of ~3 for
clinically significant pain relief. Pain intensity changed significantly over time (0-6 h)
(p=0.047) after a mean ziconotide dose of 2.75 µg. Pairwise post hoc analysis showed that
the only time point at which pain intensity significantly differed from any other time point
was the pre-injection VASPI-now; it differed significantly from time points 1h, 2h, 4h and
5h. Moreover, VASPI-mean was significantly lower than pre-injection VASPI-now
(p=0.019). However, pre-injection VASPI-24h did not differ significantly from postinjection VASPI-24h (p=0.078). The PGIC mode was “no change”, both after 6 and 24
hours.

4.2.2 Adverse Events
Fifteen out of 23 patients experienced a total number of 33 AEs on 18 occasions. No SAE
occurred. AEs occurring more than once were, in falling order of frequency: dizziness (9);
tiredness (6); headache (5 – none of them being a classical post dural puncture headache);
nausea and/or vomiting (3); itch (2). All AEs were consistent with the SPC, and all resolved.
Seventeen out of 33 AEs were mild, 16 were moderate, and none was severe. The relation
to the ziconotide bolus was rated as probable in 24 cases; possible in 7; unlikely in 2; not
assessable in one. When the relation to ziconotide was assessed to be probable or possible,
the number of days to AE stop date was 1 (0-6) day (median, range).
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Figure 14 Percentage Pain Reduction of each bolus injection. Each dot represents one
injection of ziconotide, and the dotted line represents 30% pain reduction. Negative values
are depicted as zero. The first injection dose of ziconotide was always 2.5µg. The second
and third injection doses varied according to the study algorithm (1.25, 2.5, or 3.75 µg).
Only one patient completed three injections. Arrows indicate how patients experiencing
more than 30% pain reduction on at least one occasion and receiving more than one injection
progressed in the study.

4.3 Low CSF Beta-Endorphins in Neuropathic Pain
In Paper III, we found low levels of BE in the CSF of neuropathic pain patients (66±11
pcg/ml) compared to healthy controls (115±14 pcg/ml) (p=0.017). SP levels in the CSF did
not differ (20±2 pcg/ml, 26±2, p=0.08). However, MVDA showed that belonging to the
patient group was associated with low levels of both substances in the CSF. A higher
correlation between the levels of BE and SP in CSF was found in healthy controls than in
patients (rs=0.725, p<0.001 vs rs=0.574, p=0.032). For a quick overview, the reader is
referred to the figures and tables of appended Paper III.
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4.4 A Neuropathic Pain Proteomic Fingerprint?
4.4.1 Data Overview and Quality Control
Initially (data not presented in Paper IV), our data consisted of 28 individuals. The data
table was overviewed and quality-controlled by unsupervised PCA. The PCA model (3 PCs,
R2=0.39, Q2=0.14) revealed a cluster of sex deviant individuals (Figure 15). Retrospective
checking confirmed that these six individuals had indeed been analysed together, and that
the gel separation process of this group had been biased with an abnormally long duration
(six hours vs usually four hours). These six individuals were therefore excluded from further
analysis.

Figure 15 Three-dimensional score plot of initial PCA overview of proteomic data (n=28).
Each dot represents an individual (patient or healthy control). The three dimensions of the
plot (t[1], t[2], t[3]) correspond to the three principal components of the model. On the righthand side, a cluster of six individuals can be identified. These six individuals were excluded
from further analysis, see text.
In the remaining 22 individuals, a new PCA model was computed (2 PCs, R2=0.29,
Q2=0.06) to check for multivariate outliers. No strong outlier was found by Hotelling´s T2
(T2 Crit 99%). Distance to model in X-space (DModX) identified two non-serious borderline
moderate outliers, which hence were not excluded from further analysis) to check for
46

CHAPTER 4. RESULTS

multivariate outliers. Thus, the results of Paper IV are based on 22 individuals: 11 patients
and 11 healthy controls. Details about patients and healthy controls are given in appended
Paper IV.

4.4.2 Regression of Class Discriminating Proteins
In order to identify proteins discriminating between patients and healthy controls, an OPLSDA regression model with three latent variables (one predictive inter-class and two
orthogonal intra-class) was computed. The model had an excellent fit (R2=0.99) and a good
predictivity (Q2=0.70). Hence, clear class separation was achieved (as illustrated in Figure
16) and, using CV-ANOVA, the model was shown to be highly significant (p=0.005).

Figure 16 Three-dimensional score plot of group membership OPLS-DA. Class separation
between patients (n=11, green dots (1) on the right-hand side of the plot) and healthy
controls (n=11, blue dots (2) on the left-hand side of the plot) occurs along the t[1] axis
(inter-class variation), whereas the other two axes (to[1] and to[2]) represent intra-class
variation.
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VIP computations led to the identification of 36 proteins highly associated with class
discrimination (VIP≥1.5), i.e. discriminating between patients and healthy controls. Due to
the possible confounding effect of age, a three latent variables OPLS regression model was
computed for patients (n=11), with age as outcome (Y) variable (R2=0.99 and Q2=0.78).
Out of 36 class discriminating proteins, four were excluded due to a possible confounding
effect of age (haptoglobin alpha chain, Ig gamma-1, plasminogen isoform, and unknown
protein). Hence, 32 proteins were finally selected as being potential biomarkers. The
proteins are listed in a table in appended Paper IV.

