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General introduction



Chapter 1

Post-stroke pain

In the Netherlands, each year, 41.000 new cases of stroke are diagnosed.5 A stroke, or
cerebrovascular accident (CVA), is caused by an obstruction or hemorrhage of a blood
vessel supplying blood to the brain. As a result, brain function is (temporarily) disturbed.
Many stroke survivors are left with permanent disabilities, including (partial) paralysis?2,
somatosensory deficits43, speech and language problems!i, cognitive deficitsé30, fatigue24
and emotional4s or personality changes23. In addition, pain is common after stroke.118 Post-
stroke pain can be a great burden for the patient, increases hospital stay, reduces quality of
life and interferes with functional recovery after stroke.321

The most commonly reported type of pain after stroke is post-stroke shoulder pain (PSSP),
also named hemiplegic shoulder pain. In recent studies, PSSP occurred in 17% to 64% of
patients.2121425353842 Qlder studies have reported incidences of PSSP ranging from 5% to
84%.4447 Other types of post-stroke pain are central post-stroke pain (CPSP), shoulder-hand
syndrome (SHS, also referred to as post-stroke complex regional pain syndrome) and post-
stroke (tension type) headache.5® CPSP is a central neuropathic pain that can occur after
brain lesions affecting the central somatosensory nervous system. CPSP is often described
as burning pain and patients report hypersensitivity at the affected side. Notably, CPSP can
only be diagnosed when all other causes of pain have been ruled out, or are considered
highly unlikely.1® The incidence of CPSP lies between 1% and 12%.1° Incidences of SHS
range from 1.5% to 70%.10152031 |n SHS, pain is reported in the hemiplegic shoulder as well
as the hand and wrist and coincides with edema, coloring and sweating of the hand and
wrist, suggesting a role for central sympathetic dysregulation and/or neurogenic
inflammation.715

The high variation in reported incidences of post-stroke pain is likely to be the result of
differences in pain definitions, timing of assessment and/or study populations. Indeed, the
diagnostic process is hampered by the lack of a gold standard for post-stroke pain
classification, the overlap in the clinical presentation of symptoms or even the combined
presentation of pain types, and the high incidence of pre-stroke pain.3” These diagnostic
uncertainties complicate the prognosis of post-stroke pain and, hence the selection of
treatments.

Post-stroke shoulder pain

PSSP is usually diagnosed when pain is located in the affected shoulder region or arm,
started after stroke (with no direct relation to trauma or injury) and is present during rest
or during active or passive movement.13 Although PSSP may present early after stroke133435
its typical onset is 2-3 months post stroke21417. Many reviews have been written on the
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Chapter 1

clinical presentation of PSSP and the multiple determinants associated with its
development 4833444753 Traditionally, PSSP is regarded as nociceptive pain resulting from
tissue damage due to biomechanical changes around the shoulder joint. PSSP has been
related to clinical conditions such as spasticity, glenohumeral subluxation, capsular
inflammation, peripheral neuropathy, CPSP and autonomic dysfunction.44 Furthermore,
several studies have suggested that reduced motor function, depression and reduced
somatosensory function may contribute to the development of PSSP.131417.25272934 The
etiology of PSSP is, therefore, likely to be multifactorial.

Classification

The clinical assessment of PSSP is mainly focused on the shoulder joint, including active or
passive pain-free range of motion tests34 and imaging of shoulder joint abnormalities using
ultrasound32, radiography2é or MRI39. On the basis of such tests, PSSP is often classified into
several etiological causes. However, there is no gold standard for classification and the
current classifications often neglect the multi-dimensional nature of PSSP.41 For example,
the classification by Teasell et al. is mostly based on shoulder anatomy, distinguishing
between ‘muscle’, ‘bone’, ‘joint’, ‘bursa’, ‘tendon’, ‘joint capsule’ and ‘other’ etiologies.44 The
classification by Gamble et al. is more physiological, distinguishing between ‘central origin’,
‘chronic wide-spread pain’, ‘non-central causes’ and ‘mixed causes’.t4 Importantly, Gamble
et al. do acknowledge the multi-factorial etiology of PSSP by distinguishing ‘mixed causes’ as
an etiological sub-group. Still, the relevance of these classifications for PSSP prognosis and
treatment is unclear .40

In the field of pain research, several grading systems have been proposed to identify
patients with neuropathic pain4s or central post-stroke pain®, which, in theory, may be
relevant for the classification of PSSP subtypes. However, the use of such grading systems to
assess a peripheral or central neuropathic component in PSSP can be problematic. Based on
the grading system for neuropathic pain, even patients with pure nociceptive PSSP might be
classified as having neuropathic pain, simply because they have a relevant lesion affecting
the central somatosensory system and the pain has a distinct neuroanatomically plausible
distribution. On the other hand, CPSP can only be diagnosed if all other (e.g. nociceptive)
causes of pain have been ruled out, which is difficult in the case of PSSP.37

Treatment

Although acute PSSP can resolve or improve spontaneously within the first 6 months after
strokel4, shoulder pain is persistent in a significant number of patients2549. Of the patients
with PSSP at 4 months post-stroke, 65% also reported pain at sixteen months post-stroke,
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although pain intensity, frequency and pain during movement were reduced.2s Still, at
sixteen months follow-up, more than half of these patients reported moderate to severe
pain.2s It is not clear why some patients develop persistent PSSP whereas others recover
spontaneously or with the help of treatment.

PSSP treatment mostly focuses at reducing biomechanical stressors or inflammation,
including normalization of muscle tone (movement therapy, botulinum toxin injections),
reduction of subluxation (strapping, movement therapy) and/or treatment of the shoulder
capsule (corticosteroid injections).4448 However, pain relief is often unsatisfactory. Indeed,
the evidence-base for therapeutic interventions is lacking or inconsistent.1644 In addition, in
the case of successful treatment, it often remains unclear how pain reduction was achieved.
For example, neuromuscular electrical stimulation, aimed at reducing glenohumeral
subluxation, provided pain relief in patients with PSSP while the degree of subluxation
remained unaltered.3¢

Towards a new view on PSSP

In order to improve the prevention, classification, prognosis and treatment of PSSP, a better
understanding of the neurophysiological mechanisms underlying its development and
perpetuation is needed.5! This demands a broadening of the traditional view on and
assessment of PSSP as being a type of biomechanical nociceptive pain.

The theoretical framework underlying pain research is built on the notion that, although
pain may be localized in one region of the body, the mechanisms causing pain may occur at
any level of the somatosensory neuro-axis.28 Detailed assessment of pain complaints and
somatosensory abnormalities is, therefore, a key element in pain research.5152 Moreover,
since chronic pain often involves spreading of the pain complaints and/or altered
somatosensory function at non-painful body parts®, assessment is usually not limited to the
painful region but also includes assessment of unaffected body parts.

Research into PSSP mechanisms should incorporate these basic concepts underlying pain
research, from which further exploration of possible neurophysiological mechanisms may
be started. However, methods commonly used in pain research have often not been
validated for the stroke population. Moreover, many stroke patients have problems with
attention and cognition or have other co-morbid conditions that complicate the
interpretation of test results. Therefore it is essential to first address the usefulness of
available “pain research tools” for the assessment of PSSP, i.e. the ability of these tools to
reveal, under controlled conditions, meaningful differences between stroke patients with
PSSP, pain-free stroke patients and healthy control subjects. The second step is to address
whether and how these differences relate to possible neurophysiological pain mechanisms.

12
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Knowledge about the pathophysiological mechanisms of (persistent) PSSP, may provide a
better understanding of the disappointing results from conventional preventive and
therapeutic approaches to PSSP, and may provide a basis for improved clinical management
of PSSP.

Thesis objectives

This thesis is the first to adopt a mechanism-based approach to the research of PSSP
development. The primary objective of the thesis is to obtain a better understanding of the
pathophysiological mechanisms responsible for the development of persistent PSSP. For
this purpose a theoretical framework of possible mechanisms underlying PSSP is
formulated, which will then be tested in several cross-sectional and longitudinal studies.
The reason for focusing on patients with persistent PSSP is two-fold. First, in order to test
the usability of “pain research tools”, patients with PSSP and pain-free stroke patients
should preferably show as much contrast as possible. That is, if no differences are found
between patient groups in which the contrast on the primary outcome measure is highest,
than it is questionable whether group differences can be found in less contrasting
comparisons. Second, in previous prospective studies, PSSP assessment was often
performed without reference to the onset of pain post stroke nor to the duration of the pain
episode (i.e. recovered or persistent pain), so that causal relations remained largely
unclear.131417.2535 By defining and targeting persistent pain, more knowledge may be
obtained about factors and pain mechanisms involved in the initiation and perpetuation of
PSSP.

Part I: A mechanism-based view on post-stroke shoulder pain

Chapter 2 introduces the terminology and the neurophysiological concepts of pain required
to fully comprehend the remaining chapters. It describes the theoretical framework and
methodology that is used for the assessment of pain and pain mechanisms in patients with
PSSP in the following parts of this thesis.

Part I1: Cross-sectional studies of persistent PSSP

The second part of this thesis comprises 3 cross-sectional studies that are undertaken to
test the usability of “pain research tools” and the interpretation of their outcome in the light
of possible neurophysiological pain mechanisms underlying persistent PSSP.

In Chapter 3, extensive assessment of somatosensory symptoms and signs is performed
using subjective, but standardized “pain research tools”, including clinical examination,
guantitative sensory testing and conditioned pain modulation. Whereas somatosensory
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assessment in stroke patients is usually confined to the affected side and includes only a
limited range of physical stimuli, this study uses a variety of different natural and electrical
stimuli and assesses abnormalities at both the affected and unaffected side of the body.
Using these methods, mechanisms relating to somatosensory loss, somatosensory
sensitization and endogenous pain inhibition are addressed.

In Chapter 4 cortical somatosensory processing is assessed by recording evoked potentials
using electroencephalography (EEG) and electrocutaneous stimulation. In contrast to the
methods in Chapter 3, evoked potentials provide an objective measure of somatosensory
function. In previous studies with stroke patients, evoked potentials have mostly been
recorded to assess the functional connectivity between the peripheral nerves and the brain
based on early components in the evoked potential. In this study we are specifically
interested in the late components of the evoked potential that relate to mechanisms
involved in the cognitive-affective processing of somatosensory stimuli and pain.

In Chapter 5 the neuropathic pain diagnostic questionnaire (DN4) is used to classify PSSP
subtypes as having either neuropathic or nociceptive pain. By comparing patients with
either subtype with regard to pain complaints and somatosensory symptoms and signs, the
potential usefulness of the DN4 for the classification of PSSP subtypes is explored.