4.4.3 The Seven Most Discriminating Proteins
The OPLS-DA analysis showed that 7 protein spots had VIP≥2 and no missing values. The
7 proteins were (in falling order according to VIP): one isoform of angiotensinogen, two
isoforms of alpha-1-antitrypsin, three isoforms of haptoglobin, and one isoform of pigment
epithelium-derived factor (PEDF) (Figure 17).
Angiotensinogen (spot 3409): The isoform spot 3409 of angiotensinogen was significantly
up-regulated in patients, and had the highest discriminatory power between patients and
healthy controls. In total, five angiotensinogen isoforms were identified, and total
angiotensinogen (ie, the sum of the five isoforms) did not differ between groups (p=0.533).
Isoform spot 3409 represented 46% (median value) of total angiotensinogen in patients,
compared to 12% in controls (p=0.001), indicating a shift in the balance between
angiotensinogen isoforms.
To investigate a possible confounding effect of hypertension, a new OPLS-DA was
computed after exclusion of the three patients having a hypertension diagnosis. Even then,
angiotensinogen isoform spot 3409 had the highest VIP of all, and it was of the same
magnitude (VIP=2.6). Moreover, with hypertension patients excluded, a significant group
difference still existed according to traditional statistics (p=0.002).
To investigate a possible confounding effect of opioid medication, a new OPLS-DA was
computed after exclusion of patients taking opioids. Even then, angiotensinogen isoform
spot 3409 had the highest VIP of all (VIP=2.97). Moreover, with patients on opioids
excluded, both groups still differed by traditional statistics (p<0.001). No correlation
between age and spot 3409 was found in patients (n=11, Spearman’s rho=0.05, p=0.884).
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Figure 17 Spot optical densities in parts per million (ppm) for the seven most discriminating
protein spots (on each panel, patients are on the left side and healthy controls on the right
side). Median values are represented by horizontal lines and the interquartile ranges by
boxes. In the absence of points (representing outliers) and asterisks (representing extremes),
the ends of the whiskers represent minimum and maximum values. P-values refer to group
differences (patients vs. controls). a) Angiotensinogen isoform, spot 3409, p<0.001; b)
alpha-1-antitrypsin isoform, spot 5106, p=0.001; c) alpha-1-antitrypsin isoform, spot 1505,
p=0.002; d) haptoglobin isoform, spot 1211, p=0.008; e) haptoglobin isoform, spot 1203,
p=0.013; f) haptoglobin isoform, spot 2205, p=0.013; g) pigment epithelium-derived factor
(PEDF) isoform, spot 3308, p=0.013.

Alpha-1-antitrypsin (spots 5106 and 1505): Two out of 20 identified isoforms of this protein
had VIP≥2, and these two were down-regulated in patients. According to the location on the
gels, five subgroups of alpha-1-antitrypsin were identified. Spot 1505 belonged to a
subgroup of four isoforms, and it represented 10% (median value) of these four isoforms in
patients, compared to 55% in controls (p<0.001). Total alpha-1-antitrypsin of this subgroup
did no differ between patients and healthy controls (p=0.2). Spot 5106, probably a
degradation fragment, did not belong to any subgroup.
Haptoglobin (spots 1211, 1203, 2205): Three out of five identified isoforms of haptoglobin
had VIP≥2, and they were up-regulated in patients. These three isoforms together
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represented 68% (median value) of total haptoglobin in patients, compared to 48% in
controls (p=0.019). Total haptoglobin differed between patients and healthy controls
(p=0.006).
PEDF (spot 3308): One out of five identified isoforms of this protein had VIP≥2; spot 3308
was down-regulated in patients. Spot 3308 represented 31% (median value) of total PEDF
in patients, compared to 35% in controls (p=0.053). Total PEDF did not differ between
patients and healthy controls (p=0.309).

4.4.4 Final Statistical Model Based on the Seven Proteins
A final OPLS-DA model was computed on the above-mentioned seven proteins. The model
had one intra-class latent variable, had a god fit (R2=0.83) and a high predictivity (Q2=0.78).
Hence, clear class separation was achieved with these seven variables, and the model was
shown to be highly significant by CV-ANOVA (p<0.001).
A typical two-dimensional gel highlighting these seven proteins is shown in Figure 18.

4.4.5 Pain Networks Interaction Analysis
In order to analyse our results from a systems biology perspective, the names of the four
genes coding for the above mentioned seven proteins were retrieved from www.uniprot.org
and entered into an online human Pain Networks search [7,184]. Using “AGT SERPINA1
HP SERPINF1” as entry for query genes and using the “physical” filtering option (i.e., only
including interactions with evidence of the proteins physically touching), an interaction map
was generated (Figure 19). The map features two known pain-related genes (highlighted in
grey): 1) MME codes for neprilysin, which is important for the destruction of opioid
peptides [190], and MME interacts with AGT (codes for angiotensinogen); 2) APOE codes
for apolipoprotein E, an isoform of which (spot 3107) has VIP=1.53 (see protein table in
appended Paper IV) and interacts with haptoglobin.
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Figure 18 Typical two-dimensional gel electrophoresis map. The seven protein spots having
the highest discriminatory power between patients and healthy controls have been encircled
and annotated: spot 3409 is an isoform of angiotensinogen; 5106 and 1505 are isoforms of
alpha-1-antitrypsin; 1203, 1211 and 2205 are isoforms of haptoglobin; 3308 is an isoform
of pigment epithelium-derived factor.
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Figure 19 Interaction map for the four genes coding for the seven proteins having the
highest discriminatory power between patients and healthy controls. AGT codes for
angiotensinogen, HP for haptoglobin, SERPINA1 for alpha-1-antitrypsin, and SERPINF1
for pigment epithelium-derived factor. The on-line tool Pain Networks was used, accessed
June 9, 2015, and the “physical” filtering option was chosen, i.e. the map displays only
interactions with evidence of the proteins physically touching. Known pain-related genes
are highlighted in grey (see text).
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5
Discussion
WHAT IS TWISTED CANNOT BE STRAIGHTENED.
ECCLESIASTES 1:15

As stated in Chapter 2, the overall aim of the thesis was to conduct translational pain
research at the interface between clinical pain medicine and the growing field of human
proteomics. Bridging the gap between basic and clinical research is generally acknowledged
to be an important task for contemporary researchers [125,147]. As illustrated in Figure 20,
the number of PubMed articles related to the world “translational” has increased
dramatically during the past two decades.
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Figure 20 Number of PubMed counts per year using the search strategy "translational
research" [Title/Abstract] OR "translational medicine" [Title/Abstract] OR "translational
medical research" [Title/Abstract]).
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Translational pain research is all the more important because of the therapeutic
shortcomings of pain medicine. The present dissertation illustrates two domains of unmet
medical needs: the treatment of cancer BTP and the treatment of neuropathic pain.

5.1 Improving the Treatment of Cancer Breakthrough Pain
Paper I, which discusses the issue of cancer BTP in the ITA setting, was published four
years ago. Recent developments in the field of cancer BTP have been reviewed by Davies
in 2014 [63]. Depending on the subgroup of cancer patients studied, the prevalence of BTP
was ~ 40-80%, excluding “end-of-dose failure” as this (according do Davies) “is no longer
considered a subtype of breakthrough pain” [63]. The cornerstone of cancer BTP treatment
remains rescue medication with short-acting opioids. Traditionally, oral short-acting opioids
are used, but their pharmacodynamic and pharmacokinetic profiles match the temporal
characteristics of cancer BTP very poorly; modern transmucosal opioids provide quicker
analgesia than oral opioids [63]. In what is claimed to be the hitherto largest study of the
clinical features of cancer BTP, almost one out of four patients “had found nothing that
relieved their breakthrough pain” [63]. Hence, cancer BTP remains a significant unmet
medical need.
Concerning cancer BTP and ITA, Brogan et al very recently published a prospective case
series of implanted pumps with patients having the possibility of administrating bolus doses
via a remote-control device [34]. They concluded that such patient-controlled ITA provided
superior analgesia and a 3-fold faster onset of action compared with conventional BTP
regimens. However, it is important to stress that this was not a controlled study, and it is
difficult to disentangle the effect of the newly started ITA-infusion per se from the effect of
ITA bolus doses. Moreover, 35% of patients still reported a “worst pain” intensity of ≥7 on
NRS, which is similar to the 40% found to have MEPI≥7 in Paper I. Despite these caveats,
the Brogan study is an important contribution to the on-going discussion concerning how to
treat cancer BTP.
A major drawback of the WHO analgesic ladder is that it is not mechanism-based. The same
is true about a lot of research concerning the management of cancer BTP; often, such
research projects focus on e.g. improving the dynamics and kinetics of opioids (e.g.,
transmucosal opioids), or on interventional techniques (sometimes called “the fourth step”
of the WHO ladder) [46,63]. That an interventional technique like ITA is not a guarantee
for adequate BTP control was amply demonstrated in Paper I. Arguably, in addition to
improving currently available treatment options, a very important area of research ought to
be investigations into the pathophysiological mechanisms of cancer BTP in humans.
In Paper I, it was reported that almost all patients with severe MEPI despite ITA had breast
or lung cancer. As these two cancer types are among the cancers most frequently giving rise
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to bone metastases [121], and as bone metastases are acknowledged to be an important cause
of cancer BTP, research into the mechanisms of metastatic bone pain due to breast cancer
and lung cancer seems to be an important area for future studies [119]. This would entail
biomarker studies in human, in analogy with the biomarker studies for neuropathic pain
described in Papers III and IV. Ideally, instead of treating BTP when it arises, one can
conceptually imagine disease-modifying drugs acting on nociception-related processes in
bone metastases (see below), perhaps combining a halting/cure of the metastatic disease
itself with mechanism-based pain relief.
There are, however, theoretical difficulties in the vision described in the paragraph above.
For instance, compared to research on non-cancer neuropathic pain conditions, biomarker
studies on cancer-related pain are arguably more complicated. This is due to the fact that,
in chronic non-cancer pain, the pain is itself often the disease, whereas in cancer-related
pain there is a conceptually blurred boundary between, on the one hand, biomarkers for the
presence of the cancer itself and, on the other hand, biomarkers related to the pain caused
by the cancer. These difficulties notwithstanding, the vision of being able to treat bone
cancer pain with mechanism-specific drugs is appealing. This is a huge unmet medical need,
as cancer-induced bone pain is acknowledged to be one of the most difficult pain conditions
to treat, and as current improvements in cancer treatments mean that many patients live with
metastatic cancer for years [121]. The fact that bisphosphonates, who are osteoclast
inhibitors, can be used to treat cancer bone pain (especially in metastatic breast cancer)
shows that mechanism-specific analgesia is conceptually possible [121]. Potential future
targets have recently been reviewed [270] and include, among many others, NGF and
receptor activator of nuclear factor kappa-B ligand (RANKL) [270]. The novel RANKLinhibitor denosumab is interesting in this respect [121,270].

5.2 Improving the Use of Ziconotide
As was shown in Paper I, ITA is a method that needs to be developed further. As described
in section 1.5.3, a major development in the field of ITA in recent years has been the advent
of ziconotide. Paper II aimed at evaluating the feasibility of trialing this analgesic by high
dose bolus injections. Many patients were non-responders, and this raises questions about
the trialing method itself (given the slow tissue penetrance profile of the drug – see
discussion in appended Paper II), but also, more fundamentally, about the mechanisms of
neuropathic pain in this cohort of patients.
Ziconotide is a blocker of N-type voltage-gated calcium channels, and a schematic
representation of the putative structure of the channel is shown in Figure 21. These channels
seem to be up-regulated in neuropathic pain, at least in animal models [47]. But is this true
in humans? And in this particular neuropathic pain condition? Indeed, although our cohort
of patients is rather homogenous (e.g., compared to the Mohammed study [161]), it may
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very well be that there might be different degrees of up-regulation of voltage-gated calcium
channels in different subgroups. We simply don’t know. This is an important reminder of
the importance of research into the mechanisms of different pain conditions. One should not
assume that blocking the calcium channel is the right thing to do in each and every one of
these patients. Once again, this highlights the importance of biomarkers studies – i.e., what
if in the future it was possible to prescribe analgesics based on a precise understanding of
the pathophysiological pain type of the individual patient? As of today, this kind of “tailormade prescription” might seem more like science fiction than science, but it is arguably an
appealing vision for pain medicine.

Figure 21 Schematic representation of the putative structure of the voltage-gated N-type
calcium channel. Reproduced from [152] with permission.
Speaking of pain mechanisms and the balance between analgesia and side-effects (a balance
illustrated by the narrow pharmacological window of ziconotide), it might be argued that an
ideal analgesic ought to have a multi-facetted mechanism of action (as opposed to a single
effect). One modern example of such a drug is tapentadol (Palexia®), which is a molecule
with a dual mechanism of action (it acts both as an opioid agonist and as a norepinephrine
reuptake inhibitor). Conceptually, this may increase the tolerability of the drug (provided
the targets are reasonably nociception-specific).
Hence, improving the use of ziconotide (or of any other analgesic) entails improving our
understanding of different pain mechanisms. Human biomarker studies are crucial in this
respect. Papers III and IV pertain to such a search for human biomarkers in pain conditions.
First, two classical potential markers (SP and BE) were revisited (Paper III). We now
therefore turn to a discussion of Paper III, which actualizes the importance of endogenous
pain modulation systems.
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5.3 Improving the Understanding of Top-Down Control
Even though BE is an “old” biomarker candidate, recent developments in the understanding
of brain neurophysiology imply that there is a possible link between release of BE in the
CSF and the PAG-RVM system, and this for obvious neuroanatomical reasons: BE released
in the ventricles soon reaches the PAG [259]. As described in section 1.3.3, endogenous
pain modulation (“top-down control”, of which the PAG-RVM system is a part) is a very
important area of research. The nociceptive system is not only about “bottom-up” factors;
“top-down” control is also of paramount importance. Therefore, investigations into the
mechanisms of chronic pain entail studying endogenous pain modulation. Three particular
points are important in relation to top-down control when interpreting and placing the results
of Paper III in a larger context: 1) the distinction between psychophysical tests and
biomarkers; 2) the issue of confounding factors; 3) the temporal variation of CSF-BE during
the course of the development of peripheral neuropathic pain (a “chicken and egg”
problem). These three topics will now be discussed.