Intermezzo: An ongoing debate on post-stroke pain classification

The results of the studies from Chapters 3, 4 and 5 form the basis of a scientific discussion
which is reprinted in this intermezzo. This discussion is about a grading system for CPSP
which was proposed by researchers of The Danish Pain Research Center.l® Because the
proposed grading system for CPSP is quite crude in its distinction between ‘peripheral’ and
‘central’ pain, it may have unintended implications for the assessment, diagnosis and,
potentially, treatment of patients with ‘mixed’ (involving both peripheral as well as central
pain mechanisms) types of post-stroke pain, including PSSP.

Part I11: Follow-up studies on the development of persistent PSSP

The last part of this thesis focuses on the longitudinal assessment of persistent PSSP during
the first 6 months post stroke, in which assessment is performed within 2 weeks, at 3
months and at 6 months after stroke.

Chapter 6 focuses on the identification of factors associated with the development of
persistent PSSP during the first 6 months after stroke. Whereas the studies described in
Chapters 3, 4 and 5 primarily focus on pain complaints in relation to somatosensory
function, Chapter 6 focuses on the complete clinical picture of somatosensory, motor,
cognitive, emotional and autonomic functions. The longitudinal design allows for the
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assessment of temporal and (possibly) causal relations between these different clinical
functions and the development of persistent PSSP.

By extending the methods used in Chapter 6 (clinical examination) with the “pain research
tools” described in Chapters 3 and 5 (i.e. extensive pain assessment, quantitative sensory
testing and conditioned pain modulation), Chapter 7 further addresses possible pain
mechanisms underlying the development of persistent PSSP by describing the relationship
between persistent PSSP and somatosensory loss, somatosensory sensitization and
endogenous pain inhibition in the first 6 months after stroke.

General discussion: Towards a new view on PSSP?

In Chapter 8 the results described in the previous chapters will be discussed and will be
used to update the current knowledge on PSSP development. The implications for clinical
practice will be discussed. Finally, directions for future research will be addressed based on
identified knowledge gaps.
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Chapter 2

Abstract

The assessment and treatment of post-stroke shoulder pain (PSSP) is largely based on the
assumption that pain is due to biomechanical alterations within the shoulder joint after
stroke. However, current treatment often provides limited pain relief, leading to a
considerable number of patients with persistent pain. This suggests that PSSP may not be
merely due to simple nociception from the shoulder joint. A better understanding of the
neurophysiological mechanisms underlying the development and perpetuation of PSSP is
needed. Here, a theoretical framework for presumed PSSP mechanisms and their
assessment is presented based on key concepts applied in pain research. This theoretical
framework assumes that although pain may be localized in one region of the body, the
mechanisms causing pain may occur at any level of the somatosensory neuro-axis. Detailed
assessment of pain complaints and somatosensory abnormalities should, therefore, be a key
element in PSSP research. Studies aiming to further characterize the somatosensory
functioning in patients with PSSP (initially) need to take a broad methodological approach
including both clinical as well as more experimental pain research tools, such as
guantitative sensory testing, conditioned pain modulation and the assessment of cortical
somatosensory processing. A better understanding of pain mechanisms may explain why
persistent PSSP and unsatisfactory pain relief are common despite active prevention and
treatment strategies and may provide a basis for improved clinical management of PSSP.
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Introduction

The assessment and treatment of post-stroke shoulder pain (PSSP) is largely based on the
assumption that pain is due to biomechanical alterations within the shoulder joint after
stroke. Treatment is mostly focused at reducing biomechanical stressors or inflammation,
including normalization of muscle tone (movement therapy, botulinum toxin injections),
reduction of subluxation (strapping, movement therapy) and/or treatment of the shoulder
capsule (corticosteroid injections).’184 However, using these interventions, pain relief is
often unsatisfactory, leading to a considerable number of patients with persistent pain.42
Moreover, the evidence-base for therapeutic interventions is lacking or inconsistent.2471 In
addition, in the case of successful treatment, it often remains unclear how pain reduction
has been achieved. For example, neuromuscular electrical stimulation, aimed at reducing
glenohumeral subluxation, provided pain relief in patients with PSSP while the degree of
subluxation remained unaltered 5°. The relatively high incidence of persistent PSSP and the
ineffectiveness of PSSP treatment suggest that PSSP may not be merely due to simple
nociception from the shoulder joint. This urges for a broadening of the traditional view on
and assessment and treatment of PSSP as being a type of biomechanical nociceptive pain.
Most importantly, in order to improve the prevention and treatment of PSSP, a better
understanding of the neurophysiological mechanisms underlying its development and
maintenance is needed.

In this paper, key concepts of pain research, involving the anatomy and neurophysiology of
pain are summarized and integrated into a theoretical framework of presumed factors
contributing to PSSP development. Such a “mechanism-based” theoretical framework
requires different assessment methods than generally applied in the rehabilitation setting.
Several “pain research tools” are suggested that may be used to obtain a better
understanding of the pathophysiological mechanisms underlying the initiation and
continuation of PSSP, which is deemed an essential step towards improved clinical
management of PSSP.

Key concepts of pain and pain research

The International Association for the Study of Pain (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'4 Pain is thus a multidimensional
experience. The experience of pain is a survival mechanism; it warns for potential tissue
damage, it promotes sickness behavior to allow recovery from actual tissue damage and it
induces long-term memories so that tissue damage can be avoided in the future.
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Table 2.1 Pain terminology.

Term Definition
Pain An unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such damage.

Pain classification

Neuropathic pain Pain arising as a direct consequence of a lesion or disease affecting the
(central or peripheral) somatosensory system.
Nociceptive pain Pain arising from activation of nociceptors.
Anatomy
Nociceptive neuron A central or peripheral neuron that is capable of encoding noxious stimuli.
Nociceptor A sensory receptor that is capable of transducing and encoding noxious
stimuli.
Symptoms and signs
Allodynia Pain in response to a non-nociceptive stimulus
Analgesia Absence of pain in response to stimulation which would normally be
painful.
Dysesthesia An unpleasant abnormal sensation, whether spontaneous or evoked.
Hyperalgesia Increased pain sensitivity.
Hyperesthesia Increased sensitivity to stimulation, includes both allodynia and
hyperalgesia.
Hypoalgesia Decreased pain sensitivity.
Hypoesthesia Decreased sensitivity to stimulation.
Paresthesia An abnormal sensation, whether spontaneous or evoked.
Pain mechanisms
Nociception The neural processes of encoding and processing noxious stimuli.
Sensitization Increased responsiveness of neurons to their normal input or recruitment of
a response to normally subthreshold inputs.
Peripheral Increased responsiveness of nociceptors to stimulation of their receptive
sensitization fields
Central sensitization Increased responsiveness of nociceptive neurons in the central nervous

system to their normal or subthreshold afferent input.
Pain research
Nociceptive stimulus An actually or potentially tissuedamaging event transduced and encoded by
nociceptors.

Noxious stimulus An actually or potentially tissuedamaging event.

Sensation threshold The minimal intensity at which a stimulus can be perceived.

Pain threshold The minimal intensity of a stimulus that is perceived as painful.

Pain tolerance level The maximum intensity of a stimulus that evokes pain and that a subject is

willing to tolerate in a given situation.

Adapted from Loeser & Treede (2008) and Merskey & Bogduk (1994).

Pain can be classified on the basis of its duration, being either acute (0-3 months) or
persistent (> 3 months). In addition, pain can be classified on the basis of its presumed
underlying cause. Nociceptive pain is initiated by tissue damage. Neuropathic pain can arise
as a direct consequence of a lesion or disease affecting the somatosensory system and may
be peripheral or central.”® The generally accepted pain terminology is summarized in Table
2.1.4348
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The theoretical framework underlying pain research is built on the notion that, although
pain may be localized in one region of the body, the mechanisms causing pain may occur at
any level of the somatosensory neuro-axis.5! Detailed assessment of pain complaints and
somatosensory abnormalities is, therefore, a key element in pain research.2091 Moreover,
since persistent pain often involves spreading of the pain complaints and/or altered
somatosensory function at non-painful body parts!2, assessment is usually not limited to the
painful region but also includes assessment of unaffected body parts.

Anatomy & neurophysiology of acute pain

The experience of pain is mediated by the somatosensory system, comprising the peripheral
nerves, the spinal dorsal horn, spinal ascending and descending pathways and the brain
(Figure 2.1). Modulation of the pain experience is possible at all levels of the somatosensory
neuroaxis. Important neurotransmitters in the modulation of the somatosensory system are
endogenous opioids and mono-amines (e.g. serotonin, dopamine). Inhibitory modulation
prevents the somatosensory system from an excitatory overshoot, whereas facilitatory
modulation ensures attention for and a reaction to actual or potential tissue damage.

Since facilitatory and inhibitory modulation show great overlap with respect to the
structures and neurotransmitters involved, the experience of pain always results from a
complex interplay between inhibitory and excitatory mechanisms. Most importantly, in a
healthy state, modulation is reversible, so that pain is temporary and subsides when the
body recovers.

Peripheral nervous system

In the periphery, tissue receptors can detect a variety of different stimuli; i.e. thermo-
receptors for the detection of thermal stimuli and low and high threshold
mechanoreceptors for the detection of light touch or gross pressure respectively. These
receptors are contacted by primary afferent fibers, of which the cell bodies are located in
the dorsal root ganglion. Mechanoreceptors are mostly contacted by thick Aj fibers (& 6-12
um) with a high conduction velocity (30-70 m/s). Thermo-receptors are contacted by thin
myeliniated AS (@ 1-6 um, conduction velocity 4-36 m/s) and unmyeliniated C fibers (@ 0.2-
1.5 pm, conduction velocity 4-36 m/s). Free nerve endings of A8 and C fibers are called
nociceptors that are involved in the experience of socalled “first” (sharp) and “second”
(dull) pain, respectively. Nociceptors can be activated by thermal, mechanical or chemical
stimuli when the stimulus is noxious, i.e. an actually or potentially tissue-damaging event.43
In a healthy person, somatosensory stimulation leads to a depolarization of peripheral
tissue receptors and connected primary afferents.
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Midbrain

Brain stem
(pons & medulla)

AS

Spinal cord

Figure 2.1 Schematic drawing of the anatomical structures involved in the neural processing of
somatosensory input from Aé and C primary afferent fibers ascending via the spinothalamic tract (STT).
The dotted arrows represent the descending modulation of neurons in the spinal dorsal horn by supra-
spinal structures. L: limbic system; ACC: anterior cingulated cortex; PAG: periaquaductal grey; RVM:
rostroventral medulla.
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When the peripheral tissue is damaged, several (inflammatory) substances can increase the
sensitivity of tissue receptors and nociceptors leading to decreased depolarization
thresholds and an increased firing frequency. This phenomenon is referred to as peripheral
sensitization.