5.3.1 Psychophysical Tests vs Biomarkers
The most common way of investigating endogenous pain modulation is by studying the
DNIC system by performing CPM experiments. CPM has been called an “advanced
psychophysical” method [192]. Generally speaking, psychophysics entails asking
individuals to make quantitative reports about their perception of a stimulus while
systematically varying the properties of the stimulus [200]. As a psychophysical test, CPM
is therefore influenced both by physiology and psychology. This is both the strength of the
method (it is anti-dualistic and looks at the psychophysical “whole”) and its limitation (it
may be difficult or perhaps even impossible to disentangle the importance of the different
components). For instance, the possible influence of distraction, expectation, suggestion,
and placebo on CPM results have been discussed [272]. Even so, it has been convincingly
argued that psychophysical studies will remain an important tool in human neuroscience
[200].
Psychophysical tests like CPM are sometimes described as being biomarkers [10], but as a
biomarker by definition is a biological marker, the extension of the concept to
psychophysical tests may not be entirely appropriate. It is perhaps better to view biomarkers
and psychophysical tests as two different ways of studying the complex phenomenon of
pain. Viewed from that perspective, the findings of Paper III are an important complement
to the numerous studies of CPM available in the literature. As is stated in the paper, we
speculate that low CSF-BE might indicate (i.e., be a biomarker of) defective top-down
modulation in patients compared to healthy controls. CSF-BE might perhaps be considered
a candidate biomarker for defective top-down modulation of this particular type of
neuropathic pain, and might therefore perhaps in the future be part of a panel of proteins
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used in clinical pain medicine. All in all, the present state of play concerning CSF-BE is
characterized by a significant level of doubt, as the findings of Paper III might conceivably
be due to a number of confounding factors.

5.3.2 Possible Confounding Factors
Age, comorbidities, concomitant analgesics, and circadian variations are four important
potential confounding factors in Paper III.
Age
In Paper III patients were much olders than controls, and one study in 20 healthy
individuals has described that CSF-BE decreases with age [81]. However, other studies of
adults have failed to confirm this age-effect on CSF-BE [4,8,167]. All in all, the balance of
evidence does not favour a simple confounding effect of age on CSF-BE. However, this has
to be confirmed in an aged-matched study.
Comorbidities
The possibility of concomitant diseases acting as confounding factors must be
acknowledged, i.e. the difference between patients and controls would be attributable to the
comorbidities of the patients group. This hypothesis can be scrutinized by post-hoc
subgrouping the pain patients into two groups: patients with comorbidities and patients
without comorbidities (see Table 2 in appended Paper II for a list of comorbidities). A
graphic depiction of these two subgroups of patients compared to healthy controls is shown
in Figure 22.
The difference between the two patients subgroups is not statistically significant (the sample
sizes of the subgroups are very small), but descriptively pain patients without comorbidities
seem to have lower CSF-BE levels than pain patients with comorbidities. Hence, there is no
outright evidence for a confounding effect of comorbidities, although this of course remains
a possibility.
Concomitant analgesics
As described in appended Paper III, no relationship was found between concomitant
analgesics and CSF-BE in the patients group. As BE is an endogenous opioid, the
relationship to opioid treatment is of particular interest. Descriptively, subgrouping patients
according to the presence or absence of opioid treatment and depicting the results in a
similar manner to that shown in Figure 22 does not reveal any trend of differences between
patients on opioids and patients not on opioids (data not shown). Interestingly, CSF-BE
levels in patients taking the opioid methadone have been shown to be higher than in controls
[131]. Hence, we concluded that there is no outright evidence for a confounding effect of
opioids.
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Figure 22 Levels of Beta-endorphin (pcg/mL) in the cerebrospinal fluid (CSF) with
subgrouping of patients according to the presence or absence of co-morbidities. The three
boxes represent healthy controls (n=19), neuropathic pain patients with concomitant
disease(s) (n=8), and neuropathic pain patients without concomitant disease(s) (n=6). NeuP
= Neuropathic pain patients. Conc.= Concomitant.
Circadian variations
An important consideration not discussed in Paper III is the issue of circadian variations in
CSF-BE levels. According to the literature, CSF-BE levels are highest early in the morning,
between 6 and 9 a.m. [13,103]. In the present thesis, all lumbar puncture on patients were
done between 8 and 9 a.m., whereas the timing of lumbar puncture in healthy controls
ranged from early morning to very early afternoon. Hence, the finding of low levels of CSFBE in patients is all the more interesting, as the CSF of patients was collected during the
period of peak CSF-BE levels. If the CSF of healthy controls had been collected between 8
and 9 a.m., the difference between the two groups might possibly have been even greater.
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5.3.3 The Temporal Variation of CSF-BE
If it were to turn out that the findings of Paper III do indeed point to a defective pain
modulation system in this group of patients, there would still be a plethora of unanswered
questions. Importantly, there is an important and ongoing “chicken and egg” discussion
concerning CPM [272], and this discussion also applies to the findings of Paper III,
namely: Is defective endogenous pain modulation a risk factor for the development of
pathological pain (I call this the vulnerability hypothesis), or is it a consequence of the
pathological pain state (the consequence hypothesis)? In other words: What is the temporal
variation of CSF-BE during the course of the development of peripheral neuropathic pain?
In a recent review not restricted to neuropathic pain, Yarnitsky favours the vulnerability
hypothesis (which seems to have some empirical support) but also states that these findings
do not rule out the possibility that CPM itself can change during, and possibly due to, the
presence of chronic pain [272]. Indeed, this may not be an either-or issue. It is conceivable
that both hypotheses are true, perhaps to different degrees in different pain conditions. For
example, in patients with painful osteoarthritis, Kosek & Ordeberg found evidence of the
DNIC dysfunction being maintained by chronic nociceptive pain [130], favouring the
consequence hypothesis in that cohort of patients. Interestingly, Leong and co-worker
showed that peripheral nerve injury in rats induced death of anti-nociceptive RVM neurons
[136], also favouring the consequence hypothesis in neuropathic pain (albeit in an animal
model).
Going back to the vulnerability hypothesis, it is interesting to ponder whether this putative
vulnerability might be mediated purely by “lower” brainstem processes, or if it might (at
least in part) be mediated by top-down influence from higher brain centres. Is there perhaps
a causal association between anxiety/catastrophizing (a well-known risk factor for chronic
postoperative pain [124,249]) and defective top-down modulation of pain?
Concerning CSF-BE, longitudinal studies before and after an invasive intervention have
yielded inconclusive results, and/or results that are difficult to interpret due to the nature of
the intervention [87,238]. In one of these studies [87], mean CSF-BE decreased by 56% in
9 patients 12-17 days after successful treatment with Dorsal Root Entry Zone Lesions.
However, there was no control group at baseline, and the neuro-destructive nature of the
intervention makes interpretation difficult. Hence, longitudinal studies are warranted in
order to better understand the temporal variations (if any) of CSF-BE during the course of
the development of peripheral neuropathic pain. The same is true concerning CSF-SP,
which although being mainly a “negative” finding in this cohort of patients should not be
ruled out as a potential biomarker in pain medicine (see below section 5.4.2), not least when
taking the temporal dimension into account (the findings of the present thesis pertain to
established chronic neuropathic pain, not to the development of chronic pain). It also has to
be remembered that high levels of CSF-SP have been found in patients with fibromyalgia
[208,245].
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5.4 Improving the Chances of Finding Biomarkers
5.4.1 Animal Models vs Research on Humans
As should be clear by now, I contend that research into pain mechanisms is essential and
that biomarker studies are central to this endeavour. I have elsewhere in a concept paper
discussed the need for mechanism-based pain diagnoses [10]. The reader is also referred to
section 1.4.1 in the present thesis for a review of the rationale for biomarker research. Most
importantly, the significance of studying pain mechanisms in humans must be underlined.
Although animal models are essential, there will always be a translational gap between
animals and humans, especially concerning such a multi-facetted phenomenon as pain. This
is far from trivial [147]. The failure of SP antagonists to translate from animal models to
humans is an important example of this [139]. It is also of interest to underline that findings
in humans might be reverse-translated to animals for refined experiments and controlled
studies. Hence, there should be a back-and-forth movement between human and animal
models, the one illuminating the other.

5.4.2 Candidate Proteins vs Proteomics
Biomarker studies in pain conditions usually follow a candidate protein approach: based on
e.g. animal data, a small number of candidate proteins are hypothesized to be up- or downregulated in humans, and a hypothesis-testing study is then conducted. Biomarker CSF
candidates in earlier studies have included Cystatin C [75,146], nociceptin [35,195], and
different neurotrophins [40,143]. SP and BE are also classical candidates, and on the basis
of Paper III and other studies [3,4,138,208,238,244,245], one might perhaps hypothesize
that peripheral neuropathic pain and fibromyalgia are characterized by different combined
patterns of CSF-BE and CSF-SP: the former would be associated with a tendency to low
CSF-BE and normal/low CSF-SP, whereas the latter would be associated with a tendency
to normal CSF-BE and high CSF-SP. Hence, CSF-BE and CSF-SP may perhaps in the
future be part of a panel of proteins used to discriminate between different pain conditions.
However, given the complexity of the processes involved, with multiple protein systems
interacting in manifold ways, an alternative research strategy to the “candidate protein
approach” is to explore the entire protein content (i.e., the proteome) of the CSF without
any prior assumptions of biological relevance. Recent technological advances have made
such high-throughput, hypothesis-generating studies feasible, and broad hypothesisgenerating studies are nowadays seen as an important complement to classical hypothesistesting research [19]. This kind of broad research has sometimes pejoratively been referred
to as data fishing or data dredging [112,222]. If high-throughput studies are done without
discernment or pathophysiological thought, they surely deserve such pejorative
appellations. But used wisely, I contend that there is indeed a place for hypothesis61
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generating research. In fact, making an absolute dichotomy between hypothesis-testing and
hypothesis-generating research might perhaps be too simplistic. The difference between the
former and the latter might be viewed not as the presence or absence of a hypothesis, but in
how precise the hypothesis is. It is a matter of degree, not an either-or. For instance,
underlying Paper IV is a broad hypothesis, namely that the CSF can be used to “mirror”
the pathophysiological changes in the spinal cord. Admittedly, this is a very imprecise
hypothesis that is difficult to falsify, and one should be aware of the associated risks of
multiple testing and false positive results. But if the preliminary nature of such studies is
underlined (and using the label “hypothesis-generating” is very helpful in this regard), it
does not seem sensible to dogmatically disparage such efforts outright. I think that Paper
IV illustrates the potential fruitfullness of this approach, especially when combined with
MVDA methods. Indeed, the power of MVDA is illustrated by the fact that we
rectrospectively were able to identify a methodological bias (see section 4.4.1). PCA is
suited for this kind of control of the quality and homogeneity of the dataset (through
identification of outliers and unexpected strong subgroups) [261].