The dorsal horn

Primary afferents project to several laminae within the dorsal horn, located posterior in the
grey matter of the spinal cord. Within the dorsal horn, a total of 6 laminae can be
distinguished. Primary A fibers project to laminae 111-VI, A fibers to laminae | and V and C
fibers to laminae | and 11.78

Several types of dorsal horn neurons can be distinguished. Nociceptive-specific (NS)
neurons are found in lamina I, are innervated by A$ fibers and respond to noxious
mechanical and heat stimulation. Wide dynamic range (WDR) neurons are found in lamina
V and receive input from both A and AS primary afferents and from supraspinal structures.
Interneurons can be found in all laminae, receive input from primary afferents and from
supraspinal structures and project onto both pre-synaptic primary afferents and post-
synaptic dorsal horn neurons.

The activation of dorsal horn neurons is dependent on the number and type of activated
primary afferent fibers as well as on the frequency with which they are activated. In
addition, the activation of dorsal horn neurons can be modulated indirectly by interneurons
or directly by supraspinal descending pathways. Repetitive nociceptive input from primary
afferents can lead to central sensitization in the dorsal horn, resulting in an increased
responsiveness to subsequent stimuli.8é In addition, the activation of spinal projection
neurons is dependent on the ratio between thick (tactile) and thin (pain) fiber activation
and is mediated by inhibitory interneurons. This interaction between different
somatosensory inputs at the spinal level forms the basis for the well known “gate control
theory”47 This explains why rubbing a painful knee (i.e. providing tactile input) can
(temporarily) reduce the pain sensation from this knee.

Spinal tracts

Dorsal horn neurons project to supraspinal structures, to the ventral horn and to local or
intersegmental dorsal horn neurons. One of the pathways projecting to supraspinal
structures ascends ipsilaterally and projects onto the medulla. Axons of projection neurons
from the medulla then cross the midline, and this so-called dorsomedial lemniscal tract
(DMLT) terminates in the ventroposterior lateral thalamus. This pathway is mainly supplied
by tactile AB primary afferents and subserves the “gnostic” sensibility (light touch,
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vibration, proprioception). Dorsal horn neurons receiving input from nociceptive As and C
fibers terminate on projection neurons located in the contralateral anterolateral quadrant
of the spinal cord via the spinothalamic tract (STT). The STT projects via an anterior (WDR
neurons) and a lateral (NS neurons) pathway directly to different parts of the thalamus and
subserves the sensibility of pain, temperature and gross pressure. The STT and the DMLT
are both somatotopically organized. In addition to the STT and the DMLT, there are tracts
projecting to reticular and homeostatic control regions of the medulla and brainstem and to
the hypothalamus and ventral forebrain.s3

The brain

Several brain structures are involved in the processing of innocuous and noxious
somatosensory information, such as the thalamus, the somatosensory cortices and parts of
the limbic system, such as the insula and the anterior cingulated cortices (ACC) (Figure
2.1).132445474 The cell bodies in the lateral part of the thalamus are highly somatotopically
organized, project to the primary (S1) and secondary (S2) somatosensory cortices and are
involved in the discriminative aspects of somatosensation. Cell bodies located in the medial
part of the thalamus project to parts of the limbic system, such as the insula and ACC that
are involved in the sensory quality, homeostatic functions and the motivational and
emotional aspects of pain respectively 83.

The activity of cortical neurons is mediated by afferent input as well as by other cortical
neurons. Again, repetitive or ongoing nociceptive ascending input may lead to central
sensitization. Moreover, the activity of cortical neurons can be modulated intracortically, for
example by attention and anticipation.5253 In turn, cortical activation modulates spinal
(nociceptive) processing via descending pathways in the spinal cord. Cortical modulation is
mediated by parts of the limbic system (amygdala), the periaquaductal grey (PAG) and the
rostroventral medulla (RVM) and may be inhibitory as well as excitatory.4® Stress-induced
am

le of such supra-spinal pain modulation. Another mechanism of supra-spinal modulation is
subserved by diffuse noxious inhibitory controls (DNIC).32 DNIC are located in the brain
stem (i.e. the dorsal reticular nucleus of the caudal medulla). DNIC can be activated by tonic
noxious and possibly by innocuous activity from the periphery.5781 When activated, DNIC
exert an inhibitory effect on heterotopic spinal WDR neurons and, to a lesser extent, on NS
neurons. This effect is also known as the pain-inhibiting-pain effect.

Persistent pain

Unlike acute pain, persistent pain is no longer functional and may no longer be related to
the initial cause. The mechanisms underlying the development of persistent pain are not
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well understood, but are likely to involve a complex interplay of biological, psychological
and social factors.51 Notably, persistent pain is often associated with personality traits (e.g.
pain-catastrophizing), depression, anxiety and altered cognition.”17.23284176 |n patients with
persistent pain, pain may cause a chronic interruption of attentional engagement.t?
Ultimately, persistent pain is suggested to be due to a somatosensory imbalance of
inhibitory and excitatory modulation, favoring the facilitation of nociception.i2 Several
neurophysiological mechanisms may contribute to this imbalance.1020 Primary afferents
may become sensitized, may change phenotype or may become hyperinnervated. In
addition, silent nociceptors may be recruited. In the case of neuropathic lesions, neurons
may acquire spontaneous and/or increased stimulus-evoked activity. Dorsal horn neurons
may become sensitized and/or become functionally or structurally reorganized leading to
summation and amplification of incoming stimuli. The activity in spinal dorsal horn neurons
may also be facilitated or disinhibited by supraspinal descending controls. In addition, the
supra-spinal somatosensory system may become sensitized, disinhibited, and/or
functionally3osg or structurally4s reorganized as a result of ongoing nociception or due to
neuropathic lesions.35

Presumed mechanisms of post-stroke shoulder pain

The mechanisms underlying the development of PSSP are largely unknown. Theoretically,
PSSP may be nociceptive, peripheral or central neuropathic, or a combination of both
nociceptive and neuropathic pain. In addition, the mechanisms responsible for the initiation
of PSSP may be different from the mechanisms responsible for its perpetuation. This poses a
challenge to those dealing with the diagnosis and treatment of post-stroke pain.3563

As proposed for central post-stroke pain, a loss of somatosensory input due to stroke may
directly lead to a loss of inhibition or increased facilitation of supra-spinal nociception.3585
On the other hand, the brain lesion may lead to a facilitation or disinhibition of spinal
nociception.1347 Moreover, brain lesions may lead to autonomic changes537 or changes in
mood and cognition?® which could indirectly alter somatosensory processing. Although
individual cases have been reported in which PSSP was thought to be solely due to the brain
lesion, tissue damage of the upper-extremity is likely to play an initiating role in the
majority of patients with PSSP.22 Tissue damage may be caused by altered neuromuscular
control after stroke combined with reduced care-taking by the patient as a result of
impaired somatosensory and cognitive functions.7:82 The upper extremity is especially
prone to tissue damage due to its abundant degrees of (motion) freedom and its important
role in many activities of daily living. Trauma is, thus, often repetitive and persistent as a
result of which even minor injuries may eventually lead to tissue damage.

31



Chapter 2

|

!

!
v

Inattention

Loss of

—

Autonomic changes

neuromuscular
control
e.g. paresis, spasticity,
subluxation

Somatosensory
loss

v

Behavior
€.¢. non-use, over-use

I'T

Repetitive
micro-trauma

y |

Peripheral nociception

____________________

____________________

Lost supra-spinal
descending inhibition

\ 4 \ 4
Spinal nociception

A

_p Facilitatory cognitions
& emotions

A y

Txx

____________________

Lost inhibitory |
cognitions & emotions !

Supraspinal nociception

Facilitatory social
factors

\ 4

]

A

PSSP

Figure 2.2 Presumed factors contributing to PSSP development. Dotted structures represent lost
inhibitory functions. (Repetitive) micro-trauma at the upper extremity may initiate PSSP (i.e. nociceptive
pain). Sensitization may contribute to PSSP maintenance or worsening and may be induced directly by
ongoing nociception or the brain lesion, as well as indirectly by other factors, either pre-morbid, related to
the brain lesion itself or related to prolonged nociception.

32



Chapter 2

In addition, prolonged immobility after stroke’2 and the use of compensatory and
potentially injurious movement strategies due to pain and reduced neuromuscular control
may contribute to ongoing nociception.5¢ Prolonged nociception may induce structural
reorganization at both spinall® and supra-spinal4® neuronal levels, so that sensitization
becomes permanent and even innocuous stimuli may become painful. In addition,
prolonged nociception may lead to a permanent activation of DNIC2, resulting in ineffective
endogenous inhibition. As mentioned in the previous paragraph, the presence of persistent
pain may alter cognitions (e.g. attention) and emotions (e.g. anxiety levels) which may
indirectly facilitate (supra)spinal nociception.14284176 | astly, the consequences of both the
stroke as well as the secondary pain may change the social environment of the patient (i.e.
interpersonal relationships) and may (unwillingly) contribute to increased pain behavior
and PSSP perpetuation.’s A summary of the presumed mechanisms underlying PSSP is
presented in Figure 2.2. So far, these theoretical considerations have hardly been embedded
in the clinical or scientific approach to PSSP.

From theory to practice: somatosensory assessment

The direct assessment of pain mechanisms (i.e. changes in synaptic transmission leading to
altered pain processing) in humans is limited for ethical reasons, and is only possible in
animal models2?” or human models of experimentally induced pain34 However, pain
mechanisms may be studied indirectly by relating somatosensory symptoms and signs of
clinical pain to those observed in animal or experimental pain studies. For example, animal
and experimental models have shown that positive signs such as allodynia3’33 and
secondary20333698 or generalized4055 hyperalgesia are mediated (partly) by central
sensitization processes at the spinal and supraspinal level. However, one has to bear in
mind that one mechanism may be responsible for multiple symptoms or signs and a single
sign may be served by multiple pain mechanisms. In addition, the relation between etiology,
clinical pain complaints and somatosensory abnormalities is not straightforward.18.19.26.29.58
Standardized assessment of somatosensory functions includes the assessment of
spontaneously or stimulus-evoked negative (i.e. implicating somatosensory loss) and
positive (i.e. implicating sensitization) symptoms and signs. Natural (receptor-mediated)
and electrical (receptor-bypassed) sensations may be compared to assess whether
peripheral receptors are (de)sensitized. Pain-free areas and the unaffected body side in
unilateral stroke may be used for within-subject comparisons to assess local abnormalities.
In addition, somatosensory abnormalities can be compared to a normative data set (i.e.
pain-free stroke patients, healthy controls) to assess generalized (i.e. central)
somatosensory changes. For example, the German Research Network on Neuropathic Pain
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(DENS) proposed a standardized clinical test protocol to define sensory profiles of positive
and negative somatosensory signs in patients with neuropathic pain, which can then be
matched to sensory profiles of animal or experimental human pain models with known pain
mechanisms.6061 |n addition, more experimental paradigms may be used, for example to
specifically address endogenous inhibitory modulation (e.g. using conditioned pain
modulation) or cortical somatosensory processing (e.g. using electroencephalography).