5.4.3 Age- and Sex-Matched Controls
Improving the chances of finding biomarkers entails considering sampling issues carefully.
A major limitation of Paper IV is that it is not an age-matched study. It is generally
acknowledged that there is an increase in CSF protein concentrations with age (especially
for plasma-derived proteins), and this is interpreted to be due to either a decline of the
integrity of the blood-brain barrier or to a decreased CSF turnover [45]. However, it is very
important to remember that this study quantifies protein levels in a relative (not absolute)
manner, the same amount of protein being used for each gel. Moreover, in a study by Zhang
et al, less than 10% out of more than 300 identified CSF proteins were more than 20% upor down-regulated in older individuals (66-85 years) compared to younger (22-36 years)
[275]. Hence, we do not think our results can be dismissed outright as a confounding effect
of age, although this of course remains as a possibility. When planning future similar
studies, age- and sex-matching patients and controls will be important.
While we do not claim that it is possible to statistically adjust for the potential confounding
effect of age (in the sense of classical linear regression), MVDA still entails some
possibilities to take age into account and mitigate its effect. In addition to a model based on
group as outcome variable (patient or control), a model with age as outcome variable was
constructed for patients, leading to the exclusion of four age-related proteins. A graphical
representation of this combination of two models can be obtained by constructing a Shared
and Unique Structures plot (SUS-plot) in SIMCA, plotting the predictive loadings of each
model against each other, as shown in Figure 23.
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Figure 23 Shared and Unique Structures plot (SUS-plot) with contribution of proteins for
group membership (patients vs controls) on the x-axis, and contribution of proteins for
prediction of patient age on the y-axis. Each dot represents a protein. Proteins with a high
absolute value on the x-axis are important for class discrimination, and proteins that are ageindependent are close to zero on the y-axis. For further explanation, e.g. concerning the red
arrow, see text.
How is the SUS-plot to be interpreted? The p(corr) is a loading scaled as a correlation
coefficient (ranging from – 1.0 to 1.0) between the model and original data [261]; the
loading has been re-expressed as a correlation coefficient between the variable itself and t1
(t1 being the score of the predictive component) [80]. Proteins having high absolute p(corr)
(often defined as |p(corr)| ≥ 0.5 ) for group membership (x-axis) and at the same time having
a p(corr) for age near zero (y-axis) predict group membership in an age-independent
manner. As can be seen on the plot, few proteins have high absolute p(corr) on both axes,
i.e. few of the proteins that discriminate between groups are at the same time correlated with
patient age. Protein 8411 (red arrow) is one example of a protein with high absolute values
on both axes, i.e. age is a possible confounding factor for that protein.

5.4.4 Other Sampling Issues
Looking more broadly on sampling issues, the risk of a selection bias due to nonprobability
sampling must be taken into account. Nonprobability sampling means that the selection
process is not completely random. Concerning the patients, the consecutive sampling
process ensured that only patients with severe neuropathic pain were selected. But of course
not all patients were included, due to inclusion and exclusion criteria (see Figure 1 in
appended Paper II). Both neurobiological and psychological confounders could therefore
be involved. Concerning the healthy controls, the convenience sampling we used was not
random, but this is arguably rather unproblematic. It seems reasonable to assume that our
healthy controls have the potential of being representative of the healthy general population,
although of course the small number of individuals is problematic in itself. Another
sampling issue relates to the fact that, for reasons of convenience, the position of the
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patient/healthy control during lumbar puncture (sitting or recumbent) was not standardized.
Although a confounding effect seems unlikely, routinely placing individuals in a
standardized position is advisable in future similar studies. (However, from a pragmatic
point of view, a CSF biomarker that would be strongly position-dependent would be far
from ideal.)

5.4.5 Reliability Issues
We now turn to measurement issues, and begin with reliability. Handling of the CSF is an
important matter, and the procedure described in section 3.3.1 probably ensures that
biochemical stability is not a problem. Two-dimensional gel-based proteomics is a wellknown analytical method which is considered to have high resolution and good quantitative
analysis capability [193,194], but due to the complex multistep nature of the experimental
procedure, reproducibility is still a challenge. A median coefficient of variation of
approximately 20% has been reported in a multi laboratory study on its feasibility [16].
Continuously improving the reliability of analytical methods is of course very important in
order to improve the chances to find valid biomarkers. It is also important to use MVDA as
quality control, see section 4.4.1.

5.4.6 Validity Issues
In measurement theory, validity is “the degree to which an instrument measures what it is
supposed to measure” [188]. This is related to interpretation: one cannot assume a priori
that findings measure what they are intended to measure. At least the following four
interpretational issues are important to keep in mind.
First, it is not certain that the CSF is a good enough “mirror” for the pathophysiological
processes we intend to study. Maybe the “protein leak” into the CSF is too small to be
detectable in any meaningful way (as opposed to e.g. the massive effects of Alzheimer’s
disease on the brain)? Second, it is not certain that our findings are specific for activity in
the nociceptive system. There are other co-morbidities or processes that could be mirrored
in the CSF, e.g., psychological co-morbidities or pharmacological effects of analgesics and
other drugs. This is a very important interpretational point to be aware of. Third, it is not
certain that our findings are specific for the spinal cord; supraspinal processes could be
involved (see Paper III) and, notwithstanding the blood-brain barrier, systemic changes
could perhaps be observed in the CSF.
Finally, blood contamination of the CSF is worth discussing, as this is an important potential
confounder [273]. Even minor contamination may dramatically alter the protein profile of
the CSF. To minimize this risk, the first millilitre of CSF was not analysed and the samples
were ocularly scrutinized for blood contamination (both before and after centrifugation).
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Improving the reliability of CSF markers in this respect could entail using ”blood
contamination markers” [273]. However, this was not done in this study. Two additional
factors concur with blood contamination not being an issue in this study. First, if a sample
is contaminated by blood, haemoglobin spots are usually visible on the basic 15 kDa area
of the gel; no such contamination was observed. Second, it is probable that blood
contamination of a CSF sample would lead to that individual being an outlier in
unsupervised PCA (see section 4.4.1); hence, MVDA has a role to play not only concerning
the discrimination of patients and healthy controls, but also (on a more fundamental level)
in quality control and data validity.
The points mentioned above are about internal validity. External validity, on the other hand,
has to do with questions of generalizability, which in turn are intrinsically linked to the
sampling issues discussed in 5.4.3 and 5.4.4.