Symptoms

Somatosensory symptoms can be assessed with questionnaires, such as a visual analog
scale (VAS) or a numeric rating scale (NRS) to assess pain intensity during rest or during
movement (0 = ‘no pain’, 100 = ‘worst pain imaginable’). Pain onset, duration, frequency,
location, distribution, pain descriptors and impact of pain on daily living can be assessed in
a standardized interview or using a pain questionnaire such as the McGill Pain
Questionnnaire (MPQ).4679 The ShoulderQ specifically assesses the timing and severity of
hemiplegic shoulder pain.”7 However, this questionnaire is only validated for the English
language. Neuropathic pain may be assessed using the neuropathic pain diagnostic
guestionnaire (DN4)8go or the Leeds assessment of neuropathic symptoms and signs.3
These neuropathic pain questionnaires generally consist of a selected list of pain
descriptors associated with neuropathic pain syndromes and have been validated for the
detection of various types of neuropathic pain in a clinical context.4 Higher scores on
neuropathic pain questionnaires corresponded to a higher certainty in clinicians that the
pain was caused by neuropathic mechanisms5 So far, none of the neuropathic pain
guestionnaires has been validated for post-stroke pain. Validation is difficult since both the
classification and assessment of neuropathic pain after stroke are based on the same
somatosensory symptoms and signs, leading to a circular argumentation. Classification
based on questionnaires should, therefore, not be the sole basis for the prognosis and
treatment of pain after stroke. Instead, the diagnostic work-up of patients with post-stroke
pain should involve a thorough assessment of nociceptive and neuropathic pain complaints
and somatosensory functions.3567

Signs

Clinical examination and quantitative sensory testing (QST)

Table 2.2 provides an overview of clinical and quantitative sensory tests to assess
modality-specific receptors, primary afferents and central somatosensory pathways.
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Table 2.2 Clinical examination and QST.

Mo  Stimulus Receptors Fiber Spinal Clinical examination QST
pathway
M Light touch LTM AB DMLS Cotton wool tip Semmes Weinstein (detection threshold)
Sharpness LTM & free nerve Ad STT Pinprick Calibrated pins (detection threshold)
endings
Vibration LTM AB DMLS Tuning fork Vibrameter (detection threshold)
Discriminative LTM AB DMLS e.g. stereognosis, 2 point X
discrimination
Proprioception Muscle spindles, joint la, Il DMLS Position sense X
kinesthetic rec.
Pressure pain LTM, HTM A§, C STT Examiner's thumb Algometer (pressure pain threshold)
T Cold Thermo-receptors Ad STT Cold metal object, thermo- Computerized thermal testing (detection
roller/tube threshold)
Warmth Thermo-receptors C STT Thermo-roller/tube Computerized thermal testing (detection
threshold)
Cold pain Thermal/polymodal A§, C STT X Computerized thermal testing (Cold pain
nociceptors threshold)
Heat pain Thermal/polymodal A§, C STT X Computerized thermal testing (Heat pain
nociceptors threshold), Laser (laser pain threshold)
E Sensation none AB DMLS X Electrical stimulator (sensation
threshold)
Pain none A (AB) STT X Electrical stimulator (pain threshold)
(DMLS)
Pain tolerance none A8, C (AB) STT X Electrical stimulator (pain tolerance
(DMLS) threshold)

Mo: modality; M: mechanical, T: thermal; E: electrical; LTM: low threshold mechanic; HTM: high threshold mechanic; DMLS: dorsomedial lemniscal system;

STT: spinothalamic tract; QST: quantitative sensory testing.
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Most of these tests are regarded to be essential in the diagnostic work-up of neuropathic
pain and provide a good starting point for the assessment of somatosensory abnormalities
in PSSP 6.11,16,25,26,82,97

QST involves the application of stimuli with a predetermined intensity and frequency.
Stimuli may be applied in several ways. The method of limits, using step-wise ascending
and/or descending stimulus intensities, is most commonly used.®¢® In this way, several
sensory thresholds may be established. The minimal intensity to perceive a stimulus is the
sensation threshold, the minimal intensity of a stimulus that is perceived as painful is the
pain threshold, and the maximum intensity of a stimulus that evokes pain and that a subject
is willing to tolerate in a given situation is the pain tolerance threshold (see Table 2.1).43
Combined with a pain intensity rating scale, these thresholds may be used to scale stimulus
input for stimulus-response functions.

The advantage of QST over clinical testing is that it is better standardized, it allows
assessment of abnormalities in affected and unaffected body regions, and it can be used to
qguantify (rather than merely identify) positive and negative sensory signs.26 However, both
clinical testing and QST are dependent on the cooperation and judgment of the patient and,
thus, remain subjective outcome measures.®3 In addition, QST is more demanding in terms
of cognitive function, requires training, and the necessary equipment is mostly lab-bound
and expensive. Therefore, QST cannot be used in all populations and settings.2.69

So far, somatosensory assessment in patients with PSSP has mainly involved standard
clinical neurological examination. PSSP has been shown to be associated with a loss of
tactile and/or thermal sensations at the affected side.21224287 However, most of these
studies mainly focused on the assessment of negative symptoms and signs. Only one study
reported positive signs (i.e. allodynia) in patients with PSSP.87

Moreover, the precise relation between these somatosensory changes, pain severity and the
quality of shoulder pain was not investigated and, thus, remained unclear.

Experimental methods

In healthy subjects, the application of a tonic painful conditioning stimulus (e.g. a cold water
bath) results in reduced pain in response to a painful test stimulus. This reduction in pain
intensity (e.g. pain threshold increases, VAS score decreases) induced by the conditioning
stimulus is thought to be mediated by DNIC and was recently termed conditioned pain
modulation (CPM).578194 In several types of persistent pain, CPM is reduced or does not
occur.3868 In addition, reduced CPM has been shown to predict the development of
persistent post-operative pain®s CPM may therefore serve as a tool to assess the
effectiveness of endogenous pain modulation.s!
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Cortical changes related to the presence of clinical pain or to the processing of noxious or
innocuous somatosensory stimuli can be measured in various ways, including functional
magnetic resonance imaging (fMRI), positron emission tomography (PET) and
electroencephalography (EEG).74 The temporal and (to a lesser extent) spatial
characteristics of somatosensory excitability can be assessed by measuring brain scalp
activation using EEG in response to somatosensory stimuli applied to the skin or to a
peripheral nerve. The timing of these so-called evoked potentials (EPS) is dependent on the
modality of the stimulus (e.g. laser, electrical) and reflects both sensory-discriminative
(early components) as well as cognitive-evaluative (late components) somatosensory
processing.50.92.96

Conclusions

Pain mechanisms underlying PSSP are likely to be complex and may involve both
nociceptive and neuropathic mechanisms in both the peripheral and central nervous
system. A better understanding of PSSP mechanisms starts with dedicated assessment of
the pain complaints and the somatosensory system. Somatosensory assessment in patients
with PSSP has, so far, been limited to clinical examination. Therefore, studies aiming to
further characterize somatosensory functions in patients with PSSP (initially) need to take a
broad methodological approach including clinical as well as more experimental pain
research tools. Our research group has recently worked on study protocols applying this
theoretical framework and some of these tools to further address the pathophysiology of
persistent PSSP, and results are promising. Notably, we showed that persistent PSSP in the
chronic phase after stroke was consistently associated with somatosensory loss as well as
with somatosensory sensitizations567 and with central changes related to altered cognitive-
evaluative somatosensory processings2. Many patients presented with neuropathic pain
complaintsé?, which may contribute to diagnostic uncertainties in the clinic as well as in
post-stroke pain researché3. Most importantly, we showed that the influence of the
presumed initiating factors may gradually decrease during the persistence of PSSP and that
pain perpetuation may be related to a vicious circle of pain, limited range of motion, re-
injury and somatosensory sensitization.6466 The results of these studies warrant further
investigations of peripheral and central pain mechanisms in patients with PSSP. Most
importantly, such studies may explain why persistent PSSP and unsatisfactory pain relief
are common after stroke, despite active prevention and treatment strategies, and may
provide a basis for improved clinical management of PSSP.
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Chapter 3

Abstract

Persistent shoulder pain is a common complication after stroke. Its etiology and underlying
mechanisms are not well understood and treatment is generally unsatisfactory. The
objective of this study was to assess the role of central sensitization and disinhibition in
chronic stroke patients with chronic PSSP (n=19), pain-free stroke patients (n=29) and
healthy controls (n=23). Positive and negative somatosensory symptoms and signs were
assessed using clinical examination and electrical and mechanical quantitative sensory
testing (QST). Conditioned pain modulation (CPM) was assessed by comparing QST
thresholds before and after applying a cold pressor test. Sensory abnormalities were more
frequently observed and more severe in patients with PSSP. These included positive signs,
such as allodynia at the affected side and generalized hyperalgesia at the unaffected side.
CPM was similar in stroke patients and healthy controls. This study showed that chronic
PSSP was associated with several positive and negative somatosensory signs, implicating a
role for central sensitization and possibly for disinhibition. Since the causal relationship
remains unclear, and may be related to either neuroplasticity induced by ongoing
nociception as well as to the neuropathic brain lesion, prospective studies are warranted.
Prevention and treatment of PSSP could benefit from a more detailed analysis of both
peripheral and central pain mechanisms.
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Introduction

Pain is a common complication after stroke.2033 Post-stroke pain is a great burden for the
patient and impedes rehabilitation.4757 One of the most reported types is post-stroke
shoulder pain (PSSP) which typically develops at the affected side after two to three
months.13152041 Although its etiology is largely unknown, several clinical conditions such as
spasticity, glenohumeral subluxation, capsular inflammation, peripheral neuropathy, central
post-stroke pain (CPSP) and autonomic dysfunction have been related to PSSP.495264
Furthermore, several studies have suggested that reduced motor function141517313339
depression141533 and reduced somatosensory function41517.333561 may contribute to the
development of PSSP. Clinical presentations of PSSP, CPSP and post-stroke complex regional
pain syndrome type 1 (shoulder-hand syndrome) may show considerable overlap
complicating the diagnosis and prognosis of post-stroke pain.2445

PSSP may resolve spontaneously in the course of rehabilitation, but is persistent (> 14
months) in 65 % of the patients.3! The evidence for effective therapeutic interventions for
PSSP is lacking or inconsistent and, in the case of successful treatment, it is often unclear
what mechanisms have been responsible for the pain reduction.42 Together, this suggests
that the pain mechanisms underlying PSSP development and maintenance may be more
complex than previously realized, and that the traditional view and approach of PSSP as
purely ongoing nociceptive pain may need revision.45

The assessment of positive and negative somatosensory symptoms and signs in relation to
the pain complaints is one of the first steps towards a better understanding of pain
mechanisms.4344 Although the relationship between symptoms and signs and pain
mechanisms is still under debate?s, several symptoms and signs, such as sensory loss (e.g.
spinothalamocortical tract lesions), allodynia, and generalized hyperalgesia, have been
associated with experimentally induced central sensitization212559 and/or various forms of
chronic nociceptive4® or neuropathicé1058 pain. In addition, endogenous pain modulation,
involving supraspinal diffuse noxious inhibitory controls (DNIC),2? has been shown to be
impaired in various types of chronic pain, such as painful osteoarthritis28, whiplash22 and
neuropathic pains2. So far, little is known about the role of central sensitization or
disinhibition in the development and maintenance of PSSP.

The objective of this study was to assess the role of central sensitization and disinhibition in
chronic stroke patients (> 6 months post-stroke) with chronic (duration > 3 months) PSSP
(n=19), pain-free stroke patients (n=29) and healthy controls (n=23). Positive and negative
somatosensory symptoms and signs and were assessed using clinical examination and
electrical and mechanical quantitative sensory testing (QST). Conditioned pain modulation
(CPM) was assessed by comparing QST thresholds before and after applying a cold pressor
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test. It was expected that both the frequency as well as the severity of somatosensory
abnormalities would be higher in the patients with PSSP and that, in addition to previously
reported associations with negative signs, PSSP would be associated with positive
somatosensory symptoms and signs indicative of central sensitization and/or disinhibition
such as allodynia, generalized hyperalgesia and impaired endogenous inhibitory pain
modulation.

Methods

Subjects

This study included stroke patients with persistent shoulder pain (PSSP, n = 19), pain-free
stroke patients (PF, n = 29) and healthy controls (HC, n = 23). Stroke patients were
recruited in two regional rehabilitation centers in the Netherlands (Roessingh
Rehabilitation Center in Enschede and Sint Maartenskliniek in Nijmegen). The outpatient
databases were searched for stroke patients that had been hospitalized in the two years
prior to the start of inclusion (fall 2007). Patients fulfilling the inclusion and exclusion
criteria were approached by mail. In addition, patients visiting the outpatient clinics with
shoulder pain complaints were asked by their treating physician if they could be
approached by one of the researchers (M.R.) by mail. Healthy subjects (age 40 - 60) were
recruited through advertisements in local community centers and newspapers.

All stroke patients were 18 years or older and sustained a unilateral brain infarction with an
onset at least 6 months prior to participation. For stroke patients to be included in the PSSP
group, shoulder pain had to be unilateral, be confined to the affected side, have an onset
after stroke and be persistent (daily pain, duration longer than 3 subsequent months).
Patients were included in the PF group if they had no long-lasting (> 1 week in the last 3
months) pain complaints. Exclusion criteria were: pregnancy, trauma, infection, signs of any
possible concomitant neurological condition (e.g. multiple sclerosis, HIV/AIDS, peripheral
neuropathy), not being able to reliably determine sensory thresholds during a training
session prior to the experiment and other pain complaints than ‘simple’ shoulder pain (e.g.
CPSP24, wide-spread pain or shoulder-hand syndrome). Healthy control subjects had to be
free of any neurological or psychiatric disorder, diabetes mellitus, psychotropic medication
or long-lasting (> 1 week in the last 3 months) pain complaints. When subjects considered
for the PF or HC groups reported minor pain complaints at the time of the experiment, the
experiment was postponed until subjects were pain-free for at least 2 weeks. The study was
approved by the human ethics committee of the Roessingh Rehabilitation Center in
Enschede, The Netherlands. All subjects received written and oral information about the
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study protocol and all participants gave informed written consent prior to their
participation.

Demographic data and medical examination

General demographic characteristics such age, gender and (for the patients) lesion side,
stroke onset and medication use were registered. Shoulder pain was evaluated both at rest
and during movement with an 11-point Numeric Rating Scale (NRS, O = no pain, 10 =
maximum conceivable pain). The emotional state was assessed using the ZUNG self-rating
depression scale (score: 20 - 80) which has been validated for both healthy subjects and
stroke patients.5! Cognitive state was assessed using the Mini Mental State Exam (MMSE,
score: 0 - 30, cognitive impairment was defined as MMSE score < 24)50 Physical
examination included the assessment of trophic changes in the arms and hands (severe
color or perspiration changes or asymmetry, edema, assessed by visual inspection and
subject reports), glenohumeral subluxation (assessed by palpation, scored in steps of 5
mm), pain-free range of motion for passive shoulder elevation (0 - 180 degrees) and
external rotation (O - 90 degrees), severity of paresis of the upper extremity (assessed with
the Motricity Index, 0 = completely paretic, 100 = no paresis)? and spasticity of elbow
flexors and shoulder internal rotators (Modified Ashworth Scale, score: O - 5, spasticity was
defined as MAS > 1)4. For passive pain-free ranges of motion (shoulder elevation and
external rotation) a ratio between sides was calculated for further analysis (PSSP and PF:
affected/unaffected, HC: non-dominant/dominant).

Routine clinical examination

Subjects were tested for sensation to touch, cold and sharpness at both upper arms (C5
dermatome) using, respectively, a cotton wool swab, a metal tuning fork at room
temperature and a 6.65 (force: 300 grams) Semmes Weinstein filament (North Coast
Medical, Inc, UK).56 Tests were always first performed at the unaffected (in PSSP and PF
patients) or dominant (in HC) side. Proprioception was tested at the thumbs of both hands
(joint position sense). Subjects had to indicate whether sensation was equal, diminished or
increased compared to the opposite side (affected versus unaffected side in stroke patients,
non-dominant versus dominant side in healthy controls). In healthy controls, all tests were
perceived as being painless. If any of the evoked sensations was painful in patients, this was
considered as allodynia (tactile, cold, sharpness).32 All tests were performed by the same
experimenter (M.R.)
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Quantitative sensory testing (QST)

For all tests, the method of limits was used and the start-side of stimulation (affected or
unaffected) was randomized between subjects. Modality specific assessment was performed
using mechanical QST.18 The tactile detection threshold (TDT) was determined using five
Semmes Weinstein filaments (sizes: 2.83, 3.61, 4.31, 4.56, 6.65; Touch-Test Hand Kit, North
Coast Medical, Inc, UK). The filaments were applied on the upper arm over the higher and
lower part of the middle deltoid muscle (C5 dermatome). The TDT was defined as the
smallest filament that could be perceived at both locations. The pressure pain threshold
(PPT) was determined using an experimenter-operated pressure-algometer (Somedic,
Sweden). A stimulation surface of 1 cm2 and a slope of 50 kPa/s were used. The maximum
pressure that could be delivered was 2000 kPa. Subjects were instructed to keep their arm
in zero degrees shoulder abduction and 90 degrees elbow flexion to avoid displacement of
the muscle. The PPT was determined at both upper arms at 3 locations over the middle
deltoid muscle (higher, middle and lower part of the muscle, C5 dermatome). In response to
the increasing pressure delivered at the arm by the experimenter, subjects were instructed
to verbally indicate when they first perceived the pressure as painful. The 3 PPTs were
averaged for further analysis. All mechanical thresholds were determined by the same
experimenter (M.R.).

In addition, somatosensory changes were assessed using electrical QST. With electrical QST,
the primary afferent is activated directly, without involvement of the peripheral receptor.
Differences in electrical and natural QST thresholds can be used to assess the presence of
peripheral receptor-mediated (de)sensitization. In the case of PSSP, this is relevant since
sensitization may take place at both the peripheral as well as the central level. The electrical
sensation threshold (EST), electrical pain threshold (EPT) and electrical pain tolerance
threshold (EPTT) were determined using a custom build ambulant stimulator (Ambustim,
University of Twente, the Netherlands). This stimulator operated via a Bluetooth connection
with a personal computer. The stimulator settings were controlled via custom built
software (labVIEW, National Instruments, USA). The stimulator was set to generate
electrical pulses with an increasing amplitude (pulse width: 0.2 ms, frequency: 100 Hz,
ramp: 0.4 mA/s, maximum stimulus amplitude: 16 mA). The stimulator was attached to the
upper arm via two Ag/AgCl electrodes (stimulation surface: 95 mmz2, AMBU, Denmark) that
were placed just above the deltoid tuberosity of the humerus. Subjects could manually
activate the stimulator by pressing a switch. To determine the EST, subjects were instructed
to release the switch when the electrical pulses were perceived for the first time. To
determine the EPT, subjects were instructed to release the switch when the electrical pulses
were perceived as both stinging and annoying. To determine the EPTT subjects were
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instructed to release the switch when the electrical pulses were perceived as burning and
very annoying. Subjects were trained to determine these thresholds reliably prior to
participating in the experiment. All thresholds were determined 4 times on each side. The
first threshold was considered a test-measurement. The remaining 3 thresholds were
averaged for further analysis.

Conditioned pain modulation

After QST, subjects underwent a cold pressor test at the hand of the unaffected (in PSSP and
PF patients) or dominant (in HC) side. Subjects had to place their hand in a polystyrene box
filled with ice-water (0-0.5 °C). The hand was immersed up to the wrist with the fingers
spread. Subjects were instructed to keep their hand in the water as long as possible with a
maximum of 3 minutes. Immersion time was recorded. After removing the hand from the
water, subjects rated the pain in their hand using a NRS (0 = no pain, 10 = maximum
conceivable pain). Directly afterwards, the EPT and PPT were determined twice at the
affected (in PSSP and PF patients) or non-dominant (in HC) upper arm. The thresholds were
determined after immersion since not all patients were able to use the patient-operated
switch with their affected hand. Threshold determination was similar as before. The 2
thresholds were averaged for further analysis.