5.4.7 Avoiding Statistical Overfitting
When using MVDA to build statistical models, it is important to avoid overfitting. This
relates to the number of latent variables in the model. Increasing the number of latent
variables will increase the goodness of fit (R2) and, with sufficiently many latent variables,
R2 will approach 1 (i.e., the model will explain almost 100% of the variation in the data set).
However, increasing the number of latent variables above a certain point will lead to a
markedly reduced goodness of prediction (Q2). This is illustrated in Figure 24. Hence, there
is a trade-off between R2 and Q2, and the difference between these two should not be >0.3
[80]. Otherwise, the model will be overfitted, i.e. it will only mirror the present data set
without being able to predict new data. It is therefore important to choose the right amount
of latent variables (optimal model dimensionality). In SIMCA (Umetrics AB, Umeå,
Sweden), this is done by cross-validation. Cross-validation “is a practical and reliable way
to test the significance of a PCA- or a PLS model”, and it “has become standard in
multivariate analysis, and is incorporated in one form or another in most commercial
software” [80]. Hence, looking at R2 is not in itself enough to judge a model; assessing Q2
and the difference between R2 and Q2 is of paramount importance. In Paper IV, the OPLS
and OPLS-DA models had a very high R2, but not at the expense of a low Q2. Nonetheless,
one should be aware of the fact that overfitting is an inherent risk in OPLS [261].
Of course, making a statistical model is not an end in itself; the purpose is to move from the
model back to biology. We now therefore turn to a discussion of the protein findings of
Paper IV. What might the biological relevance of these findings be?
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Figure 24 Trade-off between the goodness of fit (R2) and the goodness of prediction (Q2).
The horizontal axis (A) depicts the number of latent variables, and the vertical axis the
amount of explained (R2) or predicted (Q2) variation (range 0-100%). For further details,
see text. Reproduced from [80] with permission from Umetrics AB.

5.4.8 From Statistical Models to Biological Hypotheses
The possible biological relevance of the proteins described in section 4.4.3 will now be
discussed. Using MVDA, seven highly up- and down-regulated proteins in the CSF of
patients with peripheral neuropathic pain were identified. The protein having the highest
discriminatory power was an isoform of angiotensinogen, which was up-regulated in
patients.
The CNS has a local renin-angiotensin system (RAS), astrocytes synthesizing
angiotensinogen [182]. The RAS has recently been convincingly linked to the
pathophysiology of neuropathic pain [5,84,148,168,202,225], and investigation of the
CSF/plasma ratio of angiotensinogen has confirmed local production in the CNS [29]. In
this context, it is noteworthy that when searching for neuropathic pain biomarkers with a
purely explorative methodology, it was indeed a RAS-protein that had the highest
discriminatory power between patients and controls. Hence, our results are in agreement
with several other recent lines of evidence, suggesting a role for the RAS in the
pathophysiology of neuropathic pain. Given that angiotensinogen is synthesized by
astrocytes, one might speculate that our findings perhaps indicate glial activation in human
neuropathic pain [157,236]. Although many animal studies have shown glial activation in
neuropathic pain models, direct evidence for glial involvement in humans has hitherto been
almost non-existent [236].
It was a specific isoform of angiotensinogen that was elevated in patients, not total
angiotensinogen. Indeed, this study highlights the importance of taking PTMs into account
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in biomarker studies. Further research is needed to elucidate the mechanisms behind the
increase of this particular isoform of angiotensinogen.
Both alpha-1-antitrypsin and haptoglobin are well-known plasma acute phase proteins
[43,151], but there is also evidence that they can be synthesized in the CNS
[43,94,118,135,183]. Interestingly, under certain circumstances, astrocytes may synthesize
haptoglobin [135] and perhaps alpha-1-antitrypsin [94], as well as other proteins
discriminating between groups in this study, e.g. clusterin [52], and apolipoprotein E [163]
(see Table 3 in appended Paper IV). More research is needed to elucidate the source of
different isoforms of alpha-1-antitrypsin and haptoglobin, as well as the complex interplay
between different PTMs. Concerning PEDF, this protein has been described as having
(among other things) a neuroprotective effect from degeneration due to overexcitation
(exitotoxicity) by glutamate [57].
Network analysis graphs such as the one in Figure 19 are an important systems biology tool.
Based on that interaction map, one might hypothesize a network of interacting
pathophysiological events in the spinal cord, perhaps centred around astrocytes and
involving:







The RAS-system of the CNS (angiotensinogen)
Inflammation (alpha-1-antitrypsin and haptoglobin)
Neuroprotective compensatory reactions (PEDF)
Repair attempts (modulating apolipoprotein E, which is secreted from astrocytes and
microglia, has been claimed to potentially provide therapeutic approaches for
several neurological disorders [83]; apolipoprotein E is a CSF-enriched protein, see
section 1.6.2)
Dysfunctional endogenous opioid function (protecting enkephalins by inhibiting
neprilysin has recently been called an “innovative approach for acute and
neuropathic pain alleviation” [190]; this is of course also a potentially interesting
link to the findings of Paper III concerning BE)

This is of course, to say the least, highly speculative but it is nonetheless arguably a plausible
broad picture. It is here that neurobiologists need to step in and turn such hypothesisgenerating ideas into carefully designed hypothesis-driven neurobiological research. These
two modes of research should be viewed as complementary, not antithetical.
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5.5 Conclusion
Referring back to the specific aims described in chapter 2, I conclude that:
1. Although SRPI was well controlled, movement-evoked BTP remained a major clinical
problem in cancer patients with ITA throughout the study month. Further cancer BTP
research is of paramount importance.
2. Although many patients were non-responders in our study, ziconotide bolus trialing
seems feasible. However, it is too early to recommend this simple single-shot trialing
method over the more tedious method of trialing by continuous infusion with an external
pump.
3. Low CSF-BE in neuropathic pain patients might indicate defective top-down modulation.
Both CSF-BE and CSF-SP should be considered candidates for a future biomarker panel
used to discriminate between different pain conditions.
4. Proteomics in combination with MVDA revealed a number of interesting CSF proteins
discriminating between neuropathic pain patients and healthy controls. The protein with the
highest discriminatory power between the groups was an isoform of angiotensinogen. The
preliminary and hypothesis-generating nature of these findings must be emphasized.
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Future Prospects
THE END OF A MATTER IS BETTER THAN ITS BEGINNING.
ECCLESIASTES 7:8