Data processing

For demographic data and medical examination, for each group (PSSP, PF, HC), average and
standard deviations or frequencies were determined. For routine clinical examination,
frequencies of abnormal, diminished and increased sensation and allodynia or hyperalgesia
were calculated for each stimulus. QST thresholds were log-transformed prior to statistical
analysis. In unilateral pain syndromes, QST side-to-side differences have shown to be more
sensitive for the detection individual sensory abnormalities.44 Therefore, in addition to the
raw data, a within subject ratio was calculated for all QST thresholds (ratio in PSSP and PF
patients was obtained by dividing affected/unaffected, in the HC group by dividing non-
dominant/dominant). Moreover, threshold abnormalities were determined by normalizing
individual QST ratios of patients to the HC data set using a z-transformation to assess the
frequency of individually increased or decreased somatosensory function.44 Hypoesthesia
(TDT, EST) and hypoalgesia (EPT, EPTT, PPT) were defined as a z-score higher than 2.
Hyperesthesia (TDT, EST) and hyperalgesia (EPT, EPTT, PPT) were defined as a z-score
lower than -2. Cold pressor effects were assessed using both the pain thresholds
determined before and after cold pressor testing as well as by calculating a pre-post ratio
(post/pre). All ratios were log-transformed prior to statistical analysis.44
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Statistical analysis

Statistical software package SPSS 16.0 for Windows was used (SPSS Inc., Chicago, IL, USA).
In order to identify the somatosensory changes related to PSSP, continuous data was
statistically tested using one-way analysis of variances (ANOVA) with factor ‘Group’ (PSSP,
PF, HC). The Least Significant Difference was used for post-hoc multiple comparisons.
Ordinal data was tested using Chi-square tests. In addition, QST thresholds before and after
cold pressor testing were analyzed using a repeated measures ANOVA with within-subjects-
factor ‘Cold pressor’ (pre, post) and between-subjects-factor ‘Group’ (PSSP, PF, HC).
Differences between groups were attributed to PSSP when a significant difference between
PSSP and PF and/or a significant difference between PSSP and HC was observed.

Possible confounding effects of age, gender, dystrophic changes and depression scores were
ruled out using additional multivariate analyses, with either ‘QST thresholds’ (affected,
unaffected, ratios) or ‘Cold pressor parameters’ (post/pre ratios, immersion time, pain
intensity) as dependent factors, ‘Group’ as a between-subjects-factor and either ‘Age’,
‘Gender’, ‘Dystrophic changes’ or ‘ZUNG score’ as a covariate. In brief, these analyses
showed that gender was significantly related to QST parameters, however only to the
electrical pain tolerance and pressure pain thresholds, not to any other parameter. In
addition, adding sex as a covariate had no influence on the observed differences between
groups for these or any of the other parameters. Therefore, data correction was considered
unnecessary.

For all tests, statistical significance was assigned at the p < 0.05 level using 2-tailed analysis.

Results

Demographics and medical examination

A summary of the demographics and medical examinations for each group is presented in
Table 3.1. Analgesics (cox-inhibitors or non-steroidal anti-inflammatory drugs) were used
on a regular basis by seven PSSP patients. In addition, some patients used anti-depressants
(9 PSSP, 4 PF) and/or anti-epileptics (3 PSSP, 2 PF) either for pain, depression and/or
epilepsy. Analysis of demographics and medical examinations revealed several differences
between groups (see Table 3.1). PSSP was associated with a higher frequency of trophic
changes in the arm and hand, higher ZUNG scores and reduced ranges of passive pain-free
shoulder elevation and external rotation. PSSP was not associated with the severity of
paresis, spasticity or glenohumeral subluxation.
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Table 3.1 Demographics and medical characteristics, mean = SD or number of subjects (%).

Chapter 3

PSSP PF HC p p
(n=19) (n=29) (n=23) (vs PF) (vs HC)
Age (years) 57+7 61+ 10 56+ 7 ns ns
Male 10 (53%) 21 (72%) 10 (43%) ns ns
Right-hemispheric lesion 16 (84%) 12 (59%) ns
Time to stroke onset (months) 22114 25+8 ns
Cognitive deficits 2 (11%) 1 (3%) 0 (0%) ns ns
Depression score (ZUNG) 45.4+6.0 35.9+6.0 31.0+4.8 <0.001 <0.001
Trophic changes hand/arm 8 (42%) 3 (14%) 0 (0%) ns 0.001
Severity of paresis (MI) 46 + 38 59 + 43 1000 ns <0.001
ROM abduction 0.41+0.19 0.74£0.27 1.00+0 <0.001 <0.001
ROM external rotation 0.41+£0.34 0.76 £0.19 1.03+9 <0.001 <0.001
Spasticity elbow flexion 15 (79%) 20 (69%) 0 (0%) ns <0.001
Spast_lmty shoulder internal 13 (68%) 17 (58%) 0 (0%) ns <0.001
rotation
Glenohumeral subluxation 10 (53%) 11 (38%) 0 (0%) ns <0.001
Severity (mm) 3946 3.8+49 00 ns <0.001
Pain intensity (NRS)
Rest 35+28
Movement 5.7+3.0
Pain duration (months) 19+13

PSSP: stroke patients with post-stroke shoulder pain; PF: pain-free stroke patients; HC: healthy controls;
n: number of subjects; p: p-value for statistical testing; SD: standard deviation; %: percentage of patients;
ZUNG: Zung self-rating depression scale; Ml: Motricity Index; ROM: shoulder pain-free passive range of
motion (patients: ratio score affected/unaffected side; HC: ratio score non-dominant/dominant side);
NRS: numeric rating scale; ns: not significant (p > 0.05).

Routine clinical examination

Table 3.2 presents the frequency of subjects with abnormal sensation, allodynia and
hyperalgesia for each group. PSSP was associated with diminished touch sensation,
abnormal cold sensation (both diminished and increased), cold allodynia, diminished
sharpness sensation and sharpness allodynia.

Quantitative sensory testing

The results of QST are presented in Table 3.3. At the unaffected side, PSSP was associated
with higher TDTs as compared to HC. In addition, EPTs and EPTTs were reduced in all
stroke patients as compared to HC, irrespective of the presence of pain. At the affected side,
PSSP was associated with higher TDTs and ESTs as compared to both PF patients and HC.
Mean threshold ratios for each group are presented in Figure 3.1. PSSP was associated with
higher TDT, EST and EPT ratios as compared to both PF patients and HC. Percentages of
patients with abnormal z-scores (based on normalization of QST threshold ratios) are
presented for PSSP and PF in Table 3.4.
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Table 3.2. Clinical examination: abnormal sensation and allodynia, number of subjects (%).

PSSP PF HC p p
(n=19) (n=29) (n=23) (vs PF) (vs HC)
T abnormal 13 (68%) 12 (41%) 2 (9%) ns 0.000
diminished 13 (68%) 9 (31%) 2 (9%) 0.021 0.000
increased 0 (0%) 3 (10%) 0 (0%) ns ns
allodynia 1 (5%) 0 (0%) 0 (0%) ns ns
C  abnormal 15 (79%) 13 (45%) 2 (8%) 0.034 0.000
diminished 9 (47%) 11 (38%) 1 (4%) ns 0.000
increased 6 (32%) 2 (7%) 1 (4%) 0.025 0.018
allodynia 3 (16%) 0 (0%) 0 (0%) 0.027 0.048
P abnormal 13 (68%) 12 (41%) 0 (0%) ns 0.000
diminished 13 (68%) 12 (41%) 0 (0%) ns 0.000
increased 0 (0%) 0 (0%) 0 (0%) X X
allodynia 0 (0%) 0 (0%) 0 (0%) X X
S abnormal 14 (74%) 14 (48%) 5 (22%) ns 0.001
diminished 10 (53%) 7 (24%) 3 (13%) ns 0.002
increased 4 (21%) 7 (24%) 2 (9%) ns ns
hyperalgesia 5 (26%) 0 (0%) 0 (0%) 0.004 0.009

PSSP: stroke patients with post-stroke shoulder pain; PF: pain-free stroke patients; HC: healthy controls;
n: number of subjects; p: p-value for statistical testing; T: touch; C: cold; P: proprioception; S: sharpness;
ns: not significant (p > 0.05).

Table 3.3 Raw quantitative sensory testing thresholds, mean + SD.

PSSP PF HC p p
(n=19) (n=29) (n=23) (vs PF) (vs HC)
UA (D) TDT (size) 3.69+0.44 3.52+0.46 3.30+0.45 ns 0.007
EST (mA) 1.01+£0.40 1.14+0.46 0.93+0.33 ns ns
EPT (mA) 2.73+1.94 2.94+2.05 3.81+1.95 ns 0.026
EPTT (mA) 5.18+3.07 5.57+3.80 7.40+2.48 ns 0.007
PPT (kPa) 379+178 434 + 207 467 + 176 ns ns
A (ND) TDT (size) 471+1.08 3.89+0.73 3.20+0.45 0.001 0.000
EST (mA) 3.00+3.67 1.48 £0.80 0.93+0.30 0.018 0.000
EPT (mA) 5.49 +3.87 4.03+3.00 3.85+1.70 ns ns
EPTT (mA) 7.66+4.23 7.92+5.48 6.65+2.30 ns ns
PPT (kPa) 454 + 401 451 + 230 462 + 163 ns ns

SD: standard deviation; PSSP: stroke patients with post-stroke shoulder pain; PF: pain-free stroke patients;
HC: healthy controls; n: number of subjects; p: p-value for statistical testing; UA: unaffected side
(patients); D: dominant side (HC); A: affected side (patients); ND: non-dominant side (HC); TDT: tactile
detection threshold; EST: electrical sensation threshold; EPT: electrical pain threshold; EPTT: electrical
pain tolerance threshold; PPT: pressure pain threshold; ns: not significant (p > 0.05).
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Figure 3.1 Threshold ratios (affected/unaffected) for each patient group (mean = standard error). A/UA:
affected/unaffected; ND/D: non-dominant/dominant; TDT: tactile detection threshold; EST: electrical
sensation threshold; EPT: electrical pain threshold; EPTT: electrical pain tolerance threshold; PPT: pressure
pain threshold. * p <0.05, ** p < 0.01.

Table 3.4 Abnormal z-scores of threshold ratios, number of subjects (%).

PSSP PF

(n=19) (n=29) P

DT hypoesthesia 14 (74%) 20 (34%) 0.015
hyperesthesia 0 (0%) 0 (0%) ns

EST hypoesthesia 10 (53%) 5 (17%) 0.014
hyperesthesia 0 (0%) 0 (0%) ns

EPT hypoalgesia 9 (47%) 4 (14%) 0.015
hyperalgesia 0 (0%) 0 (0%) ns
EPTT hypoalgesia 11 (58%) 17 (59%) ns
hyperalgesia 0 (0%) 0 (0%) ns
PPT hypoalgesia 4 (21%) 3 (10%) ns
hyperalgesia 3 (16%) 1 (4%) ns

PSSP: stroke patients with post-stroke shoulder pain; PF: pain-free stroke patients; n: number of subjects;
p: p-value for statistical testing; TDT: tactile detection threshold; EST: electrical sensation threshold; EPT:
electrical pain threshold; EPTT: electrical pain tolerance threshold; PPT: pressure pain threshold; ns: not
significant. Z-scores were obtained via the z-transformation of individual threshold ratios
(affected/unaffected) to the healthy control data. Abnormality was defined as -2 >z > 2.
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Figure 3.2 Electrical pain thresholds (A) and pressure pain thresholds (B) before (pre) and after (post) cold
pressor testing. UA/D: unaffected (patients) or dominant (healthy controls); EPT: electrical pain threshold;
PPT: pressure pain threshold. ** p <0.01.

Hypoesthesia (TDT, EST) and hypoalgesia (EPT) were more often observed in PSSP as
compared to PF. Although no group mean differences were observed for the PPT, z-score
analysis revealed both hypoalgesia and hyperalgesia for pressure pain stimuli in the
patients groups. Hypoalgesia and hyperalgesia were more often observed in the PSSP group,
but this was not statistically significant.

Cold pressor test

Mean thresholds before and after the cold pressor test and threshold ratios (post/pre) are
depicted in Figure 3.2 A (EPT) and B (PPT). In 1 PSSP and 1 PF patient, it was not possible to
determine QST thresholds after the cold pressor test (PSSP: QST thresholds before cold
pressor already at maximum stimulator output, PF: strong physical response to cold pressor
hand immersion). In another PF patient the PPT could not be determined due to a technical
problem. In total, the effect of the cold pressor test could be determined in 18 PSSP, 28 PF
and 23 HC subjects with regard to the EPT and in 18 PSSP, 27 PF and 23 HC subjects with
regard to the PPT. Repeated measures analysis revealed significant higher EPTs (p < 0.001)
and PPTs (p < 0.001) after the cold pressor test. This effect was not different comparing
groups (p > 0.05). In addition, also when comparing threshold ratios (post/pre) no
significant differences were found comparing groups (p > 0.05).

58



Chapter 3

Mean duration * standard deviation of hand immersion was 76 + 62 seconds for PSSP, 113 +
70 seconds for PF and 153 + 45 seconds for HC. Hand immersion time (cold pain tolerance)
was significantly reduced in patients with PSSP as compared to both PF patients (p = 0.04)
and controls (p = 0.02). Mean cold pressor pain intensity (NRS) * standard deviation was
6.5 + 1.7 for PSSP, 6.4 + 2.3 for PF and 6.3 + 1.5 for HC and was not statistically different
between groups.

Discussion and conclusions

This study investigated the role of central sensitization and disinhibition in chronic PSSP by
assessing positive and negative somatosensory symptoms and signs and CPM in patients
with chronic PSSP, comparing them to pain-free stroke patients and healthy controls. It was
shown that chronic PSSP was associated with a higher frequency of and more severe
somatosensory loss. In addition, PSSP was associated with several positive somatosensory
signs, such as allodynia and hyperalgesia. Interestingly, abnormalities were observed at
both the affected as well as the unaffected side. CPM was similar in stroke patients and
healthy controls.

Somatosensory loss

Detailed somatosensory analysis in PSSP has seldom been performed and previous studies
have mainly used clinical examination. Moreover, only a few have explicitly reported on the
direction (increased/decreased) of somatosensory abnormalities or on positive signs such
as allodynia and hyperalgesia. Like in previous studies, this study showed that PSSP was
associated with reduced tactile14151731 and cold415 sensation and with reduced
proprioception3s at the affected side as compared to control groups. Besides being more
frequent, somatosensory loss at the affected side for stimuli in the innocuous range was also
more severe in patients with PSSP as observed with QST. Moreover, PSSP was associated
with a small, but statistically significant, reduction of tactile sensation at the unaffected side
compared with the HC, but not the PF, group.

A higher frequency of somatosensory loss as compared to controls has also been reported
for CPSP13085 and for post-stroke complex regional pain syndromellss. Both the
frequency1630 and severity? of somatosensory loss show considerable overlap with our
findings in patients with chronic PSSP. Interestingly, an abnormal response (including both
decreased and increased sensation) to thermal testing, a diagnostic criterion for central
post-stroke painsét, was observed in 79 % of PSSP patients.

Severe loss of sensory function may act as a risk factor for the development of PSSP since it
puts the affected upper extremity at risk for repetitive micro-trauma.4! In addition, loss of
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sensory function, and specifically loss of spinothalamocortical tract function, has been
implicated in mechanisms of central pain2¢ and is considered a prerequisite for the
development of central neuropathic pain. In a sub-analysis, in which the PSSP patients from
the present study were classified on the basis of their score on the neuropathic pain
diagnostic questionnaireb, it was shown that loss of spinothalamocortical tract function was
more frequently present in the patients classified as having a possible neuropathic
component to their pain.46

Positive somatosensory signs

Only sharpness allodynia (by others also referred to as punctate hyperalgesia) has
previously been implicated in PSSP 61 Generally, allodynia to touch or cold is considered as a
supportive factor for the diagnosis of CPCP.62434 |In the present study, PSSP was clearly
associated with positive signs. Allodynia (to touch, cold and sharpness) was only observed
in patients with PSSP and PSSP was associated with a higher frequency of increased
sensation to cold stimuli and with a higher frequency of pressure pain hyperalgesia at the
affected side. Interestingly, positive signs were also observed at the unaffected side.
Electrical pain and pain tolerance thresholds and cold pain tolerance were generally
reduced in patients with stroke, but this reduction was more pronounced in patients with
PSSP.

Positive somatosensory signs in PSSP may be related to peripheral and/or to central
sensitization or disinhibition. Since peripheral sensitization is expected to influence the
processing of natural but not of electrical stimuli, the observed hyperalgesia to blunt
pressure at the affected side of PSSP patients (but also in some PF patients) in the absence
of hyperalgesia to non-receptor mediated electrical stimuli indeed suggests that peripheral
nociception was increased.23 This is supported by the observation that pain increased upon
movement of the arm and that passive pain-free shoulder range of motion was reduced in
patients with PSSP.

In addition, several of the positive findings may be due to central sensitization and/or
disinhibition. Theoretically, central sensitization or disinhibition may occur at both the
spinal and supra-spinal level and may be due to ongoing nociception (neuroplasticity) or to
the brain lesion. From experimental studies it is known that cold allodynia32i, punctate
hyperalgesia®® and tactile (dynamic mechanical) allodynia2é are (partly or completely)
caused by central sensitization. Moreover, a reduction in pain thresholds in an unaffected
region of patients with chronic pain is considered to be mediated by central sensitization
and/or central disinhibition84048, although a reduction in cold pain tolerance has also been
related to disturbed cognitive and emotional aspects of clinical and experimental pain?.
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Nonetheless, and whatever the initiating cause, central sensitization and possibly
disinhibition seem to play a role in chronic PSSP maintenance, and may explain why
treatment aimed at reducing peripheral nociception is generally unsatisfactory.

Conditioned pain modulation

PSSP was not associated with impaired endogenous inhibition subserved by diffuse noxious
inhibitory controls (DNIC)2°. Using CPM paradigms,5460 DNIC have previously been shown
to be impaired in several types of chronic pain, such as fibromyalgia2?, osteoarthritis2s and
whiplash22, and impaired DNIC may predict the development of chronic pain.2263 However,
in pain-free stroke patients with thalamic or cortical lesions, but also in patients with
central post-stroke pain, CPM has been shown to be equal to controls.1253 Therefore, based
on these few studies, it seems that DNIC are functioning normally in patients with post-
stroke pain, although endogenous pain modulation may be impaired at a higher supraspinal
level 53 Moreover, since CPM may have a differential effect on different test stimuli28é2,
further study of the role of supraspinal disinhibition in post-stroke pain is warranted.

Limitations

Being the first in its focus, this study has several limitations. First, it provides no insight into
the causal role of any of the somatosensory symptoms or signs in the development of
chronic PSSP. Previous studies have indicated that impaired somatosensory functions may
act as risk factors for PSSP.21533 On the other hand, signs of peripheral and central
sensitization may either precede or follow the development of PSSP. This should be further
explored in longitudinal studies.

Age, gender, trophic changes and depression scores could be ruled out as confounders in
this study. However, some patients were using medications which, in theory, may have
influenced somatosensory function. Analgesics, only used in the PSSP group, may have
increased the pain thresholds of PSSP patients selectively, however, rather the opposite was
observed, since pain thresholds at the unaffected side of both PSSP and PF patients were
reduced and differences between PSSP and PF were also observed for innocuous stimuli.

A limitation regarding the assessment of CPM was that the duration of the conditioning
stimulus was not equal across groups and that assessment was performed after, rather than
during, the conditioning stimulus. We standardized the cold pressor pain using self-
reported pain intensities. It may be hypothesized that a fixed time-standardization or
assessment during the cold pressor test would have given different outcomes. However,
literature is inconsistent regarding the relation between the intensity of the conditioning
stimulus and the magnitude of CPM.38 Moreover, subjects may or may not adapt to tonic
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painful cold stimuli, involving a different timing of pain perception over the course of
immersion.37

It would be interesting to assess CPM in patients with PSSP using a different conditioning
stimulus, such as ischemia-induced pain, in which assessment during conditioning may be
more easily performed and the intensity of the conditioning stimulus may be better
controlled.