This PhD thesis demonstrates the fruitfulness of studying the CSF, both as a target for
infusing analgesics (Papers I and II) and as a potential mirror of the neurobiological
processes involved in pathological pain conditions (Papers III and IV). Even the clinically
oriented papers of the dissertation (Papers I and II) point to the need for mechanism-based
pain diagnoses: we know too little about the mechanisms of metastatic bone pain and cancer
BTP (Paper I), and we know too little about the mechanisms of different peripheral
neuropathic pain conditions (Paper II). Too often, therefore, pain medicine is a matter of
“trial and error”. We prescribe very much “in the dark”. But might it be possible that in the
future, pain physicians may prescribe drugs on the basis of precise pathophysiological
information generated by a panel of biomarkers? This dissertation may perhaps be seen as
a small step in that direction. Needless to say, many more studies will be required before
achieving the vision of mechanism-specific pain diagnoses and treatments.
Broadly speaking, two interrelated areas of biomarker research are illustrated in this
dissertation. First, there is the growing field of endogenous pain modulation research (“topdown”). This is anatomically very much of a “brainstem thing”, but how neural pathways
originating from higher brain centres may influence the brainstem (PAG-RVM, locus
coeruleus, SRD) is also an important topic of research. Indeed, endogenous pain modulation
is an important theoretical link between neurobiological factors and psychosocial factors.
Although the focus of this thesis has been on the former, the centrality of the latter must
underlined.
Then, there is the field of biomarker research into spinal mechanisms of pathological pain
(“bottom-up”). Obviously, these two areas are intertwined, but it seems nonetheless
conceptually fruitful to distinguish them. Metaphorically speaking, it is important to
investigate both the gas pedal and the brake pedal. (Indeed, sometimes the brake pedal
seems to turn into a gas pedal, i.e., top-down pain facilitation.)
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This PhD thesis illustrates the importance of what has been called “diagnostic research”
and, using the terminology of Sackett & Haynes, the kind of diagnostic research described
in this dissertation belongs to “phase 1” (not to be confused with the well-known phases of
clinical trials) [209]. According to this terminology, phase 1 diagnostic studies try to answer
the question: Do test results in affected patients differ from those in normal individuals? As
should be clear by now, I find it unlikely that it will be possible to answer this question by
a univariate diagnostic test. Another important and sobering topic has to do with how to
combine a putative future panel of biomarkers with other pre-test information provided by
e.g. medical history, physical examination, sensory phenotyping, etc. Traditional concepts
like sensitivity and specificity merely quantify the characteristics of the test rather than the
test’s contribution to estimate the diagnostic probability of disease presence or absence; this
has been called “test research” as opposed to multivariable “diagnostic research” (the latter
refer to studies that aim to quantify a test’s added contribution beyond information available
before to the physician) [162]. Hence, finding panels of biomarkers for different pain
conditions will not in itself suffice; the integration of such coming panels into everyday
medical practice will also need to be investigated during the coming decades, this being
paralleled by the development of new analgesics. Disentangling these intricacies will be a
difficult challenge. The task is immense. So is the need.
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Summary in Swedish
NOW ALL HAS BEEN HEARD.
ECCLESIASTES 12:13

Populärvetenskaplig sammanfattning på svenska
Behandlingen av både cancersmärta och kronisk smärta är fortfarande suboptimal. Det
övergripande syftet med avhandlingen var att bedriva smärtforskning i gränsområdet mellan
klinisk smärtvård och moderna proteinanalytiska metoder (proteomik). Utgångspunkten var
vår kliniska verksamhet med intrathekal analgesi (ITA), en avancerad form av smärtlindring
som innebär att en tunn kateter förs in i cerebrospinalvätskan (CSV) för att möjliggöra
tillförsel av smärthämmande läkemedel så nära ryggmärgen som möjligt. Följaktligen står
CSV i centrum för avhandlingen. I Studie I rapporterades 28 fall av ITA hos cancerpatienter
med svår smärta. Behandlingen var framgångsrik såtillvida att god lindring av vilosmärtan
uppnåddes (samtidigt som doserna morfin minskade), men rörelseorsakad
genombrottssmärta förblev ett stort kliniskt problem. Denna studie belyser därför vikten av
att beakta om genombrottssmärta föreligger, även när god kontroll över vilosmärtan har
erhållits med ITA.
I Studie II utvärderades en algoritm för testning av det relativt nya ITA-läkemedlet
zikonotid (Prialt®) genom engångsinjektioner hos en grupp patienter med kronisk
”nervsmärta” efter operation/trauma. Totalt gavs 36 injektioner till 23 patienter (1-3
injektioner per patient i enlighet med algoritmen). Enligt studies strikta kriterier erhöll
endast 13% betydande smärtlindring utan samtidiga påtagliga biverkningar, men var tredje
patient upplevde påtaglig smärtlindring vid åtminstone någon av injektionerna. Huruvida
denna testmetod kan predicera vilka patienter som har effekt av kontinuerlig tillförsel av
zikonotid via pump är fortfarande en öppen fråga.
I Studie III fann vi låga nivåer av beta-endorfin i CSV hos 15 patienter med kronisk
”nervsmärta” jämfört med 19 friska kontroller. Möjligen kan detta tyda på att dessa
patienters smärthämmande bansystem inte fungerar tillfredsställande. I Studie IV jämfördes
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det övergripande proteinmönstret hos 11 patienter med kronisk ”nervsmärta” med 11 friska
kontroller. För detta ändamål kombinerades gel-baserade proteomik med multivariat
dataanalys. Av 260 proteiner var de följande sju viktigast för åtskillnaden mellan friska och
sjuka individer: en isoform av angiotensinogen, två isoformer av alfa-1-antitrypsin, tre
isoformer av haptoglobin, och en isoform av pigment epithelium-derived factor. Studien
illustrerar de inneboende möjligheterna i kombinationen av proteomisk vetenskap och
multivariat dataanalys avseende biomarkörforskning vid svåra smärttillstånd.
Avhandlingen visar CSV:s potential i modern avancerad smärtforskning/vård, både som
”måltavla” för tillförsel av smärtläkemedel (Studie I och II) och som möjlig ”spegel” för
de neurobiologiska processer som pågår i ryggmärgen vid svåra smärttillstånd (Studie III
och IV). I förlängningen ligger frågan om man måhända i framtiden kommer att kunna
skräddarsy valet att smärtlindring baserat på en analys av ryggmärgsvätskan. Avhandlingen
kan ses som ett litet steg i den riktningen. Det är viktigt att det även fortsättningsvis bedrivs
studier syftande till att kartlägga de bakomliggande mekanismerna för olika smärttillstånd.
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