Conclusion

The results from this study have clear implications for the clinical and the experimental
approach to PSSP. This study showed that chronic PSSP was associated with several positive
and negative somatosensory signs, implicating a role for central sensitization and possibly
for disinhibition. Interestingly, chronic PSSP was not associated with biomechanical
alterations commonly associated with the development of PSSP, such as the severity of
paresis, spasticity and glenohumeral subluxation. Assessment of PSSP should, therefore, not
only focus on the shoulder joint, but should also involve the somatosensory system. In this
context, the use of “pain research tools”, such as a thorough clinical examination, QST or
CPM is important since they may establish the presence of peripheral and/or central
sensitization by quantifying sensory changes on both the affected and unaffected side of the
stroke patients and by assessing supraspinal inhibitory functions. The use of these tools
should be promoted in order to better understand the mechanisms underlying PSSP. Since
the causal relationship between altered somatosensory functions and chronic PSSP remains
unclear, and may be related to either neuroplasticity induced by ongoing nociception as
well as to the neuropathic brain lesion, prospective studies are warranted.
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Abstract

Post-stroke shoulder pain (PSSP), traditionally regarded as purely nociceptive pain, is often
persistent and the mechanisms underlying the pain complaints are not well understood.
This explorative study is the first to address the possible changes in cortical somatosensory
processing in patients with PSSP. Cortical potentials were recorded following
intracutaneous electrostimulaton in stroke patients with chronic PSSP (n=6), pain-free
stroke patients (PF, n=14) and healthy controls (HC, n=20) using electroencephalography
(EEG). Amplitudes and latencies of both sensory discriminative (N90) as well as cognitive
evaluative (N150, P200, the N150-P200 peak-to-peak difference and P300) evoked
potential components were evaluated. Stroke was associated with reduced N150 and P300
amplitudes and increased N90, N150 and P300 latencies at both sides. Compared to PF and
HC, the P200 and N150-P200 latencies were increased in PSSP patients after stimulation at
both sides, even when comparing subgroups with similar lesion size and location. Stroke
was associated with reduced sensory-discriminative as well as cognitive-evaluative cortical
somatosensory processing. This reduction was more pronounced in patients with PSSP and
may be related to the central effects of persistent nociceptive pain.
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Introduction

Pain is a common complication after stroke. In recent studies, post-stroke shoulder pain
(PSSP) has been reported in about 40% of patients.1.21.2235384752 PSSP is typically regarded
as nociceptive pain.s8 Nociception occurs after tissue damage and can be defined as the
neural processes of encoding and processing noxious stimuli.37 In contrast, central post-
stroke pain (CPSP) is diagnosed when the pain is a direct consequence of a brain lesion
affecting the central somatosensory system.3” CPSP is observed in 8 % of stroke patients.34
In PSSP, treatment aimed at reducing peripheral nociception through relief of
biomechanical stress or capsular inflammation (e.g. by strapping or corticosteroid injection)
is often unsatisfactory and many patients report persistent pain.3558 In addition, patients
with chronic PSSP may present with several signs of central sensitization (allodynia,
generalized hyperalgesia).5! Indeed, the clinical presentations of patients with PSSP and
CPSP show considerable overlap, suggesting that central (pain) processing may be altered
in patients with PSSP.3449

Theoretically, altered central (pain) processing in PSSP may be directly due to the brain
lesion and/or indirectly due to central changes associated with ongoing nociception from
the periphery. For example, brain lesions within the spinothalamocortical tract may lead to
increased supra-spinal excitability and have been related to the development of CPSP.34
Indirectly, ongoing pain from the periphery may lead to sensitization of spinal and supra-
spinal structures.13 In addition, ongoing pain may induce functional2° as well as structural4o
cortical reorganization of somatosensory and motor systems, as has been observed in
patients with chronic neuropathic or musculoskeletal pain. Moreover, the central
processing of somatosensory stimuli has been shown to be impaired in patients with
chronic pain in whom pain is suggested to cause a chronic interruption of attentional
engagement.1957

The central processing of somatosensory stimuli can be objectively assessed using cortical
evoked potentials (EPs). EPs can be measured at the scalp in response to various peripheral
stimuli (i.e. laser, electrical stimulation). In pain-free stroke patients, abnormalities in early
EPs after median (N20, P25) or tibial (N35, P40) nerve stimulation have been related to
impaired processing of input from the dorsomedial lemniscal pathway, resulting in reduced
touch sensation and proprioception33s4, whereas abnormalities in laser evoked potentials
have been related to impaired processing of input from the spino-thalamo-cortical tract?,
resulting in reduced thermal and sharpness sensations2765. Late EP components, for
example in response to electrocutaneous stimulation (N150, P200, P300), have been related
to cognitive-evaluative processes involved in the processing of somatosensory stimuli.4166.68
In stroke research, assessment of late electrical EP components has received little attention
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and results are inconsistent.1567 So far, there is no report of any type of EP assessment in
patients with PSSP. In patients with central pain, the presence of pain has been related to
reduced amplitudes and/or longer EP latencies suggesting that somatosensory deficits are a
prerequisite for the development of neuropathic pain.102529, In contrast, central pain2653 and
experimentally induced central sensitization3® have also been associated with increased EP
amplitudes. So far, the precise relation between (clinical) pain complaints and alterations in
EPs is, therefore, not well understood.

The goal of this explorative study was to investigate whether PSSP was associated with
alterations in the cortical processing of somatosensory stimuli. Cortical potentials were
evoked in stroke patients with chronic PSSP, pain-free stroke patients (PF) and healthy
controls (HC) using intracutaneous electrical stimulation at the middle finger of both hands
at 2 stimulation intensities and were recorded using EEG. Amplitudes and latencies of
middle-late and late EP components (N90, N150, P200, the N150-P200 peak-to-peak
difference and P300) were evaluated. In addition, sensory examination was performed
using clinical examination and quantitative sensory testing (QST).

Methods

Subjects

Cortical somatosensory processing was assessed in stroke patients with persistent shoulder
pain (PSSP, n = 10), pain-free stroke patients (PF, n = 17) and healthy controls (HC, n = 21).
Patients were recruited in a rehabilitation center in the Netherlands (Roessingh
Rehabilitation Center in Enschede) as part of a larger cross-sectional study.50 The outpatient
databases were searched for stroke patients that had been hospitalized in the 2 years prior
to the start of inclusion (fall 2007). Patients fulfilling the inclusion and exclusion criteria
were approached by mail. In addition, patients visiting the outpatient clinics with shoulder
pain complaints were asked by their treating physician if they could be approached by one
of the researchers (M.R.)) by mail. Healthy subjects (age 40 - 60 years) were recruited
through advertisements in local community centers and newspapers.

All patients (age > 18 years) sustained a unilateral brain infarction (clinical diagnosis). All
patients had a stroke onset of at least 6 months prior to participation. Patients with
persistent shoulder pain (daily pain lasting longer than 3 subsequent months) with an onset
post-stroke were allocated to the PSSP group. Pain-free patients with no long-lasting pain
complaints (> 1 week in the last 3 months) were allocated to the PF group. Exclusion
criteria were: pregnancy, trauma, infection, signs of any possible concomitant neurological
condition (e.g. epilepsy, multiple sclerosis, peripheral neuropathy), the presence of other
pain complaints (e.g. wide-spread pain, complex regional pain syndrome or shoulder-hand
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syndrome) or not being able to reliably determine sensory thresholds during a training
session prior to the experiment. Healthy control subjects had to be free of any neurological
or psychiatric disorder, diabetes mellitus, psychotropic medication or long-lasting pain
complaints. The study was approved by the local human ethics committee. All subjects
received written and oral information about the study protocol and all participants gave
informed written consent prior to their participation.

Demographics and medical examination

General demographic characteristics such as age, sex and (for the patients) stroke latency,
lesion side, lesion size, lesion location and medication use were registered. Lesion size
(small, medium, large, very large) and lesion location (cortical, subcortical, both cortical and
subcortical, involvement of insula, anterior cingulate cortex and/or thalamus) were
assessed by a radiologist from computed tomography or magnetic resonance scans (when
available). Cognitive state was assessed using the Mini Mental State Exam (MMSE, score: O -
30) and severe cognitive impairment was defined as a MMSE score < 24 5% The emotional
state was assessed using the ZUNG self-rating depression scale (score: 20 - 80) which has
been validated for both healthy subjects and stroke patients.61 Arm function was assessed
using the Motricity Index (0 = complete paresis, 100 = normal function).14 The presence of
glenohumeral subluxation was assessed by palpation (in steps of 5 mm). Shoulder pain
intensity was evaluated both at rest and during movement with an 11-point Numeric Rating
Scale (NRS, 0 = no pain, 10 = maximum conceivable pain). Pain duration was registered. In
addition, neuropathic-like shoulder pain complaints were assessed using the neuropathic
pain diagnostic questionnaire (DN4, score: 0 — 10).6 The DN4 consist of 10 items comprising
pain descriptors and somatosensory signs. Scoring at least 4 items positively is suggestive
of pain of predominantly neuropathic origin. Patients were classified as having neuropathic-
like shoulder pain when scoring at least 4 on the DN4.6

Sensory examination

Sensory examination consisted of clinical examination and mechanical and electrical QST
and took place in a separate experimental session, preceding the evoked potential
recordings. Clinical examination included subjective sensation (normal, increased,
diminished, allodynia) to touch, cold and sharpness at the upper arm and proprioception of
the thumb. All QST thresholds were determined at the upper arm (C5 dermatome) using the
method of limits and the start-side of stimulation was randomized between subjects.12
Tactile detection thresholds were determined using Semmes Weinstein filaments (sizes:
283, 3.61, 4.31, 456, 6.65). Pressure pain thresholds were determined using a somedic
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pressure algometer (stimulation surface: 1 cm2, slope: 50 kPa, maximum output: 2000 kPa).
For the electrical QST thresholds an ambulant electrical stimulator was used (pulse width:
0.2 ms, frequency: 100 Hz, ramp: 0.4 mA/s, Ag/AgCl electrodes (AMBU Denmark) with
stimulation surface: 95 cm2). Subjects could manually activate the stimulator by pressing a
switch. To determine the electrical sensation threshold (EST), subjects were instructed to
release the switch when the electrical pulses were perceived for the first time. To determine
the electrical pain threshold (EPT), subjects were instructed to release the switch when the
electrical pulses were perceived as both stinging and annoying. To determine the electrical
pain tolerance threshold (EPTT) subjects were instructed to release the switch when the
electrical pulses were perceived as burning and very annoying. Patients were trained to
determine electrical QST thresholds reliably prior to participating in the experiment. For
analysis, absolute thresholds were used for the unaffected side and relative
(affected/unaffected) thresholds for the affected side. Ratios were log-transformed prior to
statistical analysis.48

Evoked potentials

Electrical stimulation

Cortical potentials were evoked at the tip of the middle finger of both hands by
intracutaneous electrical stimulation according to the method described by Bromm and
Meier.8 With this method, combined activation of A and AS cutaneous afferents is achieved.
Two electrodes with 1 mm diameter gold tips embedded in insulating material were used.
The electrode was placed in a small opening that was drilled in the upper layer of the skin
using a dental gimlet (diameter: 1 mm). The sensation threshold (Is) had to be below 1 mA.
If not, preparation was regarded insufficient and tried again. A rectangular surface electrode
(4 x 9 cm Klinerva Blue Electrode) was placed at the distal part of the upper forearm as an
anode. A battery-driven computer-controlled current stimulator was used to generate the
stimuli. The stimulus was a bipolar rectangular current pulse with a stimulus duration of 0.2
ms. The Is and pain threshold (Ip) were determined for each hand, using the ascending
method of limits by increasing the stimulus amplitude from zero with steps of 0.1 mA. The
Is was defined as the stimulation amplitude at which the stimulus was perceived for the first
time. The Ip was defined as the stimulation amplitude at which the stimulus was first
perceived as painful. Is and Ip were each determined 3 times and averaged. The final fixed
stimulation amplitude (le) was calculated by averaging Is and Ip.62 The intensity of the
stimulus was varied using pulse modulation